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I N T R O D U C T I O N 

The gradual change from agonists to antagonists, via intermediate dualistic 
compounds, with a stepwise change in the chemical structure can, in many 
cases, be ascribed to a gradual decrease and loss of the intrinsic activity (see 
Section II .A). 

There are various series of homologous compounds known in which a change 
from agonistic to antagonistic compounds, via intermediate compounds, takes 
place. The RNMe 3 derivatives tested on the rectus abdominis muscle of the 
frog, mentioned in Table X of Section II .A, are an example. The heptyl com
pound (HeptNMe3) acts as a dualist or partial agonist, so possibly it has an 
intermediate intrinsic activity. 

Combination of constant concentrations of this compound with increasing 
concentrations of a compound with a high intrinsic activity, for instance, 
succinylcholine, will provide the facts. If we are right, dose-response curves 
like those presented in Fig. 24, Section II .A, will be found. If a high concen
tration of HeptNMe 3 is combined with increasing concentrations of succinyl
choline, it is expected tha t , as a result of the competition between the two com
pounds, the latter will finally occupy all receptors. Then, the effect will reach 
a value equal to tha t obtained with high concentrations of succinylcholine 
alone. This does not happen as is demonstrated by the experiments represented 
in Fig. 1. Here the theory is insufficient; the experimental curves do not even 
have the slightest similarity with the curves calculated from the theory given 
in Fig. 24 of Section II .A. 

A second experimental possibility is the reverse of the sequence of addition 
of both drugs—a combination of constant concentrations of an agonist, such 
as succinylcholine, with serial concentrations of the partial agonist, HeptNMe 3. 
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FIGS. 1. and 2. Cumulative log concentration-response curves for the agonist SuChMe8 

in the presence of various concentrations of the partial agonist HeptNMe8 (Fig. 1), and 
the converse (Fig. 2.). Note the differences between the curves obtained with this 
partial agonist and those obtained with, e.g., DecaMe2Et. Compare with Figs. 9 and 10, 
respectively. 
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FIGS. 3 and 4. Noncompetitive antagonism. FIG. 3. Cumulative log concentration-
response curves for the agonist BuNMe3 in the presence of various concentrations of the 
antagonist DecNMe3 (10, 12). Note the differences between the curves obtained with this 
antagonist and those obtained with a competitive antagonist, e.g., SuChEt3 (see Section 
I I . A, Figs. 12 and 13). FIG. 4. Theoretical log concentration-response curves for the 
agonist A combined with various concentrations of the noncompetitive antagonist Β 
(Eq. 1, KA = K'B = 1, α = 1, β' = -1 (10, 12). [A] and [B] in ikf- 1. Note the difference 
between this noncompetitive antagonism and the competitive antagonism. Compare with 
Fig. 11, Section I I . A. 
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If the dualistic behavior of this compound has to be at t r ibuted to a decrease 
in the intrinsic activity, dose-response curves as represented in Fig. 23, 
Section II .A, are to be expected. Figure 2 gives the experimental results. Once 
more experiment and theory do not fit. 

In the series of RNMe 3 substances studied the decyl compound (DecNMe3) 
acts as an antagonist. Is it a competitive antagonist? Combination of constant 
concentrations of this antagonist with increasing concentrations of an agonist, 
such as the butyl compound (BuNMe3), should give the answer. If the antagon
ism is of the competitive type, dose-response curves like those in Fig. 11, 
Section II .A, can be expected. Figure 3 gives the experimental results; the 
decyl compound does not act as a competitive antagonist. The dose-response 
curves obtained resemble those expected in the case of a noncompetitive 
antagonism. 

As mentioned before, the intrinsic activity, a, expresses the efficacy of drug A 
with respect to the induction of a stimulus which sets in motion the chain of 
events or reactions leading from the occupation of the receptors R by A to the 
effect, EA. A second drug, B, may interfere with this chain of events. Then Β 
interacts with the receptors R', which are different from those for A. The 
relation between A and Β is a noncompetitive one. 

The contribution of drug A to the effect is changed by B. The occupation of 
the receptors R ' by Β as such, does not result in any effect. Only if A is present, 
can Β change the response obtained with A. The degree to which this happens 
depends on the degree to which the receptors R ' are occupied by B. This rela
tion, too, can easily be put into an equation (10,12,14). The effect EAB> of the 
combined compounds A and Β as a fraction of Em becomes: 

EAjEm represents the effect of A if applied without Β (Section II.A.2, Eq. 1). 
β' is the intrinsic activity of Β with respect to the change induced in the effect 
of A. The occupation of R ' by Β results in a virtual change in the intrinsic 
activity of A. K'B is the dissociation constant of the drug-receptor complex 
R ' B . The interference of Β can result in an increase or a decrease of the 
response of the effector system. Then β' has to be supplied with a positive or 
negative sign, respectively. This means tha t there may be a noncompetitive 
sensitization or inhibition. Compound B, inactive as such, increases or de
creases the response of a biological object caused by a second compound A, 
in a noncompetitive way (10,12,15). 

* "Noncompetitive" and "Uncompetitive" are to be distinguished as having different 
meanings. 

M.B.1. NONCOMPETIT IVE INTERACTION * 
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II.B.1.1. Noncompetitive Antagonism 
I I .B . l . l . a . THEORY 

Depending on the value of the intrinsic activity, β', the antagonism may be 
complete or partial . If — 1 is substituted for β', for high doses of B, EAWjEm 

becomes zero. Then there is complete antagonism. Figure 4 represents the 
theoretical dose-response curves calculated from Eq. 1 by substituting — 1 
for β'. In the case of a competitive antagonism the effect is determined by the 
relation between the concentrations of agonist and antagonist; the antagon
ism is surmountable. 

In the case of a noncompetitive antagonism, the effect is determined by the 
concentrations of the antagonist only. Independently of the dose of A, its 
effect is decreased by a factor equal to the second term of Eq. 1. There is no 
shift in the curves but a gradual decline and a disappearance of the effect a t 
high concentrations of Β (see the theoretical dose-response curves in Fig. 4 ) . 
The noncompetitive antagonistic action is insurmountable. This is t rue if high 
doses of the agonist or high doses of the antagonist are used. If lower doses of 
both the agonist and antagonist are involved, the decrease in the effect caused 
by the antagonist may be abolished to a certain degree by an increase of the 
dose of the agonist. In tha t case the noncompetitive antagonism is surmount
able to a certain degree. This must be taken into account if the surmountability 
is used as an argument in the differentiation between competitive and non
competitive antagonism. 

If a value between zero and — 1, let us say — 1 / 2 is substituted for intrinsic 
activity β', with high doses of Β the second term of Eq. 1 becomes 1/2 and the 
effect of A is reduced to 50% of its original value. Then there is a partial 
noncompetitive antagonism. 

I I .B .1 .1 .6 . EXPERIMENTS 

As is demonstrated in Fig. 3, the compound DecNMe3, if tested on the rectus 
muscle of the frog, acts as a noncompetitive antagonist of BuNMe 3. Many other 
examples of a noncompetitive antagonistic action are known. While in the case 
of a competitive antagonism the relation between agonist and antagonist is 
highly specific, for the noncompetitive antagonism this is different. The com
pound papaverine antagonizes in a noncompetitive way the contractions of 
smooth muscle, as induced by a great variety of drugs called spasmogens. 
Examples are the contractions induced by acetylcholinomimetics in the rectus 
muscle of the frog and in the isolated gut, those caused by histamine and by 
BaCl 2 in the isolated gut, those induced by sympathomimetics in the vas 
deferens and in the isolated aorta strip, etc. Table I gives p^42

 a nd J>D\ values 
for combinations of various spasmogens and spasmolytics. The parasympa
tholytic atropine is most active against the parasympathomimetic HFMe 3.* 

* Dioxolane is designated F in the formulas for its derivatives. 
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Spasmogens 

HFMe3 Histamine BaCl2 

Spasmolytics pA2 pD\ P ^ 2 P-^'2 pD'2 

Atropine 8.1 6.5 3.2 
Neobenodine 5.5 8.8 4.9 
Diphenhydramine 6.6 7.5 5.3 
Papaverine 5.3 4.9 5.0 

concentrations of K+, which means tha t the contractile elements are still able 
to react after papaverine. 

If the noncompetitive antagonist interferes with the sequence of events, 
which leads from the occupation of the specific receptors by the agonist to the 
effect, it may do so in various ways. This implies tha t if one agonist, inducing 
its effect on a certain biological object, is antagonized by various noncompeti
tive antagonists, these do not necessarily interact with the same receptor 
system. Noncompetitive antagonists are often called nonspecific antagonists 
in contrast to the competitive or specific antagonists. 

A compound acting as a noncompetitive antagonist of a certain agonist on 
one object may act as a competitive antagonist on the other. DecNMe3, which 
behaves as a noncompetitive antagonist of the acetylcholinomimetics with 
respect to the rectus muscle of the frog, behaves as a competitive antagonist 
with respect to acetylcholinomimetics on the isolated gut of the rat . An ana
logous situation is found for atropine, which is a competitive antagonist for 
acetylcholinomimetics on the isolated gut, though on the frog rectus muscle 
in higher concentrations it behaves as a noncompetitive antagonist of ACh. 

The antihistaminic neobenodine is similarly very active against histamine. 
Benodine (diphenhydramine) takes some place in between. In this respect, see 
Table X X V I I I , Section II .A. Papaverine is practically equi-active against 
each of the three types of spasmogens (for the j)D'2 values, see Section I I .B . l .4). 
Probably, papaverine interferes somewhere with the mechanism of muscle 
contraction. The compound is called therefore "musculotropic," e.g., in con
trast to acetylcholinomimetics and acetylcholinolytics which act on the neuro-
effector junction and are called neurotropic. Papaverine does not, however, 
antagonize the contraction induced in the rectus muscle of the frog by increased 

T A B L E I 

pA2 AND pD\ VALUES OF SUBSTANCES TESTED ON THE ISOLATED GUT OF THE 
GUINEA PIG 
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This points to differences between the receptors for acetylcholinomimetics in 
the various tissues. 

If we conclude on the basis of the type of dose-response curves obtained 
(Fig. 3) tha t there is a noncompetitive antagonism between BuNMe 3 and 
DecNMe3, we must be careful because it is possible tha t the specific receptors 
for the agonist may be occupied in an irreversible way by the antagonist. 

There may be a chemical binding between the drug and receptors on the 
basis of covalent bonds—this in contrast to the binding forces supposed to be 
operative in the case of a reversible receptor occupation. Instead of "irre
versible interaction," the term "nonequilibrium interact ion" is also used 
(141a). 

Irreversibly blocking substances can definitely eliminate a number of the 
specific receptors for the agonist. This number increases with the concentration 
of the antagonist. I t will be clear t ha t this, too, gives a type of antagonism, 
which results in dose-response curves rather similar to those for the noncom
petitive antagonism (12, 13, 15, 16, 119, 156, 160). This will be discussed in 
Section I I I . If the antagonist can be easily washed away from the tissues, an 
irreversible binding is highly improbable. In the experimental examples given 
above, the drugs are easily washed out. 

In the following paragraphs the series of R N M e 3 derivatives, which have 
caused trouble (see Figs. 1 and 2), will get closer attention. Now, we know tha t 
in this series of compounds the change in the structure or the lengthening of 
the alkyl chain results in a change from agonists to their noncompetitive 
antagonists (Fig. 3). Thus, with the change in the structure, a noncompetitive 
component is introduced into the action. The compound intermediate in 
structure may be expected to behave as agonist and a t the same time as a 
noncompetitive antagonist for the spasmogenic action of BuNMe 3 on the frog 
rectus muscle. 

II.B.1.2. Noncompetitive Auto-Interaction 
II.B.1.2.a. THEORY 

Ε 
I 

R—R' 

A 
The situation just mentioned can easily be pu t into an equation. We have 

to substitute in Eq. 1 a' for β', K'A for K'B, A for Β and EAA,/Em for EAWfEm. 
This means tha t the compound A has an affinity to the receptor R, on which 

it induces an effect, as well as to the receptors R' , on which the effect originally 
induced may be liquidated, a t least if 0 > α' ^ — 1. 

If the affinity of A to R is much greater than to R' , or if KA <ξ.Κ'Α, A will 
occupy all receptors R first, producing the maximal effect, while a t still higher 
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FIG. 5. Theoretical log concentration-response curves for a series of compounds with an auto-inhibition (10, 12). In this series the values 
for KA increase, those for K\ decrease (a = 1; a' = — 1; [A] in Note the gradual change from active to "inactive" compounds, the 
latter being non-competitive antagonists for the other compounds. 
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FIGS. 6 .and 7. Cumulative log concentration-response curves for two series of homologous compounds, namely, RNMe3 derivatives 
(Fig. 6) (10,12) anddioxolanederivatives (Fig. 7) (156, 157). Note the gradual change from active to "inactive" compounds, the latter 
being noncompetitive antagonists of the active compounds. Compare with Figs. 3,5, and 8. 
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concentrations, A will also occupy the receptors R' , which results in a decrease 
of this effect. There is an auto-inhibition. 

If the affinity of A to R ' is much greater than to R, or if KA > K'A) all 
R ' receptors will be occupied already before the receptors R are occupied, 
thus, before any effect is induced. The occupation of R by A after all receptors 
R ' are occupied, will no longer result in any effect, a t least, if the intrinsic 
activity of A on R' , α', is — 1. 

If the difference between KA and Κ'Α is smaller, the auto-inhibition will 
already become manifest before all receptors R are occupied. Thus, the curves 
bend down again before the maximal effect for A on R is reached. Compound 
A then behaves as a dualist in a double sense; it induces a partial response at 
lower concentrations which is annihilated (antagonized) a t higher concentra
tions of the compound. 

Figure 5 gives the theoretical dose-response curves for a series of compounds 
A, which interact with the receptors R and R' . α equals 1 and a' equals — 1 
and the quotient KAjK'A gradually increases in the series. The compounds 
exhibit an auto-inhibition. At the end of the series, " inac t ive" compounds are 
found. These " inac t ive" compounds act as noncompetitive antagonists of the 
active ones on the receptors R' . 

The auto-inhibition is analogous to the so-called substrate inhibition in 
enzymology. Many of the types of drug-receptor interaction discussed here 
have their analogs in enzymology (60a,b,c} 142a, 160c, 171a). 

If a' is greater than zero, the occupation of R ' by A results in an increase of 
the effect; a so-called auto-sensitization takes place. Theoretical dose-response 
curves for this case can easily be calculated from Eq. 1. If α' is equal to —1/2, 
dose-response curves which represent a partial auto-inhibition are obtained. 

II.B.1.2.6. EXPERIMENTS 

The experimental results obtained with the series of RNMe 3 derivatives, 
especially the noncompetitive antagonistic action of DecNMe3 (Fig. 3), allow 
the supposition tha t with an increase of the length of the chain in tha t series 
the affinity to the receptors on which the effect is induced decreases, while the 
affinity to receptors on which a noncompetitive auto-inhibition is induced, 
increases. This implies t ha t if we study dose-response curves over a broad 
dose-range, curves may be expected of the types given in Fig. 5. The experi
mental results are presented in Fig. 6. There is a remarkable similarity between 
the theoretical and the experimental set of curves. On this basis various other 
series of compounds were studied in which the change from agonist to non
competitive antagonist occurs. Figure 7 demonstrates dose-response curves of 
a series of dioxolane derivatives RFMe 3, in which the substituent was gradually 
lengthened, tested on the rectus muscle of the frog. As expected, the hexyl 
compound behaves as a noncompetitive antagonist for H F M e 3 (Fig. 8). 

If the interpretation of the log dose-response curves represented in Figs. 6 
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and 7 is correct, it will be possible to predict the responses of combinations of 
compounds exhibiting an auto-inhibition with various other drugs. We can 
ask two questions: 

1. Wha t will happen if constant concentrations of the dualistic compounds, 
e.g., HeptNMe 3, are combined with serial concentrations of an agonist, e.g., 
BuNMe3? 

2. What will be the result of a combination of constant concentrations of 
an agonist, e.g., BuNMe 3 with serial concentrations of one of the dualistic 
compounds, e.g. HeptNMe3? 

°/o contractionjrect.abdXfrog) 1 

—ι 1 1 — 
1 0 - 3 1 0 - 2 1 0 _ 1 

m M HFMe3 

FIG. 8. Cumulative log concentration-response curves for the agonist HFMe8 in the 
presence of various concentrations of the antagonist HexFMe3 {156, 157). Note the con-
competitive antagonism of HexFMe8, which itself is slightly active (see Fig. 7). 

II.B.1.3. Noncompetitive Auto-Inhibition in Different Types of Drug 
Combinations 

II.B.1.3.a. T Y P E I THEORY 
Theoretical dose-response curves for the types of combination just men

tioned may be calculated (10,12,14). The case where a compound B, exhibiting 
an auto-inhibition is combined with a compound A, interfering with the action 
of Β on R, is represented by Eq. 2 : 

Ε 

+ 1. 

= [ l + (1 + [ Β ] / Ζ Β) Ζ Α/ Α +1 + (1 + [A] /X A)X B/ [B] ] [* + (JTBtfB]) + 1 ] ( 2) 
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FIGS. 9 and 10. Theoretical log concentration-response curves for the agonist A combined with various concentrations of a partial agonist 
B (Fig. 9) and the converse (Fig. 10). [A] and [B] in M~x. Note the difference between the curves obtained with this type of partial agonists 
and those with an intermediate intrinsic activity. Compare with Figs. 24 and 23, respectively, from Section H.A. (a = ß = 1, ß' = — 1, 
KA = KB=l,K'B =10.) 
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FIGS. 11 and 12. Theoretical log concentration-response curves. FIG. 11. Agonist A exhibiting an auto-inhibition, combined with 
various concentrations of a competitive antagonist Β (Eq. 2, KA = KB = 1, K\ = 10s, a = l , a ' = — 1, j8 = 0) (10, 12). [A] and [B] in 
M~x. Note the parallel shift in the ascending part of the curve only. FIG. 12. Agonist A combined with various concentrations of an 
antagonist Β with a dualism in antagonism, competitive and noncompetitive (Eq. 2, KA = KB = 1, K'B = 20, α = 1, β = 0, β' = — 1 (10, 
12). [A] and [Β] in M~l. Note the parallel shift in the curves, as a result of the competitive antagonism on which is superimposed a decrease 
in the maximal height and in the slope of the curves as a result of the noncompetitive antagonism. 

