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from the bath into the “biophase” and that the competition at the receptors is

a rapid process. The theories discussed in the next paragraphs make this theory

unnecessary.

(e) Some drugs may produce a small effect themselves and yet block the
effects of other drugs. Quantitative studies with such drugs led Stephenson

(139, 141) to suggest that

(i) The effect of an agonist depends not only on its affinity for the receptors,

but also on its ability to produce an effect when combined. This idea has been

developed independently by Ari#{235}ns(4, 8) who speaks of the affinity and the

intrinsic activity of drugs. According to this theory a drug may antagonize

other drugs by occupying nearly all the receptors and yet produce a small

effect itself.

(ii) The effect is not proportional to the number of receptors activated and

a maximum effect may be produced when this proportion is small. This is the

theory of spare receptors. The nature of the relationship between the effect

and the number of active receptors is unknown, but, whatever it may be, this

change in the theory does not affect the shape of the isobols, the value of the

dose-ratio or pA2, or even the parallelism of the log-dose-effect curves.

The original theory of competition explained the shape of one type of dose-

effect curve. The new theory does not explain the shape of any dose-effect

curves, but it preserves most of the old theory and explains the new facts. Ac-

cording to it, the reason that maximum effects can be produced even when most

of the receptors are blocked is that only a small proportion of the receptors is

in any case necessary for a maximum effect. So long as sufficient receptors re-

main free the shape of the log-dose-effect curve remains the same, but event-

ually with high concentrations of antagonist the proportion of free receptors

becomes so small that the original maximum effect is not produced even by

very large doses of agonist.
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In the study of pharmacodynamics-the interaction between drugs and bio-

logical objects-the reaction mechanism underlying the interactions is of pri-

mary importance.

In pharmacology as well as in enzymology the principle of competitive inhibi-

tion is a tool in the study of the interaction of drugs or combinations of drugs

with biological receptor systems. This principle is based on the use of the equa-

tion of Michaelis and Menten (105) and developed by Haldane (64, 65), Line-

weaver and Burk (84), Clark (31), and Gaddum (51). In recent time a massive

body of experimental evidence has been produced, confirming the significance

of this principle (98, 124, 136, 147, 148).

Investigation of the action of drugs on isolated organs or tissue cultures has

the advantage that the influence on the effect of resorption, transport, break-

down, and excretion is small and often need not be taken into consideration.

The effect is mainly determined by the interaction of the drug and its specific

receptor system, especially if equilibria are studied.

In order to produce an effect, the drug has to satisfy at least two conditions.

There must be an affinity between the drug and the specific receptors, in other

words, a pharmacon-receptor complex has to be formed and this complex must

have the properties necessary to intervene with the biochemical or biophysical

processes in such a way that an effect results. The contribution to the effect

per unit of pharmacon-receptor complex is called intrinsic activity. The activity

of a drug is a function of affinity and intrinsic activity (3, 4). Competitive

antagonism implies the use of these terms, introduced by us in 1950.

Both the agonist A and the competitive antagonist B have an affinity for the

same receptor system, while the intrinsic activity has a real value (a > 0) for

the agonist and is zero (i3 = 0) for the antagonist.

The intrinsic activity is analogous to the reaction velocity constant k,, which

determines the formation of the final product P in the case of an enzymological

reaction as for instance:

______ k
[E} + [8] ‘ [ES] [EJ + [P1; (r. = k3[LS1)

Ic,

In the case of a pharmacological interaction the formation of the pharmacon-

receptor complex is followed by a chain of reactions, finally resulting in the

effect. The efficiency of the pharmacon-receptor complex with respect to this

reaction chain is expressed by the intrinsic act.ivity (3).

Various types of drug action will he approached from t.his point of view. The
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term intrinsic activity is used in analogy to the intrinsic toxicity, which is the

toxicity per quantity of toxon fixed to the biological object in the case of bac-

teria, used by Dagley (36). Stephenson (139) mentioned the principle, in dis-

cussing the ability of the drug-receptor complex to set in motion the mechanism

of the cell.

I. DRUG-RECEPTOR INTERACTION

The drug A interacts in a reversible way with the receptor system R #{182}‘�

and produces an effect by means of the effector system ER. This is repre-

sented by: A

Ic,
[A] + [RI [RA]

The effect resulting from the formation of the pharmacon-receptor complex

RA is:

= [RA]a = KA 1 (I)

[A] +

in which [A] is the concentration of the pharmacon A, [R] is the concentration

of free receptors, [r] is the total concentration of receptors (free and occupied),

ERA] is the concentration of pharmacon-receptor complex, K4 = is the disso-

ciation constant of RA, a is the intrinsic activity of A, EAmftx = a[r] is the

maximal effect to be obtained with A.
An analogous equation is obtained if the formula for the adsorption isotherm

according to Langmuir is used. From equation (I) it may be seen that the intrinsic

activity is proportional to E4msx, while KA = [A] if E4niax/E4 = 2.
The supposition that the effect is a linear function of [RA] and a, is, although

not the most probable, the most simple one. We think it useful to start on the

basis of this simplification. A comparison of theoretical and experimental curves

will show whether a more complicated relation has to be introduced, and pos-

sibly which relation is preferable. The corrections and extensions which are

necessary probably depend on the biological object and the drug concerned.