FIG. 11. FIG. 12. 
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This equation is a combination of the Eq. 6 , Section I I . A .3 , and Eq. 1 (Section 
I I .B . l ) . The first term represents the competitive interaction of A and Β on 
the receptors R (see Eq. 6 , Section I I .A.3) . The second term represents the 
noncompetitive interaction of Β on the receptors R ' (see Eq. 1 ) . By substitu
tion of suitable values for a, β, β', KA, KB, and K'B theoretical dose-response 
curves for the combination of various types of compounds can be calculated. 

Suppose β is equal to 1 and β' is equal to — 1 ; Β is a dualistic compound. A 
is an agonist with a high intrinsic activity: α = 1 . A cooperates in a competitive 
way with Β on R. From Eq. 2 , theoretical dose-response curves can be calcu
lated for the combination of constant concentrations of the dualistic compound 
B, with serial concentrations of A (Fig. 9 ) and the combination of constant con
centrations of A and serial combinations of Β (Fig. 1 0 ) . These cases correspond 
with the experiments as represented in Figs. 1 and 2 . Theory and experiment 
agree. This gives strong support to the hypothesis used. 

Ε 
I 

R—R' 

Β A 
Now suppose the combination of a dualistic compound A, of which the in

trinsic activity α is equal to 1 and a' is equal to — 1, with a compound Β with 
an intrinsic activity β equal to zero. Β acts as a competitive antagonist of A 
with respect to the effect induced by A on R. Theoretical dose-response curves 
for combinations of constant concentrations of such a compound Β and serial 
concentrations of the dualistic compound A calculated from Eq. 2 are repre
sented in Fig. 1 1 . The parallel shift in the ascending par t of the curves repre
sents the result of the competition between A and Β on R. The descending par t 
of the curves is not shifted; there is no interference of Β with the effect of A 
on R' . 

The case represented in Fig. 1 2 will be discussed in the section on dualism in 
antagonism (Section I I .B . l .5 .a ) . 

I I . B . l . 3 . 6 . T Y P E I EXPERIMENTS 

Can the theoretical dose-response curves be realized experimentally? By 
combining compounds chosen from those already discussed before, we can t ry 
to predict the dose-response curves to be obtained. For the theoretical dose-
response curves presented in Figs. 9 and 1 0 the corresponding experimental 
ones have already been given in Figs. 1 and 2 . They are definitely in agreement. 

Presumably, the change from agonist to noncompetitive antagonist in the 
RNMe 3 series is caused by the introduction of a noncompetitive auto-inhibitive 
action into the compounds as a result of the change in the chemical structure. 

How do matters stand with other results predicted by the theory? Is it 
possible by choosing the right compounds to get dose-response curves like 
those in Fig. 1 1 ? This figure represents theoretical dose-response curves for a 
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combination of a dualistic compound of the type of HeptNMe 3 and a competi
tive antagonist for this compound for the receptors on which the effect is in
duced. The triethyl derivative of succinylcholine, a competitive antagonist of 
acetylcholinomimetics on the rectus muscle of the frog described earlier, may 

°/o contraction;red. abd. (frog)—j 

100 η I 

m Μ Hept Ν Me3 

FIG. 13. Cumulative log concentration-response curves for HeptNMe3, exhibiting an 
auto-inhibition, in the presence of various concentrations of the competitive antagonist 
SuChEt3 (10). Note the parallel shift in the ascending part of the curves. Compare with 
Fig. 11. 

m m / 1 2 hr g r o w t h 

3 η 

mg/1 IAA 

FIG. 13. A. Log concentration-response curves for 3-indolylacetic acid (IAA)-induced 
growth in A vena coleoptile sections in the presence of various concentrations of the com
petitive antagonist 4-chlorophenoxyisobutyric acid (CPIA) (77a). Note the parallel shift 
in the ascending part of the curves. The descending part remains unchanged. Compare 
with Fig. 11. With higher concentrations of CPIA there is a decline in the ascending and in 
the descending part of the curves. Compare with Fig. 14. 
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serve the purpose. Figure 13 represents experimental dose-response curves for 
combinations of constant concentrations of this triethyl derivative and serial 
concentrations of the compound HeptNMe 3. A comparison of Figs. 11 and 13 
shows tha t again there is a conformity between theory and experiment. Various 
sets of such experimental curves can be obtained if suitable compounds are 
chosen. 

In other fields of research, too, relations are reported of the type represented 
in Fig. 11. Take, for instance, plant hormones like the auxins. The growth 
promotor 3-indolylacetic acid (IAA) induces growth in Avena coleoptile sec
tions. The dose-response curves obtained demonstrate a clear auto-inhibition 
(Fig. 13A). Combination of IAA with its competitive inhibitor, 4-chloro-
phenoxyisobutyric acid (CPIA), results in the dose-response curves presented 
in Fig. 13 A. There is a parallel shift in the ascending par t of the growth curves; 
the descending par t remains unchanged (77a, 133a, 133b). I t appears tha t a t 
higher concentrations, the inhibitor CPIA also has noncompetitive inhibiting 
properties (Section II .B . l .5). This is demonstrated by the decline in the 
ascending par t of the curves for IAA in the presence of high concentrations of 
CPIA (see Fig. 13A). 

II.B.1.3.C. T Y P E I I THEORY 

Another possibility is represented in Eq. 3. Compare this equation with Eq. 2. 
Suppose A is a dualistic compound of which the intrinsic activity α is equal to 1 
and a' is equal to — 1. I t is combined with a compound Β which interacts with 
R ' ; β' is equal to — 1. 

Ε 

A Β 

= α Γ / ^ £ 
" (ZA/[A]) + lL +l l + (l + [ B ] / Z ' B) Z ' A/ [ A ] + l + (l + [ A ] / Z ' A ) ^ 

The first term in Eq. 3 represents the induction of the effect by A on R, the 
second term the noncompetitive inhibition of this effect on the basis of a 
competitive interaction of A and Β on R' . Β behaves as a noncompetitive 
antagonist of A with respect to the effect induced by A on R and as a competi
tive synergist of A as far as the auto-inhibiting action of A on R ' is concerned 
(12, 14). Theoretical dose-response curves for this case calculated from Eq. 3 
are represented in Fig. 14. There is a decline in the ascending par t of the curves 
and a slight shift in the maxima of the curves, which points to the competitive 
synergism of A and Β in this respect. 

A situation closely related to the one just described is tha t in which a dualistic 
compound A is combined with a compound B, which is a noncompetitive 
antagonist, interacting with receptors (R"), other than those (R') on which the 
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auto-inhibition is induced by compound A. As mentioned before, compounds 
noncompetitive with respect to the action of a certain agonist may act on 
different receptor systems in the chain of reactions, leading from the induction 
of the stimulus by the agonist to the final effect. Β may, for instance, disable 
the effector system in such a way tha t it can no longer respond. There is a 
cooperation between A and Β as far as the inhibitive action of these compounds 

ι 1 1 Γ - i 
ι 10 u r i o 3 

[A] 

FIG. 14 . Theoretical log concentration-response curves for an agonist A, exhibiting an 
auto-inhibition combined with various concentrations of a noncompetitive antagonist Β 
(Eq. 3 , KA = K'B = 1, K \ = 100 , α = 1, α' =β' = - 1) (12). [A] and [Β] in M~K Note the 
shift in the maxima of the curves. This because common receptors are concerned with the 
auto-inhibitive action of A and the noncompetitive antagonistic action of B. 

is concerned, but not a competitive one. Here, too, things can easily be put 
into an equation (156). 
R"—Ε 
I R - R ' ^ A A - B - ^ g A A ^ £ 1 ( 4) 

\ S Em Em [ +1 + ( Z ' B/ [ B ] ) J 1 ] 

A 
For the first par t of this equation see Section II.B.1.2.a. The last term repre
sents the noncompetitive inhibiting action of compound Β on the receptors 
R". Figure 15 represents theoretical dose-response curves calculated from this 
equation. From these curves it may be seen tha t there is now only a decline in 
the curves as a whole, while in the related situation, represented in Fig. 14, the 
competitive relation of A and Β on R ' is manifested by a slight shift in the 
maximal values for the different curves with increasing values of B. 

II.B.1.3.d. T Y P E I I EXPERIMENTS 

How can the case represented in the theoretical curves of Fig. 14 be realized? 
In order to test this relation experimentally, we have to combine serial 
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concentrations of a compound with an auto-inhibition, e.g., HexNMe3, with 
constant concentrations of a compound exhibiting a competitive synergism 
with HexNMe 3 on the receptors on which the noncompetitive auto-inhibition of 
this derivative is induced. The best thing to do is use the compound DecNMe3. 

Μ 
FIG. 15. Theoretical log concentration-response curves for an agonist A, exhibiting an 

auto-inhibition combined with various concentrations of a noncompetitive antagonist Β 
(Eq. 4, KA = 1, K'A = 50, K \ = 1, α = 1, α' = - 1, β" = - 1) (156). Note the decline in 
the curves without a shift of the maximum. This is because different receptors are con
cerned with the auto-inhibitive action of A and the non-competitive antagonistic action of 
B. [A] and [B] in M~l. Compare with Fig. 14. 

°/o contraction;rect.abd.(frog) . 
1 0 0 - , 

m M Hex Ν M e 3 

FIG. 16. Cumulative log concentration-response curves for HexNMe3 exhibiting an 
auto-inhibition in the presence of various concentrations of the noncompetitive antagonist 
DecNMe3, tested on the rectus abdominis of the frog (12). Note the decline in the curves. 
The shift in the maxima, expected because of the relation between HexNMe3 and 
DecNMe8, is not clearly manifested. Compare with Fig. 14. 
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According to the experiments previously described, it has the required pro
perties. The experimental results are represented in Fig. 16. A comparison of 
these curves with the theoretical ones given in Fig. 14 shows tha t again theory 
and experiment agree. 

We have not yet succeeded in demonstrating in experimental curves the 
slight differences between the theoretical curves of Figs. 14 and 15. The com
bination of HeptNMe 3 with papaverine was tried and resulted in curves very 
similar to those represented in Fig. 15. The curves obtained with HexNMe 3 

and DecNMe3 (Fig. 16), however, did not clearly exhibit the slight shift in the 
maxima of the curves as expected from Fig. 14. 

II.B.1.3.e. T Y P E I I I THEORY 

Ε 
I 

R—R' 

A Β 
An especially interesting case is t ha t in which a dualistic compound A, of 

which the intrinsic activity α is equal to 1 and a is equal to — 1, is combined 
with a compound Β which interacts with R' , while its intrinsic activity /?' 
is equal to 0 (Eq. 3). Now the compound Β behaves as a competitive antagonist 
of A o n R ' . 

This implies t ha t the auto-inhibiting action of A is inhibited in a competitive 
way by B. In the curves represented in Fig. 11, A and Β are competitive an
tagonists on the receptor R, on which the effect is induced. This results in a 
parallel shift of the ascending par t of the curves. In this case there is a com
petitive antagonism on the receptors R' . This implies t ha t the descending par t 
of the curve is expected to be shifted along the log-dose axis to higher concen
trations of A. Theoretical dose-response curves for this case are represented 
in Fig. 17. 

II .B.1 .3 . / . T Y P E I I I E X P E R I M E N T S 

A compound suitable to produce experimental curves analogous to the 
theoretical ones presented in Fig. 17 is not yet known in pharmacology. In 
enzymology, however, there are indications for the experimental reality of this 
case. Nayar et al. (141) report tha t the descending par t of the curve for the 
hydrolysis of phenolphthalein glucuronide by the enzyme glucuronidase (the 
substrate inhibition) is shifted to higher concentrations of the substrate in 
the presence of ethylene glycol. The set of curves obtained by them resembles 
t ha t represented in Fig. 17 (see also 83a). In the growth curves for 2-amino-5-
carboxypyridine used as a growth factor for the p-aminobenzoic acid-deficient 
strain E. coli 273, an auto-inhibition is observed, which is antagonized by 
nicotinic acid amide (see Section I.B.5.1). 

Various other sets of theoretical dose-response curves based on Eqs. 2 and 3 
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and their experimental realizations are available (12,13). One can conclude 
tha t based on the concepts "affinity" and "intrinsic ac t iv i ty" introduced into 
receptor theory, a large number of types of interaction between various drugs 
can be brought within a simple rational system. 

In the section on mimetics and lytics (Section II.A.3.3) it was emphasized 
tha t , if a compound is called a competitive antagonist, it is necessary to 
mention the agonist or type of agonist concerned and the tissues for which the 
relation holds true. A comparison of Fig. 14 in Section II.A.3.1.6 and Fig. 8 (in 
this section) demonstrates tha t the compound HexFMe 3 acts as a competitive 
antagonist for acetylcholinomimetics if tested on the isolated gut of the ra t but 

FIG. 17. Theoretical log concentration-response curves for a compound A, exhibiting 
an auto-inhibition, combined with a competitive antagonist B, which interacts with the 
receptors, on which the auto-inhibition is induced (Eq. 3, KA = 1, K'A = 5, K'B = 1, α = 1, 
α' = — 1, β' = 0. [A] and [Β] in Μ - 1. Note the parallel shift in the descending part of the 
curves. Compare with Fig. 11. 

as a noncompetitive antagonist for acetylcholinomimetics if tested on the rectus 
muscle of the frog. The same is t rue for the compound DecNMe3 (156,157,158) 
(see Table X I X , Section II .A, and Fig. 3 in this section). 

The existence of competitive as well as noncompetitive antagonists for the 
acetylcholinomimetics has its consequences. One may expect tha t besides 
curare, a muscle relaxant which acts as a competitive antagonist of acetyl
choline, and decamethonium, a muscle relaxant with an acetylcholinomimetic 
depolarizing action, a third type exists, viz., noncompetitive muscle relaxants. 
The compound DecNMe3 acts as such a noncompetitive curariform drug for the 
striated muscle (62a). Various other drugs with a noncompetitive type of 
curariform action are known (122, 155, 157, and Section III.6.2.1). 

The existence of competitive and noncompetitive antagonists for one 
agonist is not exceptional. The effects of acetylcholine, histamine, and arterenol 
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FIG. 18 . A , Β , and C. Log concentration-response curves for nicotine in the presence of 
various concentrations of ganglionic blocking agents (160a, b). A . Pentamethonium and 
hexamethonium act as competitive antagonists of nicotine. There is a parallel shift in the 
curves. B. Presidal and Ecolid act as noncompetitive antagonists of nicotine. There is a 
decline in the curves. C. Mecamylamine and pempedine have a dual mode of action. There 
is a combination of a shift and a decline in the curves. 

% contraction; guinea p ig jejunum-
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are antagonized in a competitive way by acetylcholinolytics, antihistaminics 
and sympatholytics, respectively, and, in a noncompetitive way by 
papaverine. 

The same holds true for ganglionic actions of acetylcholinomimetics and 
lytics. The ganglionic blocking agents can be distinguished as competitive and 
noncompetitive antagonists of the agonist nicotine (160a, 160b, 197a). Figure 
18A and Β represent dose-response curves for nicotine in the presence of the 
respective types of antagonists. The ganglionic blocking agents mecamylamine 
and pempedine have a mixed type of action: competitive and noncompetitive 
(see Fig. 18C). There is a dualism in action (see Section II .B. l .5) . Figure 18D 
and Ε represent registrograms of the type of experiments given in Fig. 18A and 
B. I t is not possible to obtain cumulative dose-response curves with nicotine 
because of the strong fade in the contraction. The dose-response curves 
represent the effects of sequential single doses (160a). 

The effects of hexamethonium and mecamylamine on neurotransmission in 
the superior cervical ganglion of the ra t at test to a competitive inhibitive 
action of these compounds with respect to cholinergic transmission there (133c). 

In Section I I .B . l .5 compounds will be discussed tha t act simultaneously as 
competitive and noncompetitive antagonists for one agonist. 

II.B.1.4. Evaluation of Noncompetitive Antagonists 
For noncompetitive antagonists a procedure analogous to tha t used for an 

agonist may be followed. In case of the agonist, pDx values are used (Section 
I I . A.3.2). The pZ)2 value corresponds to the negative logarithm of tha t dose of 
the drug for which EAJEA reaches a value 2. From Eq. 1 it follows tha t if the 
effect EA of an agonist A is reduced, by a noncompetitive antagonist B, of 
which the intrinsic activity β' is equal to — 1, to 50% of its original value, there
fore, if EJEAB, = x = 2, then [B] is equal to K'B. This implies tha t the pD'2 

value, which is —log [B] for χ = 2, becomes equal then to —log K'B. A 
criterion for the noncompetitive inhibition is tha t the pD'x value of the 
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FIG. 18. D and E. Registrograms of the contractions induced in the isolated jejunum of 

the guinea pig. D. Various doses of nicotine and the influence of various doses of the com
petitive antagonist hexamethonium on them (160ayb). Ε. Various doses of nicotine and the 
influence of the noncompetitive antagonist Ecolid on them. 

antagonist is independent of the original effect EA. In the case of a competitive 
antagonist, the j)D'x value decreases with EA (14). For noncompetitive 
antagonists acting by the same pharmacological mechanism (thus, on common 
receptors), the difference in \}D'X values is constant for varying values of x, 

TABLE I I 
NONCOMPETITIVE ANTAGONISTS TESTED ON THE ISOLATED RECTUS ABDOMINIS 

MUSCLE OF THE FROG AGAINST CHOLINOMIMETICS0 

Intrinsic 
activity 

OctNMe3 —1 5.1 
DecNMe3 —1 5.9 
DodecNMe3 —1 6.1 
HeptNEt3 —1 4.7 

a From Ariens and van Rossum (14). 

which means tha t the dose-response curves for the noncompetitive antagonists 
run parallel (14). 

Schild (169) independently introduced a different nomenclature, the ρ^4Λ 

value, which is an empirical (experimental) magnitude. The \>D'X value links 
the experiments to the receptor theory. Table I I gives j>D'2 values for a number 
of noncompetitive antagonists. 
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The relations are more complicated for compounds with a noncompetitive 
auto-inhibition (Section I I .B. l .2). Then, a j)Dx as well as a pZ>'x value is in the 
picture. If the auto-inhibition cuts in so early tha t a bell-shaped log-dose-
response curve results, a special procedure is necessary to determine the j)Dx 

and pD ' s value (14). 

II.B.1.5. Dualism in Antagonism 
ΙΙ.Β.Ι.δ.α. THEORY 

Ε 
I 

R—R 

A Β 
The drug-receptor interaction described in Eq. 2 leaves still another 

interesting possibility open. Suppose a case in which the intrinsic activity of A 
on R is high, α is equal to 1, while the intrinsic activity of Β on R is very low, β is 
equal to 0 and the intrinsic activity of Β on R' , β' is equal to — 1. A is an agonist 
and Β behaves as a competitive as well as a noncompetitive antagonist of A. 
Depending on the affinities of Β to R and R ' or the value of KB/K'B, the non
competitive inhibition will be superimposed on the competitive inhibiting 
action of Β at lower or higher concentrations of B. Theoretical dose-response 
curves for this case, calculated from Eq. 2, are represented in Fig. 12. If 
KB/K'B is large, compound Β behaves mainly as a noncompetitive antagonist; 
if KBIK'B is small, Β behaves mainly as a competitive antagonist of A. If 
KBjK'B has a value of about 1, Β exhibits a clear dualism in antagonism with 
respect to A. 

II .B.l .5.6. EXPERIMENTS 

Consider the situation presented in the theoretical dose-response curves of 
Fig. 12. An agonistic compound has to be combined with a compound which 
acts simultaneously as a competitive and as a noncompetitive antagonist. How 
can such a compound be obtained? The chemical structure of an agonist has to 
be changed in such a way tha t the intrinsic activity is reduced to zero, while a 
noncompetitive component is introduced into the action. 

In the action of compound BuNMe 3 a noncompetitive component is already 
available (see Fig. 6). The only thing tha t must be done is reduce the intrinsic 
activity. This may be done by gradual ethylation on the onium group. 

The experimental results are given in Fig. 19A, which shows dose-response 
curves for the compounds obtained, and Fig. 19B, which shows the result of a 
combination of an agonist with the triethyl compound B u N E t 3. This compound 
behaves practically as a purely noncompetitive antagonist. The effort failed; 
the stepwise ethylation not only resulted in a decrease in the intrinsic activity, 
but also in a decrease of the affinity to the receptors on which the effect is 
induced by the butyl compound. I t is on these receptors tha t the competitive 
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antagonistic action by B u N E t 3 had to be induced. Thus, for B u N E t 3, the 
affinity to the receptors on which the competitive interaction had to take place 
is surpassed by the affinity to the receptors on which the noncompetitive 
interaction is induced. The result is practically a pure noncompetitive 
antagonist. 

Maybe another series of compounds has a better chance. In the monoethyl 
derivative of decamethonium, the intrinsic activity is already reduced (see 
Fig. 3, Section II .A). If the length of the alkyl chain (the ethyl group) is 
increased, possibly a noncompetitive antagonistic component in the action 
may be introduced, analogous to the results of a lengthening of the alkyl chain 

9^6 contraction; re ct. abd. (fro g) 

m M mMBuNMe3 
FIG. 19 . A . and B. Cumulative log concentration-response curves. A . A series of grad

ually ethylated BuNMe3 derivatives (14). Note the gradual change from active to "inac
tive '' compounds. Β. The agonist BuNMe3 in the presence of various concentrations of the 
antagonist BuNEt3. Note the noncompetitive character of the antagonist. Compare with 
Fig. 4 . 

in the R N M e 3 series (Fig. 6). Maybe the intrinsic activity is also further 
reduced, as the larger alkyl chain results in a stronger steric hindrance around 
the onium group. 

If this speculation holds, in the series of alkyl decamethonium derivatives 
one can expect, successively: 

1. compounds behaving mainly as competitive antagonists on which, if 
higher concentrations are used, a noncompetitive inhibiting action is super
imposed, 

2. compounds exhibiting a competitive inhibition simultaneously with a 
noncompetitive one—a mixed type of antagonism, 

3. compounds behaving mainly as noncompetitive antagonists, because 
with longer alkyl chains the noncompetitive component becomes pre
dominating. 
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FIGS. 20-23. Cumulative log concentration-response curves for a homologous series of 
DecaMe2R derivatives (Fig. 20) (156, 157) and cumulative log concentration-response 
curves for the agonist BuNMe3 in the presence of various concentrations of antagonistic 
DecaMe2R derivatives (Fig. 21-23) (156, 157). Note the gradual change from active to 
"inactive" compounds (Fig. 20) and the dualism in antagonism for DecaMe2Pr (Fig. 21) 
which changes with an increase of the alkyl chain to a purely noncompetitive antagonism 
for DecaMe2Hept (Fig. 23). Compare Figs. 21 and 23 with Figs. 12 and 4, respectively. 

A gradual change from compounds mainly competitive to compounds mainly 
noncompetitive, via compounds with a double type of antagonism, is to be 
expected. Figures 20-23 give experimental results. When comparing these 
curves with the theoretical ones represented in Fig. 12 the conclusion may be 
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drawn tha t the experimental curves accord well with the theoretical ones. The 
type of compounds expected, were obtained. Examples of a dualism in 
antagonism are also known in the field of parasympatholytics. In the clinic a 
number of compounds are applied, in which, next to a parasympatholytic 
action, a spasmolytic action of a musculotropic type—e.g., a papaverine-like 
action as in adiphenine (13,18, 76b, 84)—is present. 

As mentioned in Section II.A.5.3, in the series of arterenol derivatives 
obtained by substitution of alkyl or aralkyl groups on the Ν atom, the heavier 
substituted derivatives behave as sympatholytics, competitive antagonists of 
arterenol. The alkyl-substituted derivatives have a low affinity, the aralkyl 
substituted derivatives have again a much better affinity (the ρ A 2 values in 
Table X X V in Section II .A). Practically all higher substituted secondary 
amines have a noncompetitive spasmolytic activity. Papaverine itself is such 
an amine. 

The doses of the alkyl-substituted arterenols necessary to get a shift in the 
dose-response curves for arterenol are very large, so large tha t the non-
competititive spasmolytic action also comes into the play (the p D ' 2 values in 
Table XXV, Section II .A). The consequence is t ha t the Aralkyl arterenol 
derivatives have, with respect to arterenol, a competitive antagonistic action 
on which a noncompetitive antagonistic action is superimposed, thus again, an 
example of a double type of antagonism. For some derivatives, e.g., N-
butylarterenol the noncompetitive action predominates. Ganglionic blocking 
agents with a mixed type of action are represented in Fig. 18C. 

The combination of an antagonist Β with a dual mode of action and an 
agonist A which produces an auto-inhibition, gives another interesting set of 
dose-response curves for which α = 1, α' = — l, β = 0, β' = — 1 . 

The theoretical dose-response curves for this case can easily be calculated. The 
first term of Eq. 2 must be combined with the second term of Eq. 3. In the 
curves the characteristics of those in Fig. 11 and Fig. 14 are combined. An 
experimental example of this type of combination is represented in Fig. 13A. 
With the concentration of 50 mg/1 there is a decline in the descending par t of 
the curve (77a, 101a). 

//.β.ί.6. Mutual Hindrance or Furtherance of Occupation of the Re
ceptors by Two Drugs 

II .B. l .β.α. T Y P E I : Two D R U G S ON D I F F E R E N T RECEPTORS 

II .B.l .6.α (1) Theory. The change in the affinity of a drug as a consequence 
of the change in the chemical structure is well-known. The blockade of the 

R R' 

A Β 



314 Ε. J. ARIENS, Α. Μ. SIMONIS, AND J. Μ. VAN ROSSUM 

specific receptors by competitive antagonists causes a virtual change in the 
affinity, as demonstrated in Eq. 6, Section II .A.3. Competitive antagonism in 
the classical sense had an all-or-none character. The compounds were agonists, 
with a high intrinsic activity, or they were competitive antagonists, with an 
intrinsic activity equal to zero. The receptor was blocked totally or not at all. 

The introduction of a gradual variation for the intrinsic activity led to the 
conclusion tha t the intermediates, compounds tha t behave as agonists or as 
competitive antagonists a t the same concentration, were also possible (Section 
II.A.3.4). There is an intermediate type of blockade in another sense, 
something like a partial blockade. I t is possible tha t the affinity of an agonistic 
compound A to its receptors R, is influenced by the occupation of receptors R ' 
by a compound B, which, if applied singly, is inactive. The receptors R and R ' 
have to be located close to each other, because the occupation of one of the two 
influences the occupation of the other. They are called interdependent and 
represented by R C R'. The mutual interference of A and Β on their respective 
receptors is not competitive in the usual sense. 

The presence of Β on the receptors R ' may increase or decrease the affinity 
of A to R. Suppose tha t A as well as Β is electrically positive or negative. This 
may result in a mutual hindrance; the presence of Β on its receptors, then, 
decreases the affinity of A to its receptors, and vice versa. If A and Β have 
opposite charges there may be a mutual furtherance of receptor occupation. 
The presence of Β on its receptors increases the affinity of A to its receptors, 
and conversely. 

The dissociation constants of the drug-receptor complexes A R C R ' and 
R C R 'B are KA and Κ'Β, respectively. When both interdependent receptors 
are occupied a t the same time, i.e., if A R C R ' B is formed, the dissociation 
constants change to KAK'B (1-κΑΒ>), in which κΑ Β> represents the mutual 
interference of the drug molecules on their respective receptors. 

There may be an increase of the dissociation constants—a mutual inhibition, 
as far as the occupation of the receptors is concerned; then K A W is negative. 
There may be a decrease of the dissociation constants—a mutual furtherance; 
then κΑΒ> is positive. If this reasoning is put into an equation on the basis of the 
mass action law, we get (12, 156) : 

\ ~ \ x: = arT/ A B W [ A ] ) ( 5) 

in which 

f = 1 + [ B ] / Z ' B 

1 + ( [ Β ] / * ' Β) [ 1 / ( 1 - κ Α Β' ) ] ' 
As may be seen from Eq. 5, the addition of compound Β results in a parallel 
shift in the dose-action curves for compound A. The dissociation constant of 
the drug-receptor complex RA is changed. Κ / Α Β ' > 1> the curves are shifted to 
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higher concentrations of A; i f / A B' < 1, they are shifted to lower concentrations 
of A. There is an inhibition of, or a sensitization for, respectively, A by B. For 
high values of B, fAW becomes equal to (1 — κΑΒ>) (see Eq. 6). There is an 
inhibition if κΑΒ> < 0, and a sensitization if κΑΒ> > 0. Theoretical dose-response 
curves, as calculated from Eq. 5 for both cases just mentioned, are presented in 
Fig. 24A and B. 

If κΑΒ' is equal to — <x>, the dissociation constant of the drug-receptor 
complex AR C R ' B , which is KA K'B (1 — K A W) becomes oo. This means that , in 
the presence of Β on R', the receptor R is totally blocked for A, and conversely. 
Thus, a simultaneous occupation of R and R ' is excluded. If — oo is substituted 
for κΑΒ> i n / A B/ Eq. 5 becomes identical with Eq. 6, Section II .A, in which 1 is 
substituted for α and zero for β. The equation then represents the competitive 
inhibition. Thus, if κΑΒ> is — oo, in a functional sense, Β blocks the receptors 
for A, and conversely. Although in a strictly morphological sense different 
receptors are occupied by agonist A and antagonist B, in a functional sense they 
act as competing drugs. The receptors are very strongly interdependent then. 
We might speak of a double receptor. 

I I .B. l .6 .a (2) Experiments. As mentioned above, for the type of interaction 
resulting in a mutual hindrance of two drugs on their respective receptors, 
these receptors have to be located close together. If in pharmacology a drug 
interferes with the effect of another drug, there is little chance tha t the receptors 
on which this takes place are located very close together. There is much less 
chance then, for instance, than in enzymology, where the various receptors are 
located on the same macromolecule (the enzyme). Hitherto, we have not 
succeeded in our search for clear-cut experimental examples of the relations 
mentioned above. 

Experimental dose-response curves of the type given in Fig. 24A are obtained 
with combinations of ACh and the anti-ACh-esterases as diisopropyl fluoro-
phosphate (DFP) and eserine and for combinations of adrenaline and com
pounds inhibiting amine oxidase, such as cocaine and ephedrine (59) (see 
Section I .B.4.1, Fig. 12A, B, C, and D). In this case, the sensitization has 
possibly to be ascribed to an increase in the effective concentration of ACh and 
adrenaline as a result of a decrease in the degradation of ACh and adrenaline by 
ACh-esterase and amine oxidase, respectively. This type of sensitization was 
mentioned already in Section I .B.4 .1: The concentration of the drug in the 
biophase increases as a result of a decrease in the degradation of the drug, i.e., 
there is a sparing effect. 

There is experimental support for the supposition tha t a par t of the sensitiza
tion by the so-called enzyme inhibitors has to be at t r ibuted to their interaction 
with receptors in the biological object different from those on the enzymes 
mentioned and different from the receptors on which the effect is induced (20, 
61, 87, 151, 199, 202b). A number of phenolic, quaternary ammonium com
pounds, among which are edrophonium and prostigmine, interfere with the 
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FIG. 24. A and B. Theoretical log concentration-response curves for an agonist A combined with various concentrations of a sensitizing 
compound Β (Fig. 24A) and a desensitizing compound Β (Fig. 24B) (12). (Eq. 5, KA = K'B = 1, α = 1, in Fig. 24A, κΑΒ> = 0.9, in Fig. 24B, 
KAB* = —99). [A] and [B] in M~x. Note the parallel shift in the curves to lower or higher concentrations depending on the value of κΑΒ>. 
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muscle contracting-action of ACh, not only as a result of their inhibiting 
action on ACh-esterase, but also by a direct action on the membranes of the 
myoneural junction in which the receptors for ACh are supposed to be located 
(151). 

For this reason, we studied the interaction of some of these phenolic onium 
compounds and BuNMe 3 on the rectus muscle of the frog The ACh-mimetic 
BuNMe 3 cannot be degraded by any ACh-esterase tha t might be present. 
Therefore, a shift in the curves obtained in this case cannot be ascribed to a 
protection of the ACh-mimetic. The experimental results are given in Fig. 25. 

96 contraction; rect . aba. (frog) 

m Μ B u N M e j 

FIG. 2 5 . Cumulative log concentration-response curves for BuNMe8, some of them 
(O—O) in the presence of edrophonium (10~a mM) combined with various concentra
tions of d-tubocurarine (d-Tc) (12). Note the sensitizing action of edrophonium for BuNMe8 

in the presence, as well as in the absence, of d-Tc. 

In the presence of edrophonium, the curves for BuNMe 3 are shifted to lower 
concentrations. In the presence of curare, a competitive antagonist of BuNMe 3, 
the curves are shifted to higher concentrations. Addition of edrophonium in the 
presence of curare again results in a shift to lower concentrations. There is a 
sensitization of the muscle for BuNMe 3 by edrophonium. Possibly, this 
sensitization is of the type sought. 

II .B.l .6.6. T Y P E I I : O N E D R U G ON D I F F E R E N T RECEPTORS 

II .B.l .6.6 ( 1 ) Theory. Especially interesting is the case in which a compound, 
A, can interact with each of two interdependent receptors, R and R ' . 

Ε 

R C R 

ν 
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This means tha t there is an auto-interaction of A on R and R ' resulting in a 
change in the affinity of the drug to the receptors. The intrinsic activity (a) of 
A on R is 1. The dissociation constants of the drug-receptor complexes 
AR C R ' and R C R'A are KA and K'A) respectively. In the case of the occupa
tion of both interdependent receptors by A a t the same time, i.e., if AR C R ' A 
is formed, the dissociation constant becomes KAK'A (1 — κΑΑ>). In the case 
tha t κΑΑ> > 0, i.e., if the occupation of one of both receptors by the drug 
molecule facilitates the occupation of the other receptor, instead of hyper
bolic dose-response curves, curves of the sigmoid type are found. In the case 
tha t A CA A' < 0, there is an auto-inhibition. 

The compound A will behave as an agonist mainly if KAjK'A is very small. 
In tha t case the receptors R, on which the effect is induced, are occupied by A. 
The compound A will behave as an antagonist mainly if KAjK'A is very large. 
In tha t case the receptors R' , on which the inhibition is induced, are occupied 
by A. The compound A will behave as a dualist if KA/K'A has some value 
in between (12, 156). Although the intrinsic activity of A on R, a, is 1, the 
compound behaves as a part ial agonist. 

If κΑΑ> = — oo, simultaneous occupation of R and R ' by A is excluded. Then, 
on the double receptor R C R' , there is an effective fitting for A as AR C R ' and 
an ineffective fitting as R C R'A. The ratio of both is determined by the 
quotient KAjK'A. 

If a drug has a very low value for KAjK' A, it mainly occupies the site R of the 
double receptor and, thus, behaves as an agonist, because practically all 
receptors are occupied in the effective way. A drug with a high value for 
KA/K'A mainly occupies the site R ' of the double receptor and, thus, behaves 
as an antagonist of agonistic compounds, because practically all receptors 
are occupied in the ineffective way. This antagonism has a competitive 
character. The interaction of the drug with the receptors is reversible, and as a 
result of the mutual hindrance by agonist and antagonist on the double 
receptor, their relation is a competitive one. 