A study of the relations between chemical structure and pharmacological ac-

tion often reveals gradual change in affinity with a change of the chemical struc-

ture in a homologous series of compounds. A gradual change in intrinsic activity

as a function of the chemical structure may be expected as well. The values of

the affinity and the intrinsic activity are correlated with certain, possibly dif-

ferent, chemical configurations in the structure, or, more accurately, with the

physico-chemical properties related to these configurations. If the chemical

structure is changed both terms may vary more or less independently (3). Ex-

perimental evidence for this is obtained with a series of bis-trialkylammonium

compounds, tested as contracture-inducing agents on the frog rectus abdominis
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TABLE I

Affinities (1/K) and intrinsic activities of some series of quaternary a-w-di-ammonium
compounds, tested as contracture producing agents on the rectus abdonhini8 muscle

of the frog

Substance No. n R� Intrinsic Activity a “Dissociation
�j�sstant” K’

R,N�-(CH2),---O-C-(CH,)�-C-O-(CH,)2-N�R3

II II
0 0

M 1152 2 Me, 1 2.0 X 10’
M 126 2 Me,Et 0.9 8.4 X 10’
M 131 2 Me Et, 0.05 1.9 X 10’
M 130 2 Et, 0 2.2 X 10’
Mlii 4 Me, I 3.6X 10�
M 114 4 Me,Et 0.9 3.8 X 10�

M 124 4 Me Et, 0.4 4.3 X 10-2

M106 4 Et, 0 1.1 X l0�

R,N�-(CH,)�-N�R,

C 10 10 Me3 I 0.75 2.9 X 10’

M 129 10 Me,Et 0.35 1.4 X 102

M 128 10 Me Et, 0 4.7 X 10’

1 The K values are not corrected for the deviation in the slopes of the curves (10).
‘The M compounds were kindly supplied by the “Stickstoff-Werke”, Linz, Austria.

muscle (5, 8, 10) and with series of F 2249 derivatives, tested on the rat jejunum

(129). See also Table I.

Unless compounds with equal intrinsic activities are compared, a comparison

of various compounds is only possible by the study of dose-action curves and

not by a simple comparison of equiactive doses.

In a study of a series of p-aminobenzoic acid (PABA) derivatives as a growth

factor for a PABA-deficient strain of Escherichia coli (E. coli 273) a gradual

change from growth factor to competitive inhibitor-compound with a sulfanil-

amide-like action-was found. The generation time of E. coli 273 with optimal

concentrations of the various components was: with PABA 60 mm, with 2-Cl-

PABA 76 mm, with 3-OH-PABA 90 mi with 3-Br-PABA 123 mm, with 3-Cl-

PABA 183 mm, with 2-Br-PABA 220 mm and with 2-CH3-PABA on mm (6).

The latter acted as a competitive antagonist of the others. A compound such as,

e.g., 3-Br-PABA has an intermediate intrinsic activity as a growth factor.

PABA is incorporated into folic acid, a compound used in the formation of co-

enzyme F, which is essential for the production of methionine, serine, xanthine,

and thymnine (37). One has to expect that the compounds with intermediate

intrinsic activity are used by the bacteria to synthesize folic acid, etc., in which

PABA is replaced by its derivatives. The lower intrinsic activities of these

derivatives may be related to a lower turnover rate of the coenzyme F, which

contains the PABA derivative. The fact that 2-aminopyridine-5-carboxylic acid
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of the curves is based on a reserve in receptors, which is determined by aK�/

([B] + K,) - � + 3q); see (9a). The types of interaction mentioned in chapter

IV to IX, XI and XII can be introduced in an analogous way.

Experimental evidence for the existence of spare receptors is available (1 1 1).

XIV. SHAPE OF THE DOSE-ACTION CURVES

The assumptions on which the equations used in the foregoing chapters are

based, are extremely simplified. The equations cannot be regarded as repre-

senting reality. In the experimental curves, only in exceptional cases does K

approximate a real dissociation constant. In fact this term determines the quan-

tity of pharmacon-receptor complex formed, if a certain concentration of a phar-

macon is added to a biological system.

The theory and the equations systematize the various types of action and

interaction. If, on the basis of the equations, it is possible to predict certain

effects or interactions which can be confirmed experimentally, the system works.

In view of the extreme simplifications, one may not expect a perfect fit between

theoretical and experimental curves. The main differences are a deviation in

the slopes of the curves and the occurrence of asymmetry.

1. The slope of the curves. Various investigators obtained experimental curves

with slopes deviating from those given by the theory (10, 25, 32, 55, bOO, 101).

A simple correction for the slopes is obtained if a higher order reaction between

pharmacon and receptor is assumed (10, 25, 32, 101). Then in the equations the

concentration of the pharmacon, [A], has to be replaced by [A]”. Substitution

of various values for n allows any desired slope. Another possibility is to assume

a difference between the concentration of A in the bath fluid and that in the

biophase (10, 49). In the experimental curve concentrations in the bath fluid

are plotted; in fact, the concentrations of the pharmacon in the immediate envi-

ronment of the receptors should be plotted. As mentioned before, in case of an

all or none response, the slope of the curves depends on the biological variance

(51). A variation in the slope of the curves within a group of related compounds

often has to be attributed to a variation in the intrinsic activity (5, 10, 129).

2. Symmetry or asymmetry. Many investigators obtained symmetrical experi-

mental log dose-effect curves (5, 10, 25, 32, 49, 55, bOO, bOb). For certain bio-

logical objects and/or with certain drugs, asymmetrical curves may be obtained.