If a drug with an intermediate value for KAjK'A is applied singly, it may 
produce an effect, but this will be smaller than the effect produced by a pure 
agonist. Only a fraction of the double receptor R C R ' will be occupied in the 
effective way, the rest in an ineffective way. The drug behaves as a partial 
agonist; it has an intermediate intrinsic activity. If such a partial agonist is 
combined with a pure agonist, it exhibits competitive antagonistic properties. 
The drug behaves as a partial antagonist as well. Thus, drugs for which κΑΑ> 
equals — oo and KA/K'A has an intermediate value, have a competitive dualistic 
mode of action. 

The ratio of the effective and ineffective receptor-occupations determines the 
intrinsic activity. This situation covers the model mentioned in Section 
II.A.4.2, where the gradual change in the intrinsic activity on the basis of an 
all-or-none response on the molecular level was discussed. I t is not possible 
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yet to differentiate on a molecular level experimentally between a graded 
response and an all-or-none response in relation to a variation in intrinsic 
activity. 

II.B.l.6.6(2) Experiments. An example of the interaction of one compound 
with various interdependent receptors is given by the system oxygen-hemo
globin. One molecule of hemoglobin bears 4 active sites, 4 receptors for oxygen 
—the 4 heme groups. One molecule of hemoglobin may bind 4 molecules of 
oxygen. The various heme groups appear to have identical relations with the 
globin molecule, they are however interdependent. The occupation of one or 
more of the 4 heme groups by oxygen facilitates the occupation of the remain
ing groups. The saturation of the hemoglobin molecule by oxygen occurs in 4 
successive steps. The initial affinity of oxygen to each of the 4 groups appears 
to be the same. After the initial occupation of some of the groups, the affinity 
of oxygen to the remaining ones increases. There is an auto-facilitation. The 
result is a change from the usual hyperbolic dissociation curves, expected in the 
case of independent receptors, to a sigmoid type of curve for these inter
dependent receptors (see Fig. 26) (24, 162). The kinetic approach to the 
oxygen-hemoglobin equilibrium is given by Pauling (144) and Houghton 
(163, 164). Although this four-receptor system is more complicated than the 
two-receptor system described in the foregoing paragraphs, it is essentially 
identical to tha t for the interaction of one drug with two interdependent 
receptors with a value for κΑΑ> > 0. The dissociation curve for the carbon 
monoxide-hemoglobin system is reported to be of the same character as t ha t 
for the oxygen-hemoglobin curve (163,164). 

The binding of the D-isomer of a-(iV^p-aminobenzoyl)aminophenylacetate 
to serum albumin is another example of facilitation in drug-receptor binding. 
After an initially slight adsorption a t lower concentrations, adsorption of this 
compound strongly increases a t higher concentrations. I t is assumed tha t 
binding of the first molecules of the D-isomer to albumin loosens the structure 
of the protein, so tha t binding sites originally not suitable for an uptake of this 
drug, become more adaptable, greatly facilitating the binding of subsequent 
molecules (193,104). For the L-isomer there is a strong adsorption a t low and 
high concentrations. In the examples given, only the binding of the compounds 
to the receptors is taken into consideration. 

II .B.l .6.c. T Y P E I I I : Two D R U G S , E A C H ACTING ON Two D I F F E R E N T 

RECEPTORS 

II .B.l .6.c(l) Theory. The combination of two compounds competing for the 
receptors of an interdependent receptor system, as described in the preceding 
paragraph, is still more intriguing. Two compounds, A and B, may interact 
with each of the interdependent receptors R and R ' . In this case not the 
intrinsic activities α and β bu t only the dissociation curves will be considered. 
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R C R ' 

A Β 

A value for κ has to be introduced for each of the different combinations on a 
pair of receptors namely, κΑΑ>, κΒ Β>, κΑΒ> and κΒΑ>. Each of them may be larger 
or smaller than zero; κΑ Β> = κ Β Α' . 

In the case of an auto-facilitation for A as well as Β—if κΑΑ> as well as κΒΒ> 

is larger than zero—the dissociation curve is the sigmoid type. If, also, 
κΑΒ> = κΒΑ' > 0, a mutual facilitation for A and Β exists. The result will be that , 
although drug A and Β are competitors for the receptors concerned—i.e., 

vol. °/o oxygen bound — 1 

20 -ι 

2 0 4 0 6 0 6 0 100 
ρθ2 mmHg 

FIG. 2 6 . Calculated oxygen-hemoglobin dissociation curves for human blood (pH 7.4) 
in the presence of varying concentrations of carbon monoxide. Note the sigmoid character 
of the curve for normal blood, the facilitation by CO at lower oxygen pressure, and the 
inhibition at higher pressure. From Roughton and Darling (162). 

although higher concentrations of A will displace Β from the receptors, and 
vice versa—at lower concentrations, drug A facilitates the occupation of the 
receptors by B, and vice versa. As far as the receptor occupation is concerned, 
a mutual facilitation takes place at lower concentrations and a competitive 
antagonism at higher concentrations. These lower and higher concentrations 
are, as a mat ter of fact, in relation to the affinities of each of the drugs for the 
receptors. 

II.B.1.6.c(2) Experiments. An example for the drug-receptor interaction, 
discussed in the preceding paragraph, is given by the dissociation curves for 
mixtures of oxygen and carbon monoxide (CO) in equilibrium with hemoglobin. 
There appears to exist a mutual facilitation for oxygen and CO as far as the 
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binding to the four heme groups in hemoglobin is concerned (24,162). In the 
presence of CO on some of the four receptors, the affinity of the oxygen to the 
remaining heme groups is increased. Thus, in the presence of small concentra
tions of CO, oxygen is more easily bound to the heme groups tha t remained 
free. 

This implies t ha t more oxygen is bound at a certain oxygen tension in the 
presence, than in the absence, of a low carbon monoxide concentration. This 
is not of advantage as the stronger binding makes the release of the 
oxygen more difficult. At higher concentrations of CO as a result of the 
competition, less oxygen is bound. As a result of the facilitation, it is more 
firmly bound to the hemoglobin than in the absence of CO. Both factors are 
disadvantageous. Oxygen-saturation of hemoglobin sufficient to keep the 
essential organs alive, will be insufficient in the presence of CO (24). Figure 26 
represents oxygen-hemoglobin dissociation curves in the presence of various 
concentrations of CO, as calculated by Houghton and Darling (162). 

The facilitating action of acetylcholine on atropine binding by serum 
albumin (142b) may be another example of mutual furtherance in drug 
binding. 

II.B.2. UNCOMPETITIVE INTERACT ION* 

R and R A 

X X 
A Β 

In the case of an uncompetitive interaction, the presence of a molecule of drug 
A on the receptor is a prerequisite for its occupation by the molecule of a drug 
B. In fact, the drug A together with its specific receptor takes par t in the 
formation of the receptor for the drug B. 

II.B.2.1. Uncompetitive Antagonism 
This type of interaction is interesting from a theoretical point of view, but 

clear-cut experimental examples are not known to us. The antagonist Β inter
acts with the system only after the agonist A has occupied its specific receptors. 
The effect induced by A is nullified by the presence of Β on the receptor. In 
enzymology where the receptors for agonists and antagonists are located on 
the same protein molecule, the enzyme, the chance tha t an antagonism is of 
this type is greater than in the case where tissues are used as test objects. 
A differentiation between noncompetitive and uncompetitive antagonism is 
possible by plotting the experimental data in a special way (100, 132, 172). 
Figure 27 gives a scheme for a differentiation based on various types of log 
dose-response curves (133). 

* "Uncompetitive" is distinct from "noncompetitive" in meaning. 
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effect agonist A. effect agonist A in presence of antagonist E>. 

FIG. 27. Various forms of antagonism plotted on dinerent coordinates. Modified, after Matsumoto and Kumoi (133). 
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//.β.2.2. Uncompetitive Auto-Inhibition 
This type of interaction is discussed in relation with the substrate inhibition 

in the par t on enzymology (160c). For drugs with a dipole character or a polar 
character, an uncompetitive auto-inhibition can result from the sneaking in 
of a second drug molecule a t the moment t ha t the first one is linked to the 
receptor. The chance tha t this happens will be greater, the higher the concen
trat ion of the drug becomes. 

Uncompetitive auto-inhibition concerns drugs which have at least a two-
point interaction with their receptors, in which the two single-point inter
actions have about the same chance of occurring and do not disturb each other 
(77). This may lead to an ineffective double occupancy of the receptor (Fig. 28). 

biophase 

(Ξ_Ζ±) 
+ -

receptor sur face 

e f f e c t i v e ine f fec t ive 
interact ion interact ion 

FIG. 28. Model for the uncompetitive auto-inhibitive action. 

For a drug with an ionic head, the interaction of it with its ionic complement 
on the receptor will take precedence in the interaction. This is because 
the electrostatic forces have a much larger action radius than the van 
der Waals ' forces. This implies t ha t the drug-receptor interaction can be 
treated as a one-point interaction, a bimolecular reaction, followed by addi
tional interactions a t the other points, which have the character of mono-
molecular reactions. The uncompetitive auto-inhibition of the type described 
will be rare. I t possibly occurs when drug molecules which are simple dipoles 
interact with receptors constituted of a complementary dipole. There is a good 
chance of this because such dipole drug-molecules are often present as dimers. 

The dose-response curves in the case of an uncompetitive inhibition are 
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II.B.3. CHEMICAL A N T A G O N I S M 

There are various types of chemical interaction but chemical antagonism, or 
antagonism by neutralization, will be mainly considered here (80, 81). This 
type of antagonism results in dose-response curves very similar to those for a 
competitive antagonism. Criteria are wanted for a differentiation between 
these two types of antagonism. 

bell-shaped. A competitive antagonist for a drug exhibiting this type of auto-
inhibition will shift the ascending par t as well as the descending par t of the 
bell-shaped curve over equal distances unless the competitive antagonist can 
sneak in. Even then, however, only in special cases will the descending par t 
of the curve remain unchanged. 

If the formation of dimers a t a certain concentration of the drug is the cause 
of an auto-inhibition (see Fig. 28), only the ascending par t of the bell-shaped 
curves will shift in the presence of a competitive antagonist. In fact, the dimer 
itself acts as a competitive antagonist in these cases. The examples of an auto-
inhibition discussed in Section I I .B. l .2 are of the noncompetitive type. This 
conclusion is based on the fact tha t in tha t case a competitive antagonist 
shifts only the ascending par t of the bell-shaped curve, leaving the descending 
one unchanged (Fig. 13, Section I I .B . l .3 .6) , and on the fact tha t DecNMe3 acts 
as a non-competitive and not as a competitive antagonist of BuNMe 3, etc. 
(see Fig. 3, Section I I .B . l .1 .6) . 

If the activity of two optical isomers differs, a three-point interaction 
between drug and receptor is feasible. If the single-point interactions are fully 
independent, 3 molecules of the drug may interact with the receptor simulta
neously on the respective single points. Then, a dose-response curve with two 
maxima can be expected (102). However, this situation, although theoretically 
correct, is highly improbable in practice. As a rule, one of the points of inter 
action will take precedence—because ionic electrostatic forces are concerned, 
for instance. After the first molecule is present, an independent interaction of a 
second molecule and, certainly, of a third molecule with the same receptor is 
highly improbable because of steric hindrance. 

As mentioned, in the case of a simple uncompetitive auto-inhibition, the 
bell-shaped dose-response curves are expected to be shifted as a whole in the 
presence of a competitive antagonist. The bell-shaped curves for nicotine 
(Fig. 18A and B) are shifted in such a way by the competitive antagonists such 
as hexamethonium and pentamethonium. In this case, however, not an 
uncompetitive auto-inhibition but the relation between stimulus and effect 
is the propable cause of the auto-inhibition. In this case, too, a competitive 
antagonist is expected to shift the bell-shaped dose-response curves for the 
agonist as a whole (160a). 
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ΙΙ.β.3.1. Theory 
Compound A interacts with receptors R which results in an effect on the 

effector system E ; in the same medium a compound Β reacts with A, and 
neither compound Β nor the product AB interacts with R (see Scheme 1). Β is a 

Τ 
R 
t ^ 
A + Β ^ AB 
Chemical Antagonism 

SCHEME 1 

chemical antagonist of A. The quant i ty of Β added determines how much of A 
remains available for the interaction with the receptors and the induction of an 
effect. Between A and Β there is a kind of balance relation. A certain concentra
tion of Β may snatch away practically all the molecules of A. Then the effect is 
eliminated by B. An increase of the concentration of A will overcome this 
inhibition, as free molecules of A become available again. 

ι 1 1 T~) ^ 1 1 rT ^ 
10"1 1 10 \0L \0Λ 1 10 10^ 

w w 
FIG. 29. A and B. Theoretical log concentration-response curves for an agonist A, com

bined with various concentrations of B, a chemical antagonist of A (22). KA = 1; α = 1; 
[A] and [B] in M _ 1. The dissociation constant for AB in Fig. 29A is 100 times greater than 
in Fig. 29B. Note that depending on the dissociation constant for AB, curves may be 
obtained, hardly discriminable from those for the competitive antagonism. Compare 
Fig. 29A with Fig. 11, Section II.A. 

Dose-response curves for chemical antagonism as presented in Fig. 29A and 
Β can easily be calculated on basis of the theory (11, 80). Depending on the 
relation between the dissociation constant for the drug-receptor complex and 
tha t for the reaction product AB, the curves obtained will be more or less 
similar to those for a competitive antagonism. 

R 

A Β 

Competitive Antagonism 
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The dose-response curves, as such, do not give sufficient information to 
allow for a differentiation. Often a possible reaction between A and Β may be 
detected in a chemical way. On a pharmacological basis, a differentiation 
between competitive antagonism and chemical antagonism is also possible. 

In the case of a competitive antagonism, the degree of inhibition, or the 
distance over which the dose-response curves are shifted along the log-dose 
axis, is determined only by the relation between drug Β and the receptors—the 
term (1-f [~B]/KB) from Eq. 6 in Section II.A.3.2—and is independent of the 
agonist A. This implies tha t with a certain concentration of a competitive 
antagonist, identical shifts will occur in the dose-response curves for various 
agonists. The j)A2 value does not vary with the agonist (Section II.A.3.2). 

In the case of a chemical interaction, the degree of inhibition or shift in the 
curves is determined by the reaction between A and B, thus depending on the 
agonist A as well as the antagonist B. This implies tha t with a certain concen
tration of a chemical antagonist, varying shifts will occur in the dose-response 
curves for various agonists. 

When the interaction of two inactive compounds, A and B, results in the 
formation of an active product, AB, there is chemical synergism. 

II.B.3.2. Experiments 

The combination of constant concentrations of d-tubocurarine with serial 
concentrations of various competing, quaternary ammonium compounds in 
tests on the rectus abdominis muscle of the frog, results in dose-response 
curves like those presented in Fig. 30. The dose range over which the curves are 
shifted is independent of the agonist used. 

Large acidic molecules like Congo red and germanin (11,105,122) are known 
to combine with quaternary compounds, especially dionium compounds. The 
agonists tested in combination with d-tubocurarine in Fig. 30 are also tested 
in combination with germanin. I t is found tha t then the shift in the curves 
varies largely with the agonists used (Fig. 31). This demonstrates tha t here a 
chemical antagonism or antagonism by neutralization has taken place. 

Curare itself is antagonized, too, in a chemical way, for example, by ger
manin. The elimination of curare from the medium in which it is tested in 
combination with an acetylcholinomimetic will result in an elimination of the 
competitive antagonistic action of curare, i.e., a de-inhibition. The acetyl-
cholinomimetic comes into action again provided tha t it is not bound by 
germanin too. I t looks as if germanin induces a contraction. Such an experi
ment was done by combining the monoquarternary-ammonium compound, 
BuNMe 3, which (as may be seen from Fig. 31) is hardly bound by germanin 
and curare, a competitive antagonist of BuNMe 3, which is strongly bound 
and thus eliminated. Figure 32 represents the de-inhibition as a result of the 
chemical antagonism (antagonism by neutralization) between curare and 
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FIGS. 30 and 31. Cumulative log concentration-response curves for three agonists: BuNMe3 (O— O); DecaMe3 (φ—φ); piperi-
dineNMe2 (O — O). FIG. 30. In the presence of equal concentrations of the competitive antagonist d-tubocurarine (d-Tc) (11). Note the 
constant shift of the curves for the various agonists. FIG. 31. In the presence of equal concentrations of the chemical antagonist germanin 
(11). Note the different shifts of the curves for the various agonists. 
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germanin as found in experiments on the isolated rectus abdominis muscle of 
the frog. 

In in vivo experiments, the basic curariform drugs may be antagonized or 
neutralized by acidic compounds (58,122,166). Under these in vivo conditions, 
the chemical antagonist may be bound preferentially by plasma proteins or 
other body constituents. This implies tha t an antagonism in vitro gives no 
guarantee t ha t an antagonism is found in vivo (122,166). 

The study of the interaction of curariform drugs and polysulfonates of 
biological origin, like chondroitin and hyaluronic acid (70, 71, 72), is of special 
interest. Chagas (56) ascribed to certain biological polysulfonates the function 

FIG. 3 2 . Cumulative log concentration-response curves for germanin (suramin) in the 
presence of BuNMe3 16 χ 10~3 mM, combined with various concentrations of d-tubo-
curarine (d-Tc) (11). Note the virtual spasmogenic action of germanin which has to be 
ascribed to BuNMe3. Its receptors are liberated from the competitive antagonist d-Tc. 
Germanin eliminates d-Tc by chemical interaction. 

of silent receptors, called by him "acceptors" for curare (see Section LB.6.3). 
The interaction between curare and a large number of polysulfonates has 
been summarized by Cheymol (58). 

Many examples of chemical antagonism are known, for instance, the detoxi-
cating action of British Anti-Lewisite (BAL) for arsenic compounds, and of 
sodium versenate (EDTA) for lead. The binding of C a ++ by EDTA can be used 
to stop the clotting reaction of blood. Another example is the binding of copper 
by penicillamine (Section I.A. 1.3). 

The inactivation of the macromolecular acidic anticoagulants heparin and 
the heparinoids by basic compounds like protamine and polybrene, is another 
example (161). I t has an analog in the binding of hypertensin (angiotensin) by 
heparin (103). Possibly this neutralization of hypertensin is the cause for the 

°/o contraction j rect. abd.(frog ) 

100 η 

ig /1 Germanin 
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diuretic action of heparin and the heparinoids described by Majoor et al. (130, 
131, 170). Laragh et al. (120) found tha t hypertensin promotes the secretion 
of aldosterone. The neutralization of hypertensin by heparin is expected then 
to decrease the aldosterone production and to result in diuresis. 

II.B.4. FUNCT IONAL INTERACT ION 

II.B.4.1. Functional Synergism 
II.B.4.1.a. THEORY 

In this section combinations of two agonistic drugs which interact with 
different independent receptors will be compared with combinations of two 
agonistic drugs which interact with common specific receptors. These types of 
interaction are called "functional interact ion" and "competitive interaction," 
respectively (see Scheme 2). 

t t A Β 
A Β 

Functional Interaction Competitive Interaction 

SCHEME 2 

In the case of a functional interaction, two drugs, A and B, interact with 
their own specific receptor system, R T and R n , respectively, but produce their 
effect by means of a common effector, E. If A and Β are agonistic drugs, there 
is a synergism. The effect, ^ τ Απ Β, may be represented by : 

ΊΡ ΊΡ ΊΡ TP TP 

^ I A I I B = ^1Α +
 ΑΠ Β _ Α 1 Α · Α Π Β ( 7) 

in which Ε1χ and ΕΙΙβ are the individual effects of A and Β induced on the 
receptor systems R T and R n , respectively (13). The competitive antagonists 
for the compound Β are not competitive with respect to compound A, and vice 
versa. 

II.B.4.1.6. EXPERIMENTS 

Examples of compounds which act as agonists—e.g., spasmogens for the 
rectus muscle of the frog—but interact with different specific receptors, are 
given in Fig. 33. This figure represents dose-response curves for a group of 
acetylcholinomimetic alkylNMe3 derivatives, such as BuNMe 3, MeNMe3, etc., 
and a group of ions, such as potassium, ammonium, etc. The slopes of the 
dose-response curves for both groups clearly differ. The contraction induced 
by the ACh-mimetics is antagonized in a competitive way by ACh-lytics, for 
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9>6 contraction^ rect. abd.(frog) 

m 1*1 

FIG. 33. Cumulative log dose-response curves for various spasmogens {13). Note the 
difference in the slope of the curves for the alkylNMe8 derivatives and potassium, am
monium, etc. 

II.B.4.2. A Comparison of Competitive and Functional Interactions 
II.B.4.2.a. THEORY 

The difference between competitive and functional interaction of two 
agonistic drugs is most clearly demonstrated by combining a drug with an 
intermediate intrinsic activity and a drug with a high intrinsic activity. In 
case of a competitive relation between the drugs, a dualism in the effect is 
predicted by the theory (Figs. 23 and 24, Section II.A) and found in the experi
ments (Figs. 25-27, Section II .A). 

Wha t will happen if agonist Β with an intermediate intrinsic activity is 
combined with an agonist A, with an affinity to other specific receptors, but 
producing its effect by means of the same effector system? As long as the possi
bility of the effector system to respond is not exhausted by compound A, addi
tion of compound Β with the intermediate intrinsic activity will result in an 
increase of the effect. The compound with an intermediate intrinsic activity 
will not exhibit a dualism in action (see Fig. 34). 

The other possibility is the combination of constant concentrations of com
pound Β with increasing concentrations of compound A. No competitive 
relation, so no parallel shift in the curves, is to be expected. Compare the 
theoretical dose-action curves of Figs. 34 and 35 (this section) with those of 

instance, by d-tubocurarine, and in a noncompetitive way, for example, by 
papaverine, while the contraction induced by K+, etc., is not antagonized. 
Both groups of compounds interact with different specific receptors but use a 
common effector, i.e., the contracting fibers in the rectus muscle of the frog. 
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Figs. 23 and 24, Section II .A, respectively; the lat ter two represent theoretical 
curves for a competitive relation between A and B. 

II.B.4.2.6. EXPERIMENTS 

A compound with intermediate intrinsic activity, such as DecaMe 2Et used 
in previous experiments (Figs. 25 and 26, Section II .A), has to be combined 
with another compound which also produces a contraction of the rectus muscle 
of the frog but induces its effect on another receptor system. The choice is from 

E lA J * B / E r 

FIG. 34 FIG. 35 

FIGS. 34 and 35. Theoretical log concentration-response curves for a partial agonist Β 
in combination with various concentrations of an agonist A, acting on a receptor system 
different from that of Β (Fig. 34) (Eq. 7, KIA = KUB = 1, α = 1, β = 0.5) (13, 156). [A] and 
[B] in M _ 1. Theoretical log concentration-response curves for an agonist A, combined with 
various concentrations of a partial agonist B, acting on a receptor system different from 
that of A (Fig. 35) (Eq. 7, Κ1Χ = ΚΙ1Β = 1, α = 1, β = 0.5) (13). Note the absence of a 
dualism in effect of the partial agonist. Compare with Figs. 23 and 24, Section II .A. 3.4. 

a group of compounds which are chemically and physiologically as distant as 
possible from the decamethonium derivatives. Digitoxin meets the require
ments. I t induces a contraction in the rectus muscle of the frog and the maximal 
contraction is of the same order as t ha t produced by succinylcholine. The effect 
of digitoxin is not antagonized in a competitive way, nor in any other way, by 
the competitive antagonists known for decamethonium derivatives. 

Figure 36 represents the experimental dose-response curves obtained from 
combinations of constant doses of digitoxin with serial doses of the decame
thonium derivative, DecaMe2Et, tested on the rectus muscle of the frog. The 
same type of experiments can be done with the dualistic compounds from the 
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dioxolane series, for instance, P rFMe 3 combined with BaCl2. The contractions 
of the gut induced by P rFMe 3 are antagonized competitively by parasympatho
lytics like HexFMe 3 and atropine. The contraction induced by BaCl2 is not 
antagonized in a competitive way by these compounds. Figure 37 represents 
the experimental dose-response curves obtained with a combination of con
stant doses of BaCl2 with increasing doses of PrFMe 3. Theory and experiment 
are in accord, as appears from a comparison of Figs. 36 and 37 with Fig. 34, and 
with Figs. 23, 25, and 27, Section II .A. 

°A) contraction' rect . abd.(frog)—|gut(rat)-
100 η Digitaxin 16 

ileum(guinea pig)—> 

m M Deca Me2Et 

FIG. 3 6 

m M PrFMe3 

FIG. 3 7 

m M Histamine 

FIG. 3 8 

FIGS. 36-38. Cumulative concentration-response curves for the partial agonist 
DecaMe2Et in the presence of various concentrations of the agonist digitoxin (Fig. 36) (13) 
for the partial agonist PrFMe3 in the presence of various concentrations of the agonist 
BaCl2 (Fig. 37) (158) and for the agonist histamine in the presence of various concentrations 
of the partial agonist PrFMe3 (Fig. 38). Note the absence of a dualism in effect for the 
partial agonist, which indicates a functional interaction between the compounds com
bined. Compare Figs. 36 and 37 with Fig. 34, and Fig. 38 with Fig. 35. 

The same is t rue for the experiments with combinations of constant con
centrations of the compound with intermediate intrinsic activity PrFMe 3, a 
parasympathomimetic, and increasing concentrations of, for instance, hist
amine. Histamine induces a contraction of the gut but via other receptors than 
those used by PrFMe 3. Figure 38 represents the experimental results. Compari
son with Fig. 35 demonstrates the agreement between theory and experiment. 

The differences in the dose-response curves for the competitive interaction 
and the functional interaction are only small when the compounds combined 
have equal intrinsic activities or the compounds produce about equal, maximal 
effects. Theoretical dose-response curves for both types of combination are 
given in Figs. 39 and 40; the experimental examples are given in Figs. 41 and 
42, respectively. 
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II.BA.3. Functional Antagonism 
In Section II.B.4.2, competitive and functional interaction are compared. 

We have restricted ourselves there to combinations of agonists and of agonists 
and partial agonists. Especially the combination of a partial agonist with an 
agonist is suitable to demonstrate the difference between the competitive and 
the functional interaction. Compare Figs. 34 and 36, Section I I .B with Figs. 23 
and 25, Section II .A. We have not discussed yet functional antagonism. 

FIG. 39 FIG. 40 

FIGS. 39 and 40. Theoretical log concentration-response curves for the agonist A com
bined with various concentrations of another agonist B, both acting on the same receptor 
system (Fig. 39) (Eq. 6, SectionΙΙ.Α.3, KA = KB = 1, α =β = 1) (11). [A] and [B] in M~K 
Theoretical log concentration-response curves for the agonist A combined with various 
concentrations of another agonist B, acting on a receptor system, different from that of 
A (Fig. 40) (Eq. 7, K1A = Κ11Β = Ι,α =j8 = 1) (13). Note the only slight difference between 
the competitive and the functional interaction. 

In the case of a functional antagonism, agonists and antagonists are expected 
not to interact with common receptors although in the dose-response curves 
obtained there is a parallel shift. The antagonism is surmountable, as in the 
case of a competitive antagonism, but it is not competitive. 

II.B.4.3.a. T H E O R Y 

A model in which a noncompetitive antagonist causes a parallel shift 
in the dose-response curves of the agonist is described in Section II.B.1.6. The 
antagonistic compound Β acts with its specific receptors R/. This results in a 
decrease of the affinity of the agonistic compound A to its specific receptors R. 
In the same way A, on R, decreases the affinity of Β to its specific receptors. 
The consequence is tha t addition of the antagonist Β results in a decrease of the 
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effect induced by A. An increase of the dose of A will overcome this inhibitive 
effect of Β again (see Fig. 24B, Section II.B.1.6). In this model (/cA B- < 0) the 
antagonist Β antagonizes the effect of the agonist A by eliminating A from its 
receptors. Consequently, these receptors become free again, so tha t with a 
higher dose of A they may become occupied again, with the induction of 
an effect as a result. This is about what happens in the case of functional 
antagonism. 

96 contractiorrrect. abd. (frog) 

rriMSuChMe^ r r i M B u N M e j 

FIG. 41 FIG. 42 
FIGS. 4 1 and 4 2 . Cumulative log concentration-response curves for thf agonist SuChMe8 

in the presence of various concentrations of the agonist BuNMe3, both ι jting on the same 
receptor system (Fig. 4 1 ) (11). Cumulative log concentration-resporse curves for the 
agonist BuNMe3 in the presence of various concentrations of the agonist digitoxin, 
acting on a receptor system, different from that of BuNMe3 (Fig. 4 2 ) (13). Note the only 
slight difference between the competitive and the functional interaction. Compare with 
Figs. 3 9 and 4 0 , respectively. 

Another possibility is two drugs which interact with different receptors R T 

and R n while they produce their effect by means of a common effector system 
Ε in such a way tha t their contributions to the effect are opposite: 

Ε Ε Ε ' 

This type of interaction has certain features in common with the competitive 
interaction. In the presence of a certain concentration of the functional 
antagonist Β the effect induced by the agonist A is reduced by a constant, the 
term EuJEm of Eq. 8. The dose-response curves for A will then be shifted by 
B, in a parallel manner to higher concentrations of A. This shift is accompanied, 
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however, by a decrease in the maximum effect. The t ract over which the shift 
can take place is relatively small. In the case of a purely parallel shift over a 
large dose range, a large reserve in receptors has to be assumed for both drugs 
(see Sections III.3.2 and III .6) . 

The functional interaction has much in common with the model of labilizers 
(such as acetylcholinomimetics) and stabilizers (such as local anesthetics) 
suggested by Shanes (176). These compounds influence the membrane 
potential in an opposite way acting on different receptors. The model of drug 
antagonism suggested by Waud (202a), is also reminiscent of a functional 
antagonism (see Section III .6) . 

% contraction; jejunum (rat)-

mi*r Η Furf M e 3 m M Η Furf Me3 

FIG. 43. A and B . Cumulative log concentration-response curves for the spasmogen 
HFurf Me3 in the presence of (A) the competitive antagonist lachesine, ( B ) the functional 
antagonist d-isopropylarterenol. Note that in both cases there is a parallel shift of the 
dose-response curves in the presence of the antagonist. 

II.B.4.3.&. EXPERIMENTS 

A well-known example of a functional antagonism is the spasmolytic action 
of catecholamines like isopropylarterenol (a ^-sympathomimetic) with respect 
to spasmogens like furthrethonium (a parasympathomimetic). Figure 43A and 
Β represent dose-response curves for combinations of the parasympathomi
metic furthrethonium (HFurfMe3) with the parasympatholytic lachesine and 
the ^-sympathomimetic isopropylarterenol, respectively. The curves for 
HFurfMe 3 are shifted in a parallel way in both cases. With lachesine, a three
fold dose of the spasmolytic requires a threefold dose of the spasmogen in order 
to obtain a constant effect. This is as expected in the case of a competitive 
antagonism. With isopropylarterenol, other quantitative relations occur. If 
two competitive antagonists of the parasympathomimetic HFurfMe 3 are 
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combined, for instance, lachesine and atropine, a simple additive action is 
expected. If a parasympatholytic, lachesine, for instance, is combined with a 
j8-sympathomimetic, e.g., isopropylarterenol, not a full summation but much 
more than an addition in the spasmolytic effects can be expected (see Section 
II.B.4). Figures 44 A and Β represent experimental examples for both types of 
combinations mentioned. The experimental results are quite compatible with 
the theory. 

m M H F u r f M e 3 mivr Η Furf Me 3 

FIG. 44 A and B. Cumulative log concentration-response curves for the spasmogen 
HFurf Me3 in the presence of competitive antagonists lachesine and atropine and the com
bination of these two drugs (Fig. 44 A) and in the presence of the competitive antagonist 
lachesine and the functional antagonist d-isopropylarterenol and the combination of these 
two drugs (Fig. 44 B). With the combination of lachesine and atropine, there is much less 
than a summation in the antagonistic actions. With the combinations of lachesine and 
isopropylarterenol, there is nearly a summation in the antagonistic actions. 

The difference between the functional interaction and the competitive in
teraction is also clearly demonstrated if a relatively low dose of, e.g., atropine 
and an equi-active dose of isopropylarterenol, respectively, are combined 
with a high dose of lachesine. In the combination of atropine and lachesine 
(competitors), the addition of atropine can be neglected; there is hardly any 
increase in the shift of the curves for furthrethonium. With the combination of 
the functional antagonist isopropylarterenol and the competitive antagonist 
lachesine, the shift in the curves for furthrethonium is larger than the shift for 
lachesine alone. There is nearly a summation of the shifts for isopropyl
arterenol and atropine if applied singly. This is as expected from the 
theory. 

The type of interaction tha t forms the basis of the functional antagonism is 
still questionable. 
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ΙΙ.Β.4Λ Sequential Blockage 
II.B.4.4.a. THEORY 

In the foregoing section two types of combinations of blocking drugs are 
mentioned: the combination of two competitive antagonists (Fig. 44A) and 
the combination of a competitive and a functional antagonist (Fig. 44B). 
A special type of combination extensively discussed in literature, especially on 
antibacterial chemotherapy, is sequential blockage (34b). I t can be defined as 
the blockage caused by a combination of two inhibitors tha t act on different 
receptors in a linear sequence of reactions (enzymes) (34b). Some of the most 
evident examples are the combination of a sulfanilamide (a competitive 
antagonist of p-aminobenzoic acid) with a folic acid antagonist, such as 
aminopterin, or the combination of a folic acid antagonist with compounds 
such as 6-mercaptopurine (34b, 199b). These examples are combinations of two 
antimetabolites acting on different steps in a sequence of biochemical reactions. 
Pharmacological examples of sequential blockage are the combination of 
ganglionic blocking agents such as hexamethonium with parasympatholytics 
such as atropine, and the combination of hexamethonium with a sympatholytic 
such as benzodioxane. An example of a sequential blockage tha t can be very 
easily realized experimentally, and also for which the theoretical approach is 
simple, is the combination of a competitive blocking agent, e.g., a para
sympatholytic such as lachesine, with a noncompetitive blocking agent such 
as the musculo tropic antispasmodic papaverine, tested on the gut. 

If in the final term of Eq. 2 (Section I I .B . 1.3) we substitute C for B, y for 
β', and K'c for K'B, while α = 1, β = 0, and γ' = — 1, the equation (Eq. 8a) for 
the combination of a competitive with a noncompetitive antagonist of the type 
just mentioned is obtained. Figure 45C represents theoretical dose-response 
curves calculated from Eq. 8a. 

Em [l + (lH^WB)KJ[Ayi + (lHA]IKA)KBl[B]\ [ ^1+1TC/[C]J 
(8a) 

As is demonstrated in Section III .5.2, Fig. 46, the folic acid antagonist 
aminopterin acts as a kind of noncompetitive antagonist with respect to 
p-aminobenzoic acid. This implies tha t the combination of a sulfanilamide and 
a folic acid antagonist as inhibitors of the bacterial growth induced by p-
aminobenzoic acid is, in fact, a combination of a competitive and a non
competitive antagonist, comparable to the combination of lachesine, a para
sympatholytic, and papaverine, a musculotropic antagonist of the spasmogen 
furthrethonium, a parasympathomimetic. 