One of the possibilities to introduce asymmetry into the theoretical curves is to

put into the equations non-linear functions for the relation between the quan-

tity of pharmacon-receptor complex and the effect (12). Then the effect is not
proportional to the number of receptors occupied. The contribution to the effect

per unit of pharmacon-receptor complex may vary with the quantity of pharma-

con-receptor complex formed or with the effect obtained, e.g.,

r [RAil I EA1
L4=[RA]1b-------1a orEA=[RA]I1------Ia (XVII)

L [r] J L Emaxj

Another example is the case of an all or none response in a population of effec-

tor units for which a > (T,. + 3o). There is a reserve in receptors. In order to
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graded isobolograms for all pertinent effects of a combination, when assembled

in one graph, form “multiple isobolograms” (91-94).

5) The course of the isobols is essentially different for each genus of com-

bined effect (see Figure 1). The isobols of homodynamic effects connect the two

respective endpoint doses on the partner axes in a straight diagonal and all

isobols in a family are parallel when the dose axes are adjusted by use of a pro-

portionality factor. The homergic isobol also interconnects the partner axes

but is arcuate and deviates NE- or SW-ward’ from the diagonal, and the mem-

bers of the family may differ greatly in their course. All heterergic isobols run

rectangularly out into the dose field from their endpoint on the respective dose

axis and are parallel (90, 93 ; see also 54, p. 398). Coalitive effects, though they

exhibit very characteristic isobols (88), will not be discussed in this succinct

review from the viewpoint of antagonism.

Thus, these five sets of elementary considerations end up in affording quasi

altitude maps of typical dose-effect relations of combined drugs. They should

greatly help in viewing the essence of the problem, but one cannot expect an

all-embracing answer from this small atlas of basical situations. Quite con-

trariwise, all they seem to tell is that (a) in the enormous variety of appearances

of homergic effect the hand of antagonism would be hard to recognize, and (b)

the behavior of homodynamic and heterergic effects seems so invariably pre-

delineated that no change could occur,-unless there enters an interfering factor

not foreseen in those schematic maps of Figure 1.

Indeed, the reality of experimentally obtained isobolograms exhibits a multi-

tude of such interferences. They can readily be demonstrated even in the first
isobologram in history, fifty-five years older than the term isobol and the re-

sumption of isobolographic viewing, namely, in Fraser’s presentation of his

experiments on the combined lethal effect of physostigma and atropia (45, 46;

for a more complete, slightly rearranged presentation see 93). The isobol, which

over the entire east half of the original graph follows a diagonal course, exhibits

a sharp north deflection in the range of lowest atropine and highest physostig-

mine doses. With admirable clearsightedness Fraser pointed already to inter-

ference by a supervenient effect as the factor responsible for the anomalous

course. His attention was turned to the sector of (S-ward) reversal from the

deflection, whereas in the present context it will suffice to point to an effect

of the lower dose range of atropine as the major, antagonistically interfering

factor; however, even this seemingly simple isobologram raises questions which

today are still under discussion (see 2).

More adequate for analysis than this single isobol-which, moreover, deals

with such an equivocal (“coenostigmic”; cf. 93) endpoint as death-is of course

a graded isobologram. One plotted, e.g., from Laser’s data on the combined

effect of vitamin B, and acetylcholine upon the amplitude of the isolated frog

heart (81; see the isobologram in 93, figure 8) shows that all of the family of

isobols of negative inotropic acetyicholine effects are deflected E-ward from

their straight-vertical course by the interference of a heterergic B1 effect. The

‘To simplify orientation in isobolographic maps, the directions of the compass are em-

ployed in this review.
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have been shown to account for only a small percentage of the injected drug

(17, 22). One would not expect the free drugs or their hydrolysis products to be

dealkylated in this manner, but it is quite possible that drug firmly bound to

some tissue constituent might be split at this locus.

Although the established blockade produced by �-haloalkylamines has typical

nonequilibrium characteristics, the development of the blockade appears to occur

in at least two stages, one of which is competitive and reversible. A competitive

component of the blockade was first suggested by observations that the degree of

blockade produced in intact animals was decreased by administration of adren-

aline (108, 1 15), other sympathomimetic amines (1 17), or piperoxan (933F) (135)

prior to the fl-haloalkylamine or during the course of development. of the

blockade.

Direct evidence for two stages in the development of the blockade of both

adrenaline and histamine by $-haloalkylaniines has been obtained in experiments

in which isolated tissues were exposed to the blocking agents for short periods

of time, and the degree of blockade then tested at intervals as the drug was

washed out (112, 116). If the blockade has not gone to completion, a variable per-

centage disappears during the early stages of washing, with a half life of ten to

twenty-five minutes. After this component has been removed, the residual

blockade is essentially unaffected by continued washing. In very prolonged in

vitro experiments the relatively irreversible component of the �3-haloalkylamine

adrenergic blockade has been shown to decrease at a rate of 10 % to 30 % per 24

hours (48, 112). The relative magnitude of the reversible component can be varied

from over 50 % to essentially zero with different agents and periods of incu-

bation. With all agents studied, the ratio reversible/irreversible decreases as the

incubation time is increased (112).