I t is not known whether the functional antagonist isopropylarterenol and 
the competitive antagonist lachesine as combined in Fig. 44B act on a linear 
sequence of reactions. As long as the actions of the two inhibitors Β and C, tha t 
are combined, are independent as far as the induction of the inhibition is 
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concerned, but interdependent because they are dealing with a common 
effector system, the contribution to the inhibition by drug Β can be effectuated 
only to the degree of the effect left by drug C and the reverse. In other words, if 
drug C alone would have reduced the effect of the agonist A to 5 0 % of its 
original value, it would, if combined with B, reduce the effect left by the 
inhibitor Β to 5 0 % of tha t effect. The same reasoning applies for the inhibitor 

% contraction je junum rat 

m M HFurf Me3 m M HFurf Me3 

FIG. 45. A and B. Cumulative log concentration-response curves for the spasmogen 
furthrethonium (HFurf Me3) in the presence of the competitive antagonists lachesine and 
atropine and the combination of these two drugs (Fig. 45A) and in the presence of the 
competitive antagonist lachesine and the functional antagonist d-isopropylarterenol and 
the combination of these two drugs (Fig. 45B). Note: the doses of the antagonists have been 
chosen in such a way that the differences between the combination of the two competitive 
antagonists (Fig. 45A) and of the competitive and the functional antagonist (Fig. 45B) 
are more emphasized than in Fig. 44A and B. It is clear that in the case of Fig. 45A the 
low dose of atropine hardly contributes to the effect if combined with the higher dose of 
lachesine, while the dose of isopropylarterenol equiactive with the dose of atropine 
mentioned gives a strong contribution to the effect if combined with lachesine; there is 
nearly a summation in the antagonistic actions then. 

Β with respect to the effect left by C. This relation is principally the same as 
tha t represented in Eq. 7 (Section I I .B .4 ) for two agonistic drugs, acting on 
different receptor systems, but producing their effect by means of a common 
effector. 

In this general model there is no reason to expect tha t the combination of 
inhibitors, acting in sequence on a linear series of reactions, would be more 
effective than any other combination of independently acting inhibitors dealing 
with the same effector system. 

I I .B .4 .4 .6 . EXPERIMENTS 

The difference between the action of a combination of two competitive 
antagonists acting on the same receptor system and a combination of a 
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competitive antagonist with a functional antagonist was demonstrated in 
Fig. 44A and B. The combination of the inhibitors which act independently 
(lachesine and isopropylarterenol. Fig. 44A) is evidently more effective than 
the combination of two competitive antagonists, t ha t are interdependent in 
their actions (atropine and lachesine, Fig. 44B). Figure 45A and Β represent 

EABc7Ern 

Η 1 1 1 Η 
ίο-1 ι ίο1 io2 [A] 

FIG. 45. C. Theoretical log concentration-response curves for the action of an agonist A 
in the presence of a competitive antagonist B, of a noncompetitive antagonist C and in the 
presence of a combination of the antagonists Β and C (Eq. 8a, KA = KB = K'G = 1; 
α = 1, β = 0, y' = — 1). [AJ, [B], and [C] in Μ-1. Note that in the effect of the combination 
of the competitive antagonist with the noncompetitive antagonist there is practically 
a summation of the effects of the antagonists if applied singly. 

HFurf Me 3 

FIG. 45. D . Cumulative log concentration-response curves for the action of the para
sympathomimetic furthrethonium (HFurf Me3) in the presence of the parasympatholytic 
lachesine, of the antispasmodic papaverine, and in the presence of the combination of both 
antagonists. Note that in the effect of the combination of lachesine and papaverine there 
is practically a summation of the effects of the antagonists if applied singly. Compare with 
Fig. 45C. 
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the same type of experiment but now the doses of the drugs combined are 
chosen in such a way tha t the difference between the two types of combination 
becomes still more evident. Figure 45C represents dose-response curves 
obtained with the spasmogen furthrethonium (a parasympathomimetic), 
combined with the parasympatholytic lachesine; with the musculotropic 
antispasmodic papaverine; and with the combination of both inhibitors. A 
comparison of the experimental curves obtained with the theoretical curves 
represented in Fig. 45C shows tha t there is a good agreement between theory 
and experiment. Figure 45B and D demonstrate tha t the combination of 
inhibitors which act independently leads to a clear-cut synergism, often close 
to a summation of the inhibitive effects obtained with the drugs if applied 
singly. If the inhibitors act on common receptors, the combination leads to an 
addition according to Burgi's law as described in Section I I I . 1.3. 

II.B.5. C O M P O U N D S W I T H MULTIPLE ACT IONS 

II.B.5.1. Theory 
In Section I I .B . 1.5, compounds with a double type of antagonism, competi

tive and noncompetitive, are described. Compounds with a double type of 
agonism, i.e., compounds inducing an effect by interaction with two different 
specific receptors, but by means of a common effector, are also possible. 

Suppose a drug A induces an effect on R T as well as on R n . The dissociation 
constants of the drug-receptor complexes R TA and R n A , are K1A and KLLA, 
respectively. Ιί Κ1Α/ΚΙΙα <ζ 1, the effect on R T will be induced a t lower concen
trations of A. The effect on R n will come into play only at higher concentra
tions. If the maximal effects possible induced by A on each of the receptor 
systems are equal, the effect induced on R n will be masked by the effect in
duced on R T. The equation for this situation is obtained by substitution of A 
for Β in Eq. 7 (13). 

How can it be detected whether an agonist has the double type of action 
mentioned? Addition of a competitive antagonist for A on the receptor system 
Rj will result in an elimination of the effect induced on R T and unmask the 
effect induced on R n . Noncompetitive antagonists for the induction of the 
effect by A on R T will do the same as long as they do not also interfere with the 
effector system itself. 

Equations for the combinations just mentioned are easily obtained. Where 
there is a competitive antagonism, the equation becomes (13): 
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TP IT TP TP TP 
^ I A B I I A _ ΛΙ Α Β + ^ Π Α ^ T A B ^ I I A 

En En En En 
(9) 

in which E1AB represents the competitive interaction of Β and A on R r (see 
Eq. 6, Section II.A.3). In the case of a noncompetitive antagonist, the equation 
becomes (13): 

R ' I — R j R I I 
t \ Λ 

Β A 

TP TP TP TP TP 
^ I A B ' H A = % Α Β ' AI I A ^ I A B ^ H A 

En E^ + E� En2 
(10) 

in which E1JLW represents the noncompetitive inhibition by Β of the effect 

EIAB"A Ε 

FIG. 4 6 . A. Theoretical log concentration-response curves for a compound A, inducing its 
effect on two independent receptor systems, combined with a competitive antagonist Β 
on one of the receptor systems, Rj (Eq. 7, K1A = 1, K1IA =2000, -KjB= 1, ax = a n = 1, 
βΙ = 0) (13). [A] and [B] in Μ~Λ. Note the parallel shift in the curves. At higher con
centrations of Β no further shift in the curves is obtained. Then the effect of A on the 
other receptor system R n, which was originally masked by the effect induced on Rj 
(K1a < KnA)* appears. 

induced by A on the receptor system R x (see Eq. 1). Theoretical dose-response 
curves for both cases are given in Fig. 46 A and B. 

The dose-response curves of Fig. 46 A look similar to those of Fig. 11, Section 
II .A. There is a parallel shift of the dose-response curves as a result of the addi
tion of the competitive antagonist, but the curves are shifted only to a certain 
limit. Then the effect induced on the second receptor system comes in the play. 
Figure 46 Β should be compared with Fig. 4. After addition of a noncompetitive 
antagonist for A on R I ? only one of the components in the effect is eliminated 
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EIAB'IU/E 

FIG. 4 6 . Β . Cumulative log concentration-response curves for a compound A, inducing its 
effect on two independent receptor systems combined with noncompetitive antagonist Β 
which interferes with the effect of A induced on Rx (Eq. 7, Κ1Χ = 1, KUA = 2000, K'jB = 1, 
a x = a n = 1, βΊ = — 1) (13). [A] and [B] in M~X. Note the inhibitive action of B. At higher 
concentrations of Β no further inhibition is obtained. Then the effect of A on the other 
receptor system R n, which was originally masked by the effect onRj (-KjA < KU A) , appears. 

for an agonistic effect on other receptors than those on which the agonistic 
effect of the ACh-mimetic type is induced (see Fig. 47A). 

The curves for combination of nicotine with an ACh-lytic, e.g., curare 
or hexamethonium, and for combination of nicotine with noncompetitive 
antagonists, e.g., DecNMe3, confirm this assumption. Figure 47 Β and C repre
sent the experimental results. In Fig. 47B the second dose of curare is so high 
t ha t normally, in the case of a purely competitive antagonism, the curves for 
nicotine would have shifted to much higher concentrations of the drug. Tha t 
the curves do not shift further must be ascribed to the double type of action 
of nicotine, viz., nicotine acts in lower concentrations on receptors on which 
curare acts as a competitive antagonist and in higher concentrations on 
receptors for which curare has no affinity. The situation illustrated in Fig. 47 
A, Β and C is represented in Scheme 3. For the dissociation constants of the 

(Fig. 46 B), while the noncompetitive antagonist in the case in Fig. 4 definitely 
eliminates the effect. 

II.B.5.2. Experiments 
An example of a compound with a dual agonistic action is nicotine when 

tested on the rectus muscle of the frog. This action is even more complicated. 
There is also an auto-inhibitive component in play. The dose-response curve for 
nicotine appears to be the resultant of 3 different curves: one for an agonistic 
effect of the ACh-mimetic type ; one for an auto-inhibition of this effect; one 
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FIGS. 47. A, B, and C. Cumulative log concentration-response curves for nicotine. 
FIG. 47A. Note that the curve is the resultant of three different curves (13). FIG. 47B. In 
the presence of various concentrations of its competitive antagonist hexamethonium and 
two curves in the presence of relatively high concentrations of the competitive antagonist 
d-tubocurarine (d-Tc) (13). Note the parallel shift in the curves. The highest concentra
tion of d-Tc does not shift the curve any further. Compare with Fig. 43. FIG. 47C. In the 
presence of various concentrations of the noncompetitive antagonist DecNMe3 (13). Note 
that at higher concentrations of nicotine no further inhibition is obtained. Compare with 
Fig. 44. 

A 

Β 

C 
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nicotine-receptor complexes it obtains tha t Κ1Α/Κ\Α < 1; K1AJK11A < 1, and 

* Ί 4 / * ι ι Δ < 1 . 

R ' I — R j 

χ 
hex. nic. 

SCHEME 3 

Rn R ι — * M * n i 

DecNMe nic. 

Another example of a complex situation is tha t presented in Fig. 48. There 
the agonist BuNMe 3 is tested on the rectus muscle of the frog in combination 
with a noncompetitive antagonist, Cxpb 107: iV-ethyl-iV-isopentyl-1,5,9-
methyl-A8'9-decylene. In higher concentrations Cxpb 107 also induces a con
traction of the muscle. This is induced on other receptors than those on which 
the effect by the ACh-mimetic BuNMe 3 is induced. The contraction is neither 
antagonized by the competitive antagonists of BuNMe 3, such as curare, nor by 
the noncompetitive antagonists of BuNMe3, such as DecNMe3 (see Scheme 4). 

R'I—Rj R n 

/ 

BuNMe3 Cxpb 107 
χ 

for Cxpb 107 , Κ Ί / Κ „ <^ 1 

SCHEME 4 

°yb contraction; rect. abd. (frog) 
140 

120 

100 + 

τ 
10 

m M Cxpb 107 

FIG. 4 8 . Cumulative log concentration-response curves for Cxpb 107 in the presence of 
various concentrations of BuNMe3 (13). Note that Cxpb 107 which is a noncompetitive 
antagonist for BuNMe3 induces itself a contraction at higher concentrations. 
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(It may be useful to remind the reader tha t we are still using a model of drug 
action, but the model works). 

Possibly, analogous relations obtain for certain t ryptamine derivatives 
which at lower concentrations have antagonistic properties with respect to 
the contraction of the ra t uterus by 5-hydroxytryptamine, while at higher 
concentrations they cause a contraction of the organ (26). 

If on a simple organ, such as the isolated rectus muscle of the frog, the 
situation is so complicated, imagine how complicated the situation is when 
drugs act on the cardiovascular system or the nervous system, with many 
feedbacks and other internal regulations. The only way to unravel the drug 
actions in these circumstances is to study smaller parts—an analysis and 
synthesis for smaller parts first and, finally, an integration of the results thus 
obtained for the whole system. The analysis of the actions of t ryptamine and 
serotonin and their antagonists shows tha t a variety of receptors is concerned 
with these actions (49g, 49h, 49i, 89a, 194a, 203b, 199a). I t is a good example 
of how complex the relations can be. Another example is the action of B a + + 

and various antispasmodics on smooth muscle (192b). 
The receptor theory is far from being exhausted by the types of drug inter

action discussed so far. Many other types of drug-receptor interactions, especi
ally for combinations of drugs, are possible (59,132,133). However, as a rule, 
it is easy to derive dose-response curves from the theory for certain types of 
drug combinations but hard to find clear-cut experimental examples of them. 

Discussion of recovery of the receptors after occupation would need a 
chapter of its own. We shall not go into this but some interesting papers on it 
have appeared (79,143a, 153). 

II.B.6. SPECIFIC A N D NONSPECIFIC D R U G A C T I O N 

II.B.6.1. Theories on the Action of Anesthetics 
Although the receptor principle in many instances is useful in interpretation 

of drug action it seems to be less useful in others. This refers especially to drugs 
with low structural requirements, t ha t is to say, compounds devoid of active 
groups suitable for ionic or hydrogen bonds. An example are the anesthetics 
such as ether, chloroform, trichloroethylene, ethylene, cyclopropane, etc. Their 
common property is good fat-solubility. 

The effects caused by such drugs are rather nonspecific. Most of the time they 
depress a variety of biological systems. The term "phys ica l" toxicity is used 
for this type of action (205). For these nonspecific drugs a close relation between 
their solubility in fat or organic solvents and the biological activity is often 
observed. The oil-water partit ion coefficients seem to be of special importance 
(see Tables I I I and IV). A diffuse accumulation of the drug in the lipid phases 
of the biological object, for instance, the various membranes, seems feasible 
as a basis of explanation for the biological action. I t is upon this basis tha t the 
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T A B L E I I I 

CONCENTRATIONS IN WATER OF VARIOUS SUBSTANCES REQUIRED TO PRODUCE A GIVEN 
DEGREE OF NARCOSIS IN TADPOLES AND THE CORRESPONDING EQUILIBRIUM 

CONCENTRATIONS OF THE SUBSTANCES IN OIL 0 

Corresponding cone. 
Cone, in water in oil 

Compound (moles/liter) (moles/liter χ 102) 

Ethyl alcohol 0.33 3.3 
Propyl alcohol 0.11 3.8 
Butyl alcohol 0.03 2.0 
Valeramide 0.07 2.1 
Antipyrine 0.07 2.1 
Pyramidon 0.03 3.9 
Ether 0.024 5.0 
Benzamide 0.013 3.3 
Salicylamide 0.0033 2.1 
Luminal 0.008 4.8 
o-Nitroaniline 0.0025 3.5 
Carbon disulphide 0.0005 3.0 
Chloroform 0.00008 2.6 
Thymol 0.000047 4.5 

Range of variation: 7000 2.5 

a From Meyer and Hemmi (134). 

TABLE IV 
CONCENTRATIONS IN AIR OF VARIOUS SUBSTANCES REQUIRED TO PRODUCE A GIVEN 

DEGREE OF NARCOSIS IN MICE AND THE CORRESPONDING EQUILIBRIUM CONCENTRATIONS 
OF THE SUBSTANCES IN OLIVE OIL" 

Corresponding cone. 
Cone, in air in olive oil 

Compounds (vol%) (moles/liter χ 102) 

Methane 370 8 
Nitrous oxide 100 6 
Acetylene 56 5 
Ethyl chloride 5 7 
Ether 3.4 9 
Methylal 2.8 8 
Carbon disulphide 1.1 7 
Carbon tetrachloride 0.6 7 
Chloroform 0.5 9 

Range of variation: 740 1.8 

a From Danielli (63). 
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lipid theory of Overton-Meyer is proposed (134, 143). Tables I I I and IV 
demonstrate tha t isonarcotic effects are produced by the various substances 
when their molar concentrations in the cell lipids, possibly in the "biophase," 
are equal. The lipid/water distribution coefficients determining the distribution 
of the drug over the external phase and the biological object appear to be 
determinative for the dose-effect relation. 

The nonspecific drugs are assumed to induce their effects by changing the 
physicochemical properties of the various membranes and colloid structures 
in the biological object. Under normal conditions the properties of these 
structures can be expected to be optimal with respect to their function. The 
interference of the nonspecific drugs will often result in a decrease in biological 
activity. They primarily act as cell depressants. Dependent on the function of 
these cells in the organism, the depressing action on the cells manifests itself 
under certain conditions as an increase in the activity of the biological object 
as a whole. In the central nervous system, an inhibition of certain inhibitive 
centers may lead to an increased activity in the animal, for instance, as in the 
excitatory phase of general anesthesia. 

//.B.6.2. Nonspecific or Specific Action? 
The differentiation between nonspecific and specific drug action or physical 

and chemical actions cannot be sharp and often will be arbitrary. The drug 
molecule may be degradated, covalent bonds are broken then, an irreversible 
binding between drug and receptor may occur, new covalent bonds are formed. 
The charge distribution and shape, the conformation of drug molecule and/or 
receptor may be changed. The contribution to the osmotic pressure by the 
drug molecule may be the basis of the drug action. The processes are most 
variable and as a rule must be classified as physicochemical. 

The action of a drug cannot be classified as nonspecific if small changes in the 
chemical structure, which do not or hardly change the physicochemical 
properties (such as fat solubility, vapor pressure etc.), nevertheless result in 
essential changes in activity. Small changes in the barbiturates may change 
them from sedatives to stimulants (see Fig. 49) (50, 51, 57a). This is also true 
for l,3-oxazin-2,4-dione derivatives (128, 129) and for certain glutarimides 
(92, 96, 202). Although the relations in structure and action might suggest a 
competitive antagonism between these sedatives and convulsants, a functional 
antagonism is more probable (128, 141b). Slight changes in the steroidal 
general anesthetic hydroxydione, too, result in a marked decrease or loss of 
activity. Certain analogs act as convulsants (76a, 84a). These relations between 
structure and activity argue against a nonspecific action. Anesthetics such as 
the barbiturates and the steroids are able to form hydrogen bonds, which 
probably play a specific role in the mechanism of action (lb, 145a). 

In the case of a partition equilibrium in a number of phases, a saturation of 
each phase with the drug will be reached simultaneously. The thermodynamic 
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FIG. 49. Sedative and stimulant barbiturates. 

property of the system, e.g., a surface tension in a membrane) and the biological 
effect can also have an asymptotic character. This relation between stimulus 
and effect, although constant for a particular type of biological object and 
effect, will vary for different objects and effects. 

Traube (197) put forward a theory tha t the action of anesthetics is related 
to their ability to depress the surface tension at an air-water interface. Warburg 
(201) concluded from his studies on the adsorption of these drugs at a charcoal-
water interface tha t the action of the compounds depends on their adsorption 
on a surface. Such an adsorption will bring about a change in the surface tension. 

In many homologous series of compounds especially for compounds contain
ing a polar group, such as series of alcohols or alkylphenols, an increase in the 
number of carbon atoms in the alkyl chain brings about an increase in biological 
activity, in fat solubility, and in surface activity. 

In series of simple compounds such as straight chain alcohols, amines, 
ketones, alkyl phenols, etc., the gradual decrease in the equi-effective or 
equi-toxic doses of the successive compounds with an increase in the length of 
the alkyl chain often follows a geometric progression of 1, 1/3, 1/32, 1/33, etc. 
(74, 78a, 78b, 141c, 196a, 196b). With the regular increase in the chain length a 
regular increase in the contribution of the alkyl chain to the intermolecular 

potential of the compound is equal in each phase and must be equal to tha t 
of the pure compound at saturation. This implies tha t the hyperbolic or 
exponential curve or whatever asymptotic dose-response curve is obtained, 
cannot be ascribed to a gradual saturation of one of the phases with the drug. 
I t must be ascribed to the relation between the concentration of the drug in a 
particular phase, the biophase, and the effect. The decrease in the surface 
tension caused by a drug is a function of the concentration of the drug in the 
phases a t both sides of the interface and corresponds to an asymptotic function. 
The decrease approaches its maximal value long before the phases are saturated 
by the compound. The function which determines the relation between the 
stimulus (which may be for instance a change in a certain physicochemical 
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forces may be expected. Not only biological activity but all properties of the 
compound which are dependent on intermolecular forces will change in a 
regular way with the number of carbon atoms, for instance, the boiling point, 
the vapor pressure, the tendency to form micelles, coacervation, and the Re
values in paper chromatography. 

If, in a homologous series of compounds, the solubility in water decreases 
too much, the compound becomes inactive, because of the impossibility of its 
being transported in the water phase. If a t a certain point in the series the 
decrease in solubility surpasses the increase in activity of the molecules of the 
drug, this increase in the activity will be cut off (35a, 60d, 74) (see also Table IV, 
Section I I . A. 1.2). The solubility in the water phase may be vir tual; although 
more of the compound is taken up by the fluid, micelle formation may fore
stall a further increase in the effective concentration of the drug. This, too, 
can result in a cut-off in the activity in a series of compounds. 

Although certain physicochemical properties in homologous series of drugs 
run parallel with the anesthetic or depressant action, it is not permissible to 
conclude, without further evidence, t ha t one of them is essentially concerned 
with the biological effect (52, 74, 99). 

II.B.6.3. Thermodynamic Activity 
In order to eliminate the dependency of drug action on drug distribution, 

instead of the usual biological activities expressed in concentration units, 
Ferguson (74, 75, 76) used another measure which he called the " thermo
dynamic activity." I t expresses the active concentration of the various com
pounds in terms of their partial vapor pressure or solubility (19a). When 
the biological activity of two drugs is determined by a physical constant tha t 
is directly related to this thermodynamic activity, it may be expected tha t 
the compounds will produce equal biological effects if present in equally par
tial saturations or pressures. In other words if the concentration expressed 
as a fraction of solubility, or the partial pressure expressed as a fraction of 
saturated vapor pressure, is equal for both compounds, they will produce 
equal effects. 

Thermodynamic activity brings various physicochemical characteristics of 
the compounds, such as surface activity, micelle formation, fat solubility, etc. 
under a common denominator. In homologous series, the thermodynamic 
activity regularly increases with the number of carbon atoms. The correlation 
between the thermodynamic activity and the number of carbon atoms holds 
true provided the physicochemical properties, essential to the induction of the 
biological effect studied, correlate, e.g., with the partial vapor pressure of the 
compounds. Despite the differences in the physicochemical reactions tha t are 
the primary cause of the effects, the change in the thermodynamic activity 
in homologous series of compounds with the increase in the number of 
carbon atoms becomes, to a certain degree, independent of the type of effect or 
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the biological object studied. The primary physicochemical action which causes 
the effect is still unknown, however (74). 

An interesting suggestion in this respect has been made by Pauling (145). He 
suggested tha t a stabilizing effect of anesthetics, including compounds like the 
rare gas xenon, on the hydrate microcrystals of various dimensions formed by 
water molecules, may be essential for their action. This might result in an 
increase of the impedance in the structures tha t take par t in the conduction of 
impulses (106a). As expected, the ability to stabilize the hydrate microcrystals, 
which is based on intermolecular forces is well correlated with partial vapor pres
sure and, therefore, with the thermodynamic activity. This ability, therefore, 
will correlate with the anesthetic activity as the thermodynamic activity does. 

Chemically inert compounds like noble gases are an important tool in the 
study of nonspecific drug action. On the molecular level the actions of these 
drugs may be supposed to be purely of a physicochemical type (146b). On the 
basis of a study of the relation between the partial tensions of noble gas and 
oxygen, and the growth of certain microorganisms, Schreiner (170b) suggests a 
competitive displacement by the noble gas of oxygen, physically bound to 
certain interphases, as a mechanism for the action of the noble gases. 

Another example of how thermodynamic activity can be correlated with 
biological action, results from the studies of Hofstee (101). He found tha t 
certain esterases are inhibited by the micelles formed from the substrate. In 
homologous series of compounds, the concentration a t which formation of 
micelles takes place, very regularly decreases with the increase in the number of 
carbon atoms in the compound. This implies t ha t for the inhibition of the 
enzyme by these compounds the theory of Ferguson is applicable, even though 
the mechanism of action is rather complicated. For a homologous series of 
compounds C H 3( C H 2) nX with intermolecular forces a t action under various 
circumstances, one can formally distinguish between a constant contribution 
a by the polar head of the molecule, C H 3X , and the contribution of the alkyl 
chain which increases for each successive compound by a constant b for 
each (—CH2—) group. The increment in the intermolecular forces as a 
fraction of the total [bj(a + nb)] decreases with an increase in chain length. The 
contribution of the polar head of the drug molecule to the intermolecular 
binding forces which as a rule will be determinative for the type of effect or type 
of action may be expected to vary with the effect studied and the biological 
object used. The value of the increment in the binding forces per methylene 
group may be to a certain degree independent; this increment as a fraction of 
the total binding forces, however, will be dependent on the type of action and 
the object used. 

The relationship between the activity and the number of carbon atoms may 
be expected to vary if a homologous series of compounds is tested on its activity 
for widely varying biological effects (see Fig. 50). This becomes particularly 
clear from the experimental approach to the nonspecific drug action, as given 
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by Rang (150) and given by Zahradnik (60, 205). Zahradnik uses two 
constants in the analysis of the nonspecific action of the drugs: (a) One related 
to the increment in activity with the number of carbon atoms. This constant is 
independent of the type of effect or the biological object; (b) One related to the 
effect or the biological object studied. 

act ivi ty 1 

1.0 η 

0 . 0 H 

1 2 3 4 5 6 7 8 
chain length 

FIG. 5 0 . Relationship between the chain length in alcohols and thermodynamic activity 
required for a 5 0 % depression of the contractility of the isolated gut of the guinea pig 
( χ — χ ), the motility of paramecium (O—Ο)» the oxygen consumption of lung tissue 
(H h) and the histamine release by lung tissue ( # — # ) . After Rang (150). 

ΙΙ.Β.6Λ. Binding to Specific Receptors or Accumulation in a Special 
Phase? 

The interface between 2 fluid phases is, in fact, semifluid; it is structured to 
a certain degree. The uptake of drugs by these semifluid structures has some
thing in common with the uptake of the drug by an adsorbing surface. As a 
result of the adsorption of the drug, the physicochemical properties of the 
interface change. If more surface-active drugs act in combination, a mutual 
displacement of one drug by the other can take place. The surface-active drugs, 
possibly, can displace the molecules of the original constituents of the mem
brane. The number of drug molecules t ha t can find a place in the interface may 
vary for various compounds. There is not a definite number of receptors. 
Such a system is much more dynamic and changeable than receptors 
located on a protein surface or on other, more rigid structures. Specific drug-
action has to do with adsorption of drug molecules on receptor surfaces 
located on relatively rigid structures of the cells. Nonspecific drug-action is 
more concerned with absorption of the drug in fluid or semifluid phases, as 
lipid membranes of the cells. The degree to which a change in the physico-
chemical characteristics of the interface takes place as a result of the absorption 
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of a certain number of drug molecules varies with the compound. An approach 
to the problems of nonspecific drug actions based on the volume fraction of 
various cell constituents, especially the membranes, occupied by the drug has 
been at tempted by Mullins (135). 

Structured fluids or semifluid systems probably occur in many biological 
structures. Membranes hold a position somewhere in between rigid structures 
with circumscribed specific receptors and diffuse unstructured media. A treat
ment on the basis of a simple chemical equilibrium is not possible for pheno
mena based on the accumulation of drugs on, or in, semifluid liquid-liquid 
interfaces in biological objects nor for the change the drugs induce in certain 
physicochemical characteristics of these systems. 

There is a whole gamut of possibilities for drug action. At one end is the 
multiple-point interaction of drug molecules with receptors located on solid or 
rigid structures; the degree of freedom for the structure of the drug, especially 
for the spatial structure, is small. At the other end there is the interaction of 
drug molecules with semifluid or fluid systems; the degree of freedom for 
structural variation in the drug is much larger. 

There is a scale of possibilities: 
1. Drugs for which a high specificity is required, such tha t , e.g., the optical 

isomers have different activities (sympathomimetic drugs and certain 
steroid hormones), 

2. Drugs for which a certain distribution in the charge (local anesthetics 
and barbiturates) or a certain polarity of the compounds (papaverine-like 
drugs) is required, 

3. Nonpolar drugs, for which only a certain fat-solubility is determining 
(anesthetics like ether, fluothane, cyclopropane), 

4. Drugs for which the molecular weight is mainly determinative of their 
actions (compounds with a colloidal osmotic action, plasma extenders such as 
polyvinylpyrrolidone, dextran, etc.). There is no sharp line of demarcation 
between drugs with a specific and drugs with a nonspecific action. The local 
anesthetics, which are an intermediate class, will be discussed in more detail. 

II.B.7. CHEMICAL A N D PHYSICAL PROPERTIES OF DRUGS 
W I T H LOCAL ANESTHETIC A C T I O N 

In hardly any other field of pharmacology have the relations between structure 
and action been studied as extensively as for local anesthetics. Hundreds of 
these compounds have been synthesized and tested (19, 35, 39, 40, 41, 42, 43, 
44, 45, 46, 47, 48, 49, 49a-49f, 50, 53, 54, 86, 107, 108, 109, 110, 111, 112, 
113, 114, 115, 116, 117, 118, 123, 124, 140, 180, 181, 182,183,184,185, 204). 
Chemically, they can be divided into different groups, among which the esters 
(mainly benzoic acid esters of tert iary amino alcohols) and the anilides are the 
most frequently used clinically (Table V). 
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Local anesthetic activity is often found in combination with other pharma
cological actions. Most antihistaminics (90, 91), some parasympatholytics, like 
the tert iary amines adiphenine and amprotropine, have local anesthetic 
properties (84). The same is true for some sympathomimetics (125). 

There are nitrogen-free local anesthetics like salygenin, phenylethylalcohol 
and chloretone (126) but we will restrict ourselves to the local anesthetics 
which contain an amino group. 

The various groups of local anesthetics probably cause the blockade of the 
propagation of impulses along nerve fibers by different pharmacological 
mechanisms. For the ester type and anilide type of local anesthetics, an 
identical mechanism of action seems feasible. The block caused by these local 
anesthetics is due to a stabilization of the membrane of the nerve fiber, 
resulting in a depression of the changes in the permeability for Na+ and K+. 
The membrane potential is not changed under the influence of the local anes
thetic (41, 86,175,194). Many suggestions have been made for the mechanism 
of action of the local anesthetics: (a) a stabilization of the nerve fiber membrane 
by changes in the membrane pores; (b) a closing-up of the membrane as a result 
of the interaction of the molecules of the local anesthetic with membrane 
proteins; (c) a precipitation of the local anesthetic in the membrane; (d) a block
ade of the ion transport , possibly as a result of a competition with the ions for 
the carrier molecules; (β) an inhibition of metabolism; (/) a displacement of, or 
a competition with, calcium ions or compounds like aneurine and acetylcholine, 
etc. (23, 27, 41, 68,123, 203). 

Local anesthetics are related chemically to cholinergic drugs. They have in 
common a positive group—an amino or ammonium group—and a t a certain 
distance a reinforceable dipole—a carbonyl group ( — C = 0 ) . For butacaine 
and Surfacaine (cyclomethycaine), the distance between these groups is 5 
interatomic distances, for procaine and Intracaine (parathoxycaine) it is 4, 
while for lidocaine and hostacaine, it is 2 interatomic distances (Table V). 
A variation, larger than in the case of the parasympathomimetic and lytic 
drugs where as a rule the distance is 3 or 4 interatomic distances. 

For cholinomimetic and cholinolytic drugs there is a high degree of stereo-
specificity (see Section II.A.6). The optically active forms of the local anes
thetics of the ester type rarely differ in their local anesthetic activity. Differ
ences are found, however, for irritating action and toxicity (51,106,171). For 
the hydrolysis of these esters and amides by enzymes, too, differences for the 
optically active forms may be expected. 

The fact tha t local anesthetic activity is not found dependent on the steric 
configuration of the optical isomers suggests an only slight complementarity 
between these drugs and their receptors or receptor system. There is a relatively 
large degree of freedom. 

The structural requirements suggest a simple two-point interaction of the 
amino group and the ester or amide group with their respective complements 
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on the receptor, or a multiple-point interaction with a highly flexible receptor 
system. Acetylcholine seems to play an essential role in the propagation of 
impulses along nerve fibers. Possibly, the local anesthetics interfere with the 
action of acetylcholine (27, 70, 98, 138, 139). Acetylcholine release is antago
nized by the local anesthetic action of procaine to a certain degree (192). 

What is usually measured as local anesthetic activity is only a partial 
measure of the real local anesthetic potency. In various tests, the speed of 
action, the speed of penetration of the drug into the lipid structures around the 
nerve fibers, and the duration of the effect or rate of inactivation, are determi
native. In this respect, the fat solubility of the compounds and, therefore, the 
dissociation constant of the amino group in the drug—only undissociated 
molecules have an easy access to the nerve fiber membrane—and the 
resistance against enzymatic or other breakdowns are important factors (203). 

The properties of (a) the carbonyl group in the ester or anilide and (b) the 
amino group in the amino alcohol are of importance for local anesthetic action. 

II.BJ.1. The Carbonyl Group in Local Anesthetics 
II.B.7.1.a T H E CHARGE DISTRIBUTION ON THE CARBONYL GROUP 

The carbonyl group in these drugs is practically always adjacent to an 
aromatic ring or bound as an anilide. Depending on the substituents on the 
ring, e.g., those in the benzoic acid moiety of the esters, an increase or decrease 
in the local anesthetic activity takes place (39, 40,123). 

The aromatic ring or the anilide group next to the carbonyl group will a t t rac t 
electrons and induce a positive charge on the carbon atom of this group. The 
oxygen atom in the carbonyl group, too, will a t t rac t electrons and increase the 
positive charge on the carbon atom. Besides the inductive effects as a cause for 
the dipole formation in the carbonyl group, there is a second effect. In the case 
of benzoic acid esters, the conjugation of the carbonyl double-bond with the 
double-bonds in the aromatic ring makes possible a resonance between the 
carbonyl group ai d the ring. This can result in a shift of electrons to the 
carbonyl oxygen atom, increasing the negative charge there and reinforcing the 
dipole. Introduction of electron-spending groups like — N H 2, — N R H , —OH 
and —OR on the para or ortho place of the benzoic acid moiety will increase the 
electron density in the conjugated system and enhance the possibility of 
accumulation of a negative charge on the carbonyl oxygen. This can lead to a 
further increase in the strength of the dipole (Fig. 51). 

In the presence of a complementary dipole on the receptors a mutual rein
forcement of the dipoles will take place. Then the dipole in the drug may be 
expected to contribute strongly to the binding. The enhancement of the dipole 
force is found to be correlated with an increase in the local anesthetic activity 
of the compounds (40,123). Many local anesthetics used clinically bear, on the 
aromatic ring, electron-spending groups in the ortho or para position to the 
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carbonyl group (see Table V). Introduction in the ring of electron-attracting 
groups, e.g., a nitro group in the para position to the carbonyl group, leads to a 
decrease of the electron density in the conjugated system and to a decrease in 
the local anesthetic action (see Fig. 51 and Table VI). 

The shift of electrons from the ring to the carbonyl oxygen in the benzoic 
acid moiety requires a conjugated system of double-bonds. If this system is 
interrupted by a — C — or — C — C — group placed between the aromatic ring 
and the carbonyl group, local anesthetic action decreases (40). 