The nonequilibrium, “irreversible” stage of the blockade produced by the

f3-haloalkylamines is “competitive” in the sense that the antagonist reacts with

the same area or tissue constituent as the agonist. This was first clearly shown

for the antihistaminic action of members of this series by exposing strips of

guinea-pig ileum to a �3-haloalkylamine in the presence of histamine or of a re-

versible antihistaminic such as diphenhydramine (Benadryl) or tripelennamine

(Pyribenzamine), and washing out the agents simultaneously. Both histamine

and the reversible competitive antihistaminics prevented development of the

“irreversible” blockade of responses to histamine (116). Dibenamine and other

/3-haloalkylamines can block responses to 5-hydroxytryptamine and acetyl-

choline as well as those to histamine and adrenergic agents in vitro where high

concentrations of antagonist can be employed. If a high concentration of any one

of these agents is present during exposure to Dibenamine, blockade of responses

to the specific stimulant present is inhibited without significant alteration of the

blockade of responses to the other types of stimulants (48). These experiments

demonstrate 1) that in each case the Dibenamine is reacting with the same locus

as the specific stimulant, and 2) that the receptors for these different stimulants

are distinct. Subsequent studies have shown that the degree of inhibition of a

threshold blocking dose of Dibenzyline is linearly related to the logarithm of the

concentration of agonist, or of a classical competitive antagonist present over a
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maximal response even when they are saturated by a very high concentration of

agonist.

The above observations provide an explanation for the fact that classical dose-

response plots indicate “competitive” antagonism at low and “irreversible” or

noncompetitive antagonism at high concentrations of a �9-haloalkylamine. In

addition, the difference between the relative numbers of histamine and adrenergic

receptors required for a maximal response provides an explanation for the

apparently more competitive nature of the blockade of histamine (62).

In contrast to most other pharmacological agents, the �3-ha1oalkylamines

possess high chemical reactivity, which provides a satisfactory basis for the

nonequilibrium characteristics of the blockade produced. In common with that

of the nitrogen mustards, the fl-halogen of these compounds is readily lost in

neutral or alkaline solution with formation of a highly reactive and unstable

ethyleneiminium ring (26, 67, 121). This may react with water to form the

corresponding primary alcohol, or it may react with a variety of chemical group-

ings, including a number found in tissues. It has been claimed that failure to find

the primary alcohols of Dibenamine and Dibenzyline in the urine of animals

administered the parent compounds indicates that the ethyleneimiium inter-

mediates are not formed in vivo (17, 22). However, these agents have been shown

to react predominantly with sulfhydryl even when this is present in only equi-

molar amounts (68). Consequently, it would not be surprising if very little of the

active intermediate reacted with water in the presence of the large excess of

sulfhydryl and other reactive groupings in vivo.

Several lines of evidence indicate that the reactive iminium intermediate is

the molecular species directly responsible for the blockade. All structure-activity

data on the several hundred members of the series are compatible with this

hypothesis. Derivatives which are incapable of ethyleneiminium formation are

uniformly inactive. Fluoro, cyano, hydroxyl and other $-substitutions which are

not readily displaced to allow cycization abolish activity, whereas comparable

f3-chloro, bromo, iodo and sulfonic acid derivatives are active except when a sub-

stituent such as phenyl, which prevents displacement of the halogen by de-

creasing electron availability at the nitrogen, is added (26, 56, 62, 115).

All active members of this series are tertiary amines. Some quaternary deriva-

tives were originally reported to be active (115, 119). However, this conclusion

was apparently due to misidentification of the compounds studied (the members

of this series do not form quaternary derivatives readily by the usual methods),

and several authentic quaternaries have now been found to be uniformly in-

active (78). Removal of an active halogen to the ‘y-position also abolishes activity.

Although such 7-halogen compounds will cyclize, the four-membered rings formed

lack the high reactivity of ethyleneiminium. In addition to the complete elimi-

nation of activity by structural changes which preclude formation of reactive

ethyleneiminium intermediates, many quantitative differences in activity appear

to be induced by more subtle effects of various substituents on the reactivity

of the intermediate (108, 115).

The activity of phenoxyethyl substituted members of this series, including

I)ibenzyline, requires special comment. Although all highly active members of
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considerable range, and, consequently, it may be assumed that this inhibition of

the blockade is a measure of the relative number of receptors occupied by the

agonist (109, 112).

In summary, current evidence indicates that the blockade produced by the

f3-haloalkylamines develops in two stages. 1) The inhibitor is attached to the

receptor by the same relatively weak forces (hydrogen bond, ionic, etc.) which are

involved in binding most agonists and classical competitive antagonists. During

this stage the antagonist is in mass-action equilibrium with the agonist and may

be removed relatively easily by washing the tissue. 2) The blocking agent then

reacts with the receptor or some adjacent grouping to form a much more stable

bond and is no longer in mass-action equilibrium with the agonist. During the

first stage, the persistence of the blockade appears to be limited by diffusion of

the drug out of the biophase; during the second stage it is determined by the very

low dissociation constant of the inhibitor-receptor complex.

Although the occurrence of a competitive reversible phase during the develop-

ment of the $-haloalkylamine blockade appears to be established, the presence of

this component does not provide an adequate basis for the conclusion that the

�3-haloalkylamines produce a classical competitive blockade except when ad-

ministered in large doses (27, 28, 62). This inadequacy is emphasized by the fact

that a “competitive” blockade has been noted during the wearing off of a pre-

viously nonequilibrium blockade (62). Classical competitive blocking properties

were ascribed to the $-haloalkylamines on the basis of the form of the dose-re-

sponse curves, plotted according to the formulae of Lineweaver and Burk (84) and

of Gaddum (51), for adrenaline and histamine in the presence of inhibitor. As

mentioned above, such plots provide reliable information regarding the nature

of the inhibition only if certain assumptions are valid. In particular, they assume

that the maximal tissue response occurs only when all receptors are occupied by

agonist. This assumption has been shown to be incorrect. Dose-response curves

for histamine, determined on isolated segments of guinea-pig ileum treated with

low concentrations of GD 121 (N-1-naphthylmethyl-N-ethyl-�3-chloroethyl-

amine, the chioro analogue of SY-28 and Jil) and washed until only the non-

equilibrium, “irreversible” component of the blockade remained, may be shifted

at least two log units along the dose axis without significantly changing either the

slope or asymptote (1 11).� A similar but smaller shift of the response to adrenaline

of aorta strips treated with Dibenamine also has been reported (49). When the

degree of blockade is further increased in either of these preparations, both the

slope and asymptote are decreased. These observations can best be explained by

assuming that receptor occupancy is not the limiting factor in the tissue activa-

tion and that occupancy of only about 1 % of the histamine receptors (perhaps up

to 3� of the adrenergic receptors) is adequate to produce a maximal response.