Substitution on the carbon atom of the amino alcohol next to the ester group 
has a positive influence on the local anesthetic activity. I t results in an increase 
of the strength of the dipole on the carbonyl group (40). In the anilides, the 
or^o-alkyl substitution seems to be favorable, e.g., in lidocaine. The electron-
attracting action of the anilide nitrogen increases the strength of the dipole on 
the carbonyl group. Practically all amines used as local anesthetics bear a t a 
certain distance from the ionizable amino group a reinforceable dipole (40,123). 

II.B.7.1.6. T H E CHARGE DISTRIBUTION ON LOCAL ANESTHETIC A N T I 
HISTAMINICS 

Most antihistaminics have a local anesthetic action but are devoid of a 
carbonyl group. Practically all antihistaminics contain a central carbon or 
nitrogen atom, with 1 or 2 aromatic rings attached (Table VII). These rings 

favc rable 

unfavorable 

FIG. 5 1 . Electromeric effects and local anesthetic action. 
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have an electron-attracting action and will induce a positive charge on the 
central atom mentioned (146,146a). At 3 or 4 interatomic distances of this cen
tral atom, an ionizable amino group is found, corresponding to tha t in the local 
anesthetics mentioned above (Table VII) . The antihistaminics, therefore, have 

T A B L E V I 

INFLUENCE OF VARIOUS ACYL AND ANILIDE GROUPS ON LOCAL ANESTHETIC 
ACTIVITY" 
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ĉ—c 
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1 From Buchi and Perlia (40). 

a general pat tern of charge distribution, comparable to tha t of the local 
anesthetics of the ester and anilide type—an ionizable amino group with, a t a 
certain distance, a reinforceable dipole. This time the positive charge on the 
central atom is the more circumscribed par t of the dipole. In cases of mutual 
reinforcement with a complementary dipole on the receptors, an essential 
contribution to the binding can be expected from the dipole, also in the case of 



TABLE V I I 
IONIZABLE AMINO GROUP AND CENTRAL DIPOLE IN ANTIHISTAMINICS 
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these antihistaminics. By suitable substitutions in one of the rings, the forma
tion of the dipole, especially the localization of the negative par t of it, may be 
enhanced. The antihistaminics with local anesthetic properties can be assumed 
to interact with the same sites of action as the local anesthetics of the ester and 
anilide type . 

I t may be concluded t ha t practically all amines known to have a local 
anesthetic action bear a reinforceable dipole a t a certain distance from the 
ionizable amino group (40,123,146). 

The local anesthetic activity of the antihistaminics has led to speculations 
on the relations between antihistaminic and local anesthetic action. Among the 

T A B L E V I I I 

RELATION BETWEEN ANTIHISTAMINIC ACTION AND LOCAL ANESTHETIC 
ACTION IN DIPHENHYDRAMINE DERIVATIVES'1 

Antihistaminic Local anesthetic 
action action 

Diphenhydramine 1 1 

2-Methyl-diphenhydramine 0.2 7 
2,2/-Dimethyl-diphenhydramine 0.05 35 
2,6-Dimethyl-diphenhydramine 0.09 40 

2,6,2,,6/-Tetramethyl-diphenhydramine 0.06 200 

α From Harms (95a). 

parasympatholytics, a local anesthetic action is an exception; among the 
antihistaminics it is the rule. The local anesthetics, however, do not have 
general antihistaminic properties, e.g., they do not antagonize the fall in blood 
pressure caused by histamine (73, 91). The compound 3-dimethylamino-2,2-di-
methylpropylphenothiazine is a strong antihistaminic but devoid of local 
anesthetic properties (91). In homologous series of compounds the anti
histaminic and local anesthetic actions are not correlated (93, 95,140). In this 
respect, the relations between structure and local anesthetic activity in the 
series of diphenhydramine derivatives studied by Harms (95, 95a) are of 
special interest. In this series ortho substituents which are favorable for local 
anesthetic action, are unfavorable for the antihistaminic action (see Table 
VIII ) . These relations argue against an identity in receptors for antihistaminic 
and local anesthetic action. (See also Wiedling and Tegner, 203). 
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II .B.7.1.C. CHARGE DISTRIBUTION AND D R U G ACTION 
The high electron density on the carbonyl oxygen in the local anesthetics 

can play a role in the formation of hydrogen bonds with suitable groups on the 
receptors of these drugs. In this respect it is of interest t ha t urea acts as an 
antagonist for many local anesthetics (57). Urea is known to saturate groups 
suitable for hydrogen-bond formation (121a). The inhibition of local anesthetic 
action by urea can be ascribed possibly to a competition for these sites for 
hydrogen-bond formation on the receptors. 

The functional group profile for the local anesthetics outlined here, although 
it works as a unifying principle, remains rather crude and speculative. Also, for 
other groups of drugs the relations between structure and activity are 
approached on the basis of the influence of inductive effects, mesomeric effects, 
etc., on the distribution of positive and negative charges in the drug molecule. 
Examples are the anti-ACh-esterases (78,142,174a, 195,196, 200), alkylating 
agents (36,85,85a, 148,149,154c), carcinogens (119a, b, 149a, b), substrates for 
esterases (34), drugs with nicotinic action (25, 26, 26a, 77b, 174,174b, 203a), 
vitamins (118a), and curariform drugs (55). 

A quantitative study of the charge distribution on a number of biologically 
active compounds has been made by Karreman (103c). Special emphasis is laid 
by him and by other authors (149c, 149d, 192a) on the relative electron donor 
and electron acceptor strength of drugs. Electron transfer is supposed to be 
involved in the biological action of the strong electron acceptors and donors 
(68,103c, 123a, 149c, 149d). 

Athenstaedt (18b, 18c) puts emphasis on the ferroelectric (magnetic) and 
piezoelectric properties of biologically active compounds in relation to their 
activity. As a mat ter of fact, such properties are dependent on and correlated 
with the charge distribution and the shape and therefore with the electro
magnetic properties of the drug molecules. 

Generally, the binding of a drug molecule to a receptor will depend on a 
complementarity between both reactants, especially as far as shape and 
charge distribution are concerned. If the shape and/or charge distribution are 
fixed, which means rigid structures and/or a small degree of freedom as far as 
charge distribution is concerned, a high degree of primary complementarity is 
required for an effective drug-receptor interaction. This interaction will be 
highly specific then. If the shape and charge distribution of the drugs are 
variable, which means a flexible structure and a high degree of freedom in the 
charge distribution, an adaptat ion of the drug to the receptor is possible. 
There is an induced or secondary complementarity. This implies a relatively 
low degree of specificity, because the drug molecule may be adaptable to a 
variety of receptors. A high degree of freedom for the charge distribution may 
be expected for instance in compounds with extensive systems of conjugated 
double bonds. 

The phenothiazines and compounds with related ring structures exhibit a 
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broad spectrum of pharmacological activities. They have sympatholytic, 
parasympatholytic, antihistamine and antiserotonin, nicotinolytic, local 
anesthetic, antiemetic and analgesic properties. Further, they interfere with 
drug metabolism (54a, 66a, 83a, 104a, 170a, 203c). They fit to a great variety of 
receptors (Section II.A.5.4, Table XXVII ) . Fixation of the charge distribution 
in these drugs by suitable substituents in the ring system may be expected to 
result in an increase of specificity. As a mat ter of fact, not only the ring 
system but also the side chain has its influence in this respect. 

//.B.7.2. The Amino Group in Local Anesthetics 
The amino group also contributes to the interaction of the local anesthetic 

compounds under discussion and their receptors. Elimination of this group 

T A B L E I X 

VARIATION IN THE SUBSTITUENTS ON THE AMINO GROUP IN COMPOUNDS WITH LOCAL 
ANESTHETIC ACTION 

from the active compounds results in a loss of the action. For the substituents 
on the amino group, a great variety is permissible. Diethylamino, piperidino, 
pyrrolidino, and morpholino groups are found among the compounds used 
clinically. Other substituents also serve the purpose (see Table IX) . 

As a rule quaternization of the amino group leads to a loss or a strong 
decrease of local anesthetic action. If sufficiently large substituents, e.g., benzyl 
groups, are present on the ammonium group, local anesthetic action is 
preserved in these compounds (97). These drugs penetrate the nerve tissue 
relatively slowly. The decrease in local anesthetic action observed after quater
nization must probably be ascribed to transport difficulties and not to a real loss 
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of the local anesthetic potency. The chain between the aromatic ring and the 
amino group in the compounds with a local anesthetic action is very variable, 
too (see Table X) . This fact, together with the possibilities of substitution in 
the ring and on the amino groups, demonstrates the extremely high degree of 
freedom allowed in the chemical structure. Among the compounds with a local 
anesthetic action a multiformity is found, unknown in any other group of drugs 
with a special type of action. The receptors for these local anesthetics seem not 
to be very fastidious (203). 

T A B L E X 

SOME OF THE CHAINS BETWEEN AMINO GROUP AND ACTIVE CENTER IN COMPOUNDS WITH 
LOCAL ANESTHETIC ACTION 
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II.B.7.3. Mechanism of Action of Local Anesthetics 
Extensive material is available for the relations between chemical structure 

and local anesthetic action and between physicochemical properties of the 
compounds and local anesthetic action. 

Lofgren (123) concludes tha t in contrast to general anesthetics, local 
anesthetics do not follow the Meyer-Overton lipid rule; although the partition 
coefficient has a certain influence on the blocking action, it is only one of several 
factors. This conclusion is also drawn by Biichi and Perlia (47). Skou (180-185) 
mentions a certain degree of parallelism between the partition coefficient and 
local anesthetic action; between the ability to penetrate stearic acid mono
layers and blocking action, and between the ability to penetrate monolayers of 
nervous tissue lipids and blocking activity. The surface activity is found to vary 
with the p H in the same way as the blocking activity. 
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Skou's (186) experiments on monolayers of nerve tissue lipids demonstrate 
tha t : 

1. The order of the ability of the drugs to increase the pressure in a 
monolayer of nerve tissue lipids follows tha t of their ability to block nerve 
conduction. 

2. The minimum blocking concentrations of the drugs produce a constant 
increase in the pressure in the monolayer. 

3. The ability of the tert iary amines to increase the pressure in the mono
layer depends on the p H in a manner similar to their ability to block nerve 
conduction. 

This indicates tha t physcial changes in the lipid membrane of the nerve 
fibers induced by the penetration of the drugs in these membranes might be 
the cause of the local anesthetic action. 

Local anesthetics are classified as 4' stabilizers " for the membrane potentials 
of cell membranes. They reduce the effectiveness of sodium and potassium ions 
in changing the resting potential. Other agents, classified as "labilizers," 
accentuate the ionic effects on the membrane potential. Certain veratrum 
alkaloids (veratridine and cevadine) act as labilizers (176,177,178,179). 

In his study, Skou (186) found t ha t the local anesthetics increase the 
spreading force in a lipid monolayer of nerve tissue. Shanes (177, 178) found 
tha t labilizing drugs, such as the veratrum alkaloids mentioned, decrease the 
spreading force in lipid monolayers. The increase in the spreading force, and, 
therefore, the increase of the pressure in the membrane may lead, according to 
Skou (186) to a decrease in the effective size of the pores for sodium in the 
membrane and, therefore, to a decrease in the permeability for sodium ions. 
For the labilizers, the reversed situation can be assumed (83, 177, 178). 
Experimental results obtained by Nachmansohn and co-workers (139a, 139b) 
support the theory of an anticholinergic component in the action of local 
anesthetics. 

Eckert (68) suggests a complex formation of the local anesthetics and thia
mine. This vitamin plays an essential par t in nerve metabolism (136,137). The 
binding with local anesthetics would lead to a blockade of the vitamin and, 
therefore, to a nerve block. The interpretation of the relations between struc
ture and action is still rather speculative. For advanced studies in this field, the 
reader is referred to the valuable papers of Lofgren (123), Buchi (39-49f), Skou 
(180-186), Watson (202), Wiedling and Tegner (203), and Rud (165). 

II.B.8. THE pH AND DRUG ACTION 
Many drugs are bases or acids. At the p H of the biological object, compounds 
with p i i a values (Bronsted) of about 7 will be present part ly in the dissociated 
(ionized) and part ly in the undissociated (nonionized) form. For such drugs in 
general, the question arises: In which form does the interaction with the 
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specific receptors take place, as ions, as nonionized molecules, or possibly as 
both? As far as the ions are concerned, complementary charged groups on the 
receptors will take par t in the drug-receptor interaction. The electrostatic 
forces of the ions have a wide range of action, much wider than, for instance, the 
van der Waals ' forces. The ionized groups are important because they guide the 
drug molecule to the receptor so tha t then the van der Waals ' forces and other 
binding forces can come into action. The degree of ionization of the drug and 
tha t of the cationic or anionic sites on the receptors are pH-sensitive. As a 
consequence, the drug action is dependent on the pH. 

The influence of the p H on drug action is not restricted to the drug-receptor 
interaction. The rate of permeation and the distribution of the drug over the 
phases separated by lipid membranes also depend on the pH . The variation in 
absorption of drugs from the gut and excretion in urine with a variation in the 
p H (21,127, 147, 166a) will not be discussed here (see Section I.A.I.1); the 
influence of the p H on the induction of the effects by drugs will take our main 
attention. 

The dependency of drug action on p H has been the object of many articles 
(4, 5, 19a, 46, 64, 65, 66, 67, 153a, 154, 169a, 173, 186, 187). Particularly, the 
actions of bacteriostatic acridine derivatives (2, 4) and local anesthetics (22, 
46, 69, 86,123,152, 165, 180, 198) have been studied in this respect. A review 
on this topic by Albert (4) contains much valuable information. 

II.B.8.1. The pH and Drug Distribution 
If the site of action of a drug is located intracellularly, the drug has to 

penetrate the lipid cell membrane. Lipid sheets around the cells, like those 
around the nerve fibers, for instance, may constitute an additional barrier in 
the separation of the site of action of the drugs—"the biophase"—from the 
surrounding fluid. When the permeation of the drug through lipid membranes 
takes place by free diffusion, it proceeds quickly, as a rule, for the organic 
compounds (acids or bases) in a nonionized form, and only slowly or not at all 
for ions (37, 38). Generally, it is not possible to induce great changes in the 
intracellular p H without damaging the cell so t ha t its functions are essentially 
changed or lost. 

The changes in the p H may be mainly restricted to the outside of the cells 
(152a). If a drug acts intracellularly, the change in p H in the surrounding fluid, 
e.g., the bath fluid, may have no influence, or only a minor influence, on the 
drug action. This implies tha t the change in the proportion between the 
ionized and nonionized form of the drug, with the p H will be restricted only or 
mainly to the surrounding fluid, while this proportion is constant or nearly 
constant in the biophase. If isolated organs, nerve preparations or micro
organisms in a growth medium are used, the concentration in the surrounding 
fluid, bath fluid or growth medium, is determining for the dose because, as a 
rule, the volume of the biophase can then be neglected. 
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If a certain dose of a drug tha t is a base with a pKa value of 7 is divided over 
two phases, the biophase and the surrounding fluid, separated by a membrane, 
which may be a lipid membrane, the dose of the drug necessary to obtain a 
certain effect depends on the p H (see Section I.A.1.1). Figures 52A, B, and C 
represent three examples. The cases in which the ionized form, BH+, is the 
active one and those in which the nonionized form, B, is the active one, are 
given. The anionic site on the receptor is supposed to be insensitive to the p H 
changes applied. 

In Fig. 52A, B, and C the examples represent the cases t h a t : 
a. The membrane separating both phases allows a free passage of the drug in 

the ionized and in the nonionized form, and the changes in p H applied are 
followed freely in both phases. 

b. The membrane separating both phases is a lipid membrane. I t allows the 
passage of the drug in the nonionized form only, and the changes in p H applied 
are restricted to the surrounding fluid. The p H in the biophase remains 
constant. 

c. The membrane allows the passage of the drug in the nonionized form only, 
and the changes in p H in the surrounding fluid lead to minor changes in the p H 
in the biophase. 
In all cases the concentration of the drug in the nonionized form is equal in both 
phases. The active form of the drug is marked by a cycle: A constant effect 
requires a constant concentration of this form in the biophase. The situation 
after equilibrium has been established, is represented. 

The main conclusions are : 
1. If the change in p H takes place in both phases and there is a free passage 

of the drug (a base, ρ Χ α 7) the change in activity of the drug as a result of the 
change in the p H allows conclusions to be drawn as to whether the ionized or 
the nonionized form is the active one. 

2. If the change in p H is restricted to the surrounding fluid and the 
separating membrane allows the passage of the drug only in the nonionized 
form, no conclusions can be drawn about the active form of the drug from the 
change in activity with a change of the pH . 

3. If the p H in the biophase follows the changes of the p H in the surrounding 
fluid only to a certain degree and the membrane allows the passage of the drug 
only in the nonionized form, the changes in the activity of the drug with the 
changes in the p H allow conclusions on the active form. 

ll.b.8.2. The pH and Local Anesthetic Action 
The influence of the p H on the action of local anesthetics has been extensively 

studied on myelinated, demyelinated and nonmyelinated nerve fibers, and 
other objects. The conclusions on what the active form of the drug is, are 
controversial. The main conclusions will be summarized. In this consideration, 
it is important to differentiate between the speed of action and the activity. 
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The latter is usually expressed as the minimum effective concentration of the 
drug after an enduring application. The speed of action is, most authors agree, 
determined by the concentration of the nonionized drug. All authors studying 
local anesthetic action as a function of the p H (pH 6-8) found tha t the minimum 
concentration necessary for a local anesthetic block decreases with an increase 
of the p H . 

Gross, in 1910 (88, 89), was the first to draw conclusions about the active 
form of local anesthetics on basis of the pH-dependency of the action. The 
increase of the activity with an increase of the p H made him conclude tha t the 
nonionized base is the active form. Other authors agree with him (33, 82). 

The slope of the curves which relate the p H to the minimum effective 
concentration was found by Trevan and Boock