As the total number of free receptors is progressively decreased by “irreversible”

combination with blocking agent, larger concentrations of agonist are required

to provide the receptor occupancy necessary for any given response. Ultimately

the total number of free receptors is reduced below the number required for a

‘See (49) for a report of a personal communication from R. P. Stephenson indicating
similar results.
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this subgroup meet the requirements of intermediate ethyleneiminium forma-

tion, nonhalogenated primary, secondary and tertiary phenoxyethylamines with

adrenergic blocking activity are known (76, 1 18). However, this is only a super-

ficial discrepancy. More detailed analysis has revealed that this blockade is

readily reversible, and that it differs from that characteristic of the j3-haloalkyl-

amines in several other respects (1 18). The phenoxyethyl grouping apparently is

sterically suited to produce a competitive blockade. Indeed, combination of this

sterically favorable group with portions of the Dibenamine molecule led to the

production of some of the most active adrenergic blocking agents known (118).

Other evidence of the role of the iminium intermediate in the production of the

blockade has been obtained from studies of the effect of prior administration of

thiosulfate. This nucleophilic reagent reacts rapidly with the ethyleneiminium

intermediate of nitrogen mustards or $-haloalkylamine blocking agents to

produce an inactive product. Although a minor direct displacement of halogen

may occur (67), the fact that prior thiosulfate administration effectively prevents

blockade is strong evidence for the essential role of the intermediate. More

direct evidence confirming this conclusion has been obtained from tests of the

blocking activity of solutions of various $-haloalkylamines in which most or all

of the parent compound has undergone cyclization. Such solutions produce a

biological effect which closely corresponds to the amount of calculated or directly

determined iminium intermediate present (26, 41, 63, 67). Although iminium ion

formation is essential for blocking activity, several completely inactive com-

pounds have been found to undergo comparable internal reactions (67), and it is

obvious that several other rather specific structural features are required for

activity (115).

The nature of the chemical groupings with which the $-haloalkylamines react

in vivo to produce a stable blockade are unknown, but it may be assumed that

most of the administered drug reacts with something other than water. Studies of

excreted degradation products of Dibenamine and Dibenzyline have not demon-

strated the corresponding alcohols although the methods were adequate to detect

these materials in the urine when they were administered as such (17, 22).

Suggestive indirect information regarding the groupings involved in blockade

has been obtained from in vitro experiments. Dibenamine and Dibenzyline have

been shown to react with sulfhydryl, amino and carboxyl groups both of relatively
simple organic molecules and of intact proteins (68). Sulfhydryl is probably the

best candidate for a role in the blocking reaction because this grouping reacts

more completely with the blocking agents and is capable of competing success-

fully with the others mentioned to react with a major portion of a limited amount

of Dibenamine. Evaluation of these in vitro results is complicated by the fact that

they distinguish �-ha1oalkylamines devoid of blocking activity from active

compounds only by minor quantitative differences. Among the compounds

studied, active blocking agents combined somewhat more selectively than in-

active compounds with sulfhydryl when the reaction occurred in the presence of

amino groups, and the reaction of the former with sulfhydryl was less inhibited

by the falling pH of unbuffered solutions (68).

Dibenamine effectively combines with liver sulfhydryl in vitro and Dibenzyline
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causes a detectable decrease in total body sullhydryl in vivo, but only when ad-

ministered in near-lethal doses (68). The latter observation suggests a striking

specificity for certain functional groupings. An average blocking dose of Diben-

zyline could react with <0.01 % of the total body sulfhydryl, and the fraction

would be even smaller if amino or carboxyl groups were involved. Studies of

reactions of an antimitotic fl-haloalkylamine with thiol compounds have indicated

that sulfhydryl groupings in a local alkaline medium would provide the nucleo-

philic characteristics necessary for a selective reaction (127). This presents an

interesting possibility, but it must be concluded that present data are inadequate

to warrant further speculation regarding the nature of the reactive groupings of

the specific receptors with which �-haloalkylamines react to produce a non-

equilibrium blockade.

SUMMARY

Numerous studies during the past decade have demonstrated that certain

pharmacological antagonists act through a relatively stable combination with

specific receptors. This action cannot be considered to be truly irreversible. How-

ever, it is qualitatively different from classical competitive antagonism in that

the agonist and antagonist are not in mass-action equilibrium with the receptors.

The blockade produced may therefore be referred to as nonequilibrium. It is

clearly different from noncompetitive antagonism in which the antagonist acts

at some point other than the site of action of the agonist in question. Non-

equilibrium blockade cannot be adequately distinguished from competitive or

noncompetitive blockade on the basis of effects on the agonist dose-response

curves, or on the basis of duration of action. However, satisfactory differentiation

can be made by a combination of tests, several of which depend upon the fact

that the persistence of a competitive blockade appears to be limited by diffusion

of antagonist into and out of the immediate environment of the receptors (bio-

phase), whereas that of a nonequilibrium blockade is dependent upon the stability

of the inhibitor-receptor complex.

The action of the two established groups of nonequilibrium inhibitors, the

fl-haloalkylamine antihistaminics and adrenergic blocking agents, and the organo-

phosphorus anticholinesterases, appears to develop in two stages. 1) The in-

hibitor is attached to the receptor by the same relatively weak forces (hydrogen

bond, ionic, etc.) which are involved in binding most agonists and classical com-

petitive antagonists. During this stage the antagonist is in mass-action equilibrium

with the agonist and may be removed relatively easily by washing the tissue. 2)

The blocking agent then reacts with the receptor or some adjacent grouping to

form a much more stable bond and is no longer in competitive equilibrium with

the agonist. Because of the competitive phase early in the development of block-

ade, prior occupancy of the receptors by agonist inhibits the development of

blockade and provides direct evidence that the reaction is within the specific

receptors.

In the case of /3-haloalkylamines, the development of a stable drug-receptor

bond can he related directly to the chemical reactivity of the ethyleneiminium
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intermediates formed at physiological p11. The nature of the chemical structures

with which these drugs react in tissues has not been established, but in vitro

studies suggest that sulfhydryl groups may be involved.

The availability of agents which form stable bonds with a variety of specific

receptors provides an important tool for the analysis of drug effects. Use of these

agents has made it possible to demonstrate that the receptors for adrenaline,

histamine, acetyicholine and 5-hydroxytryptamine are distinct (48), that only a

fraction of the total adrenergic or histamine receptors is necessary for the produc-

tion of a maximal tissue response (48, 111), and that activation of receptors is

not an all-or-none process (109). Many other applications of these agents to the

analysis of mechanisms of drug action will undoubtedly be developed.

KINETICS OF RECOVERY FROM INHIBITION BY

ANTIHISTAMINICS, ATROPINE AND

ANTISPASMODICS

M. ROCHA E SILVA

Department of Biochemistry and Pharmacodynamics, Institute of Biology, S. Paulo, Brazil

The problem to be discussed here deals with the spontaneous recovery of

the sensitivity of plain muscle after the antagonist has been washed out from

the external fluid. Since the inhibition produced by antihistaminics, atropine-

like substances and antispasmodics persists for a while after the antagonist

has been washed out, there is a common feeling that the wash out phenomenon

is due to a slow diffusion of the antagonist out of the biological structure, but

the finding that the phenomenon is greatly influenced by temperature and the

ionic composition of the bathing fluid suggests that it cannot be entirely ac-

counted for by diffusion. A more fundamental process of recovery appears to be

involved (19, 126).

I shall employ the expression “receptors” as indicative of patches at the surface

of the muscle cells, suitable for the fixation of certain chemical configurations

belonging either to the active or to the “false” drug and shall assume that the

“number of receptors occupied by the active drug is linearly related to the

intensity of the effect as measured upon the smoked drum”. I shall also assume

that if an effect (y) is reduced, for example, to 10% of its previous measure by

contact of the muscle with the antagonist, 90% of receptors are blocked by the

antagonist, provided the testing dose of the agonist and the conditions of the

assay have not changed.

The inhibitor-receptor complex (II?). If we assume that the process of recovery

depends upon the breakdown of a hypothetical complex (IR) of the inhibitor

with the receptors and that the percentage of reduction of response at any mo-

ment measures the actual concentration of the complex still present, we can test

in the first instance whether the breakdown of the complex (IR) follows the

course of a monomolecular reaction. If P0 indicates the percentage response of
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the muscle immediately after washing out of the inhibitor, and P� the response at

time t, we obtain the monomolecular expression

1 100-P0
k=1log100� (I)

By calculating k, in a series of experiments employing antihistaminics and

atropine-like substances, we have found that k is by no means a constant. Its

value increases continuously as the process of recovery goes on and we have ob-

tamed a linear relationship between k and successive values of P. Thus the

velocity of recovery increases linearly with the responses to the testing dose of

the agonist. Since k increases linearly with P, we have derived a constant k’ =

100 k/P for different inhibitors and found that it behaves as a constant over a

wide range of concentrations (Table I). For each value of P, i.e., for each response

of the muscle, we can calculate a value for k and from each value of k, we can

derive a value for k’. The average of all values of k’ will give the value of con-

stant k’ for each dose or concentration of the inhibitor.

If is therefore obvious that the process of recovery does not follow the equation

of a monomolecular reaction. Since the velocity of recovery of “receptors”

increases as the process progresses we have tentatively assumed that the process

is an autocatalytic one. This view was further confirmed by fitting the logistic

equation to the curve of recovery from inhibition, as will be shown in a later

paragraph.

The index R50. As a useful index of the intensity of the inhibition produced by

a certain dose of the antagonist, we have selected the time (in seconds) necessary

for a 50% recovery of the muscle, after washing out of the inhibitor. This index

could be measured directly upon the recovery plots, when increasing concentra-

tions of the antagonist were applied for exactly one minute contact and washed

out. Every one and a half minutes the same dose of the agonist was applied and

the percentage recovery measured directly in millimeters. The index R� can be

measured independently of any theoretical considerations by estimating graphi-

cally the abscissa of the point of intersection of the recovery curve on the line

corresponding to 50% recovery. It can also be deduced from any point on the

curve by calculating k’ and using the equation:

R� = 36.1/k’ (II)

For each antagonist we have a family of curves and for each curve we can thus

measure the respective “index R50” (these values are indicated in Table I, as

“R50 found”). It has been shown that this index is linearly related to the loga-

rithm of the dose of antagonist and might be utilized as a measure of intensity

of inhibition.

Characteristics of the recovery process as measured by R50. It is interesting to

stress a few points which have been extensively discussed in the original publica-

tions, as regards the intimate mechanism of the recovery process, as measured by

the index R50: (a) The process does not appear to depend upon the nature of the

substances employed as antagonists; after inhibition by such unrelated sub-

stances as lysolecithin, benadryl, neoantergan, atropine and others, the muscle



Lysocithin (1 mg) X (histamine)

(min� P (%) k

Benadryl (5 pg) X (histamine)

t(niin) P (%) k

Atropine (20 pg) X (acetyicholine)

#{163}(mm) P (%)

0

1.5

3.0

4.5
6.0

7.5
9.0

10.5

12.0
13.5
15.0

3.0

4.4

6.6

8.9

11.1

17.7

26.8

42.5

55.0
64.0
77.5

0.003

0.003
0.006

0.007
0.009

0.013
0.021

0.028
0.032

0.041

0 to 3.0

4.5

6.0

7.5

9.0

10.5
12.0
13.5

15.0

0.060

0.046

0.067
0.063

0.051

0.049

0.050
0.052
0.050

0.053

0

8.5

28.5

46.0

60.0

72.0

72.0

85.0

100.0

0.008

0.024
0.036
0.044

0.053
0.046
0.061

(0.01)
0.085
0.078

0.061
0.073
0.061

0.072

0 to 9.0

10.5

12.0
13.5

15.0

16.5
18.0

19.5

21.0
23.5

25.0

k

0.001

0.002
0.002
0.003

0.006

0.012
0.013

0.028
0.027

0

2.5
5.0
7.5

10.0

20.0

40.0

45.0

75.0

75.0

100.0

0.040

0.040

0.033
0.030
0.030

0.030
0.029
0.037
0.036

k’ (average) 0.054

±SE ±0.002
R,0 (found) = 640”

R50 (caic.) = 660”

k’ (average)

±SE

ft,0 (found)

0.071

±0.004

= 480”

ft,o (caic.) = 510”

k’ (average) 0.034

±SE ±0.001

B,, (found) = 1176”
N,o (calc.) = 1062”

Values for constant k’ and index R,0 obtained with increasing doses of atropine

X ( acetylcholine)

Doses of atropine k’ ± SE Rio (caic.) Rio (found)

pg (sec) (sec)

0.5 0.270 ± 0.027 125 102

1.0 0.176 ± 0.045 212 144

5.0 0.056 ± 0.040 649 672

10.0 0.049 ± 0.004 740 780

20.0 0.034 ± 0.001 1062 1176
50.0 0.029 ± 0.0004 1250 1380

100.0 0.023 ± 0.001 1570 1512

Note: If the values for ft,o (found) are plotted against R�, (calc.) a straight line is

obtained.
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TABLE I

Examples of calculation of constant k’

follows the same law of recovery. This means that if a certain degree of inhibition

is attained, the time for 50% recovery, and the shape of the curve relating re-

covery to time, are the same. (b) The value of R50 is independent of the number

of washings of the preparation with new Tyrode solution: the degree of recovery
is about the same if the muscle is washed once or repeatedly. (c) An excess of

the active drug during the period of recovery does not accelerate the process;

this condition has also been studied in detail by Bucher (24). (d) The process

of recovery, and therefore the values of R50 are strongly dependent upon tem-

perature; if the velocities of recovery are compared at 37#{176}C., the ratio of veloci-

ties (Qio) is 2-3. (e) Finally, certain cations, such as K+, Li+ and Sr�, accelerate

the process, while others, such as Mg�, produce a definite retardation of the

recovery process.
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Such characteristics of the process of recovery would hardly be compatible

with a simple diffusion process. They rather appear to depend upon the intimate

potentialities of the muscle itself to regenerate some inherent structure that has

been impaired by contact with the antagonist. It is even doubtful whether the

antagonist is still present, since the whole process might depend upon correction

or “healing” of a sequel or “lesion” left behind after washing out of the inhibitor.

However, an irreversible combination of the inhibitor with the receptors and a

process of slow elimination of the complex by some inherent activity of the muscle

itself might also account for the observed facts.

The logistic treatment of the data. It has been shown (4) that the curve of re-

covery for atropine and trasentine (toward acetyicholine) can also be fitted by

the logistic equation:

= 1 ±#{128}�‘ (III)

where P represents the percentage of recovery attained at time t and the con-

stant K is dependent upon the velocity of recovery. Details for the fitting of the

recovery curve to this equation can be found elsewhere (125). It was also shown

that the curves of recovery from atropine and trasentine can be rectified by using

the logit transformation, according to Berkson (20).

Concluding remarks. Little can be added to what has been said in the original

publications about the mechanism of the process of spontaneous recovery. The

phenomenon appears to follow the course of an autocatalytic process, and can by

no means be explained by the breakdown of a complex (IR) between inhibitor

and receptors, according to the law of mass action. If one accepts the postulate

that the intensity of the effect, as registered upon a smoked drum by a linear

writing lever, measures the number of receptors occupied by the active drug, the

increase in response during the process of recovery would measure the number of

receptors set free from its blockade by the inhibitor, if all conditions of the assay

are kept constant. Therefore, the facts presented above would indicate that the

reappearance of receptors follows an autocatalytic course. We might formulate

the above postulate in a more axiomatic language and say that “there is a func-

tion tentatively called number of receptors, which is linearly related to the in-

tensity of the effect observed”. It is, however, to be stressed that the analogy of

the muscle surface with an adsorbing metal surface which has been basically

utilized in the establishment of Clark’s equation, could point to an identification

of that linear function with the number of receptors actually occupied by the

active drug. Other possibilities have been considered in order to explain the course

of the recovery process. For instance, the sigmoid curve might represent an inte-

grated frequency distribution of receptors with different affinities for antagonists.

If this were the case it might be expected that variations of sensitivity at the

beginning of the process would be as large as at the end, but the responses are

much less variable at the beginning of recovery than at the end.
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ADDENDUM*

Considerable discussion has been aroused concerning the statement that the

response is linearly related to the number of receptors occupied by the active

drug. This postulate is implied in the deduction of Clark’s equation (see 30)

and also in the deduction of Gaddum’s equation (51) for antagonism of the

competitive type. The validity of this postulate was recently challenged by

Stephenson (141) on the basis that the concentration ratios for producing

80 %/20 % or 50 %/20 % or 80%/SO % of the maximum response deviate very

strongly from the theoretical ratios 16:4:4. However, Stephenson’s method of

obtaining the parameters of Clark’s equation, by application of massive doses

of the agonist in order to obtain the maximum effect (y = 1), is open to strong

criticism. The correct way to verify the validity of Clark’s equation is to take

the reciprocal of both sides (27):

Kx y

and to test for the linearity of the relationship between l/x and l/y, using the

actual measurements obtained in the assay. The maximum response will be given

by the intercept of the line with the ordinate axis, and from this value, a sort of

“normalized” curve can be obtained, with intercept I and the reciprocals of the

percentages linearly related to the reciprocal of the doses. Deviation from

linearity has been found always non-significant when compared with the error

of the assay. There is no reason, therefore, to reject Clark’s equation and the

assumption that there is a linear relationship between the number of receptors

occupied by the active drug and the effect observed in the smoked drum still

holds, as far as histamine is concerned.
If a concentration (I) of a competitive inhibitor, such as benadryl for hista-

mine, is present, the line will turn a certain angle around the intercept (l/ym�) in

such a way that the constant K (reciprocal of the slope) will be altered as follows:

f3/K=k’ and

where k’ is the slope of the new line (in presence of the antagonist) and K1 is a

constant depending upon the nature of the antagonist. The significance of

/3 is easy to grasp, since it is the ratio of the slopes “with” antagonist and “with-

out” antagonist. It is also easy to find that the new constant K1 can be calculated

as a measure of the concentration of the inhibitor which makes /3 = 2. Therefore,

K. represents the concentration of the inhibitor which reduces the effect pro-

duced by a double dose to that produced by a single one. The relationship

between K, and the index pA2 introduced by Schild (131, 133) is obvious and

one can write

/3 = 1 +

From these considerations we have derived a rational method for determining

* During proof corrections.
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the value of pA, by simply measuring the ratio of slopes (/3) of the lines of the re-

ciprocals of (responses-doses) and deducing, from the above equation, by the

following formula:

- pA, = log (I) - log (/3 - 1)

By using this method we have calculated the 2 for the pair benadryl-hista-

mine, and the values obtained agree with those of previous investigators, using

more direct methods of determination.

Since such deductions depend upon the validity of the main arguments in-

volved in Clark’s and Gaddum’s equations, their agreement with the experi-

mental findings have, as a consequence, the rejection of Stephenson’s hypothesis

and a confirmation of the postulate invoking linearity between the number of

receptors occupied by the drug and the effect as measured upon the smoked

drum. Also the idea that a maximum contraction can be produced by a small

number of receptors occupied by the drug should be rejected. There is no reason

to suppose that the interrelationship between agonist and antagonist, when com-

petition is established, will not follow Clark’s and Gaddum’s equations.

METABOLITE ANTAGONISMS IN BACTERIA

H. 0. J. COLLIER

Pharmacology Department, Allen & Hanburys Ltd., Ware, Hertford8hire, England

Perhaps by historical accident this symposium on drug antagonism has been

based largely on experiments on vertebrate tissues. In order to bring antagonisms

in bacteria into the same picture, I would like to describe recent work (35) on

the relations of growth inhibitors to purines in a strain of Escherichia coli (NCTC

8242) that requires purine. In this strain, the curve of growth plotted against log

concentration of adenine follows a sigmoid course, but after reaching a peak

turns downwards because excess adenine inhibits. The general antibacterial

compound Dequadin (decamethylene-bis-4-aminoquinaldiium) (18) vertically

depresses this curve, except where lack of adenine limits growth. On the other

hand, the antipurine 6-mercaptopurine (39) shifts the log adenine-growth curve

along the horizontal axis of the graph without changing its height or its eventual

downward turn, so that the ascending portions of curves obtained in the presence

and absence of 6-mercaptopurine run roughly parallel. If the extent of the hori-

zontal shift, which characterizes competitive inhibition, is plotted against the

negative log molar concentration of 6-mercaptopurine, a straight line is obtained.

From this line the pA values of Schild (131) may conveniently be read off. For

example, the pAio of 6-mercaptopurine against adenine for Esch. coli (8242) is

3.12. It thus seems that in bacteria metabolite antagonisms may be analysed on

similar lines to those described for vertebrate tissues.
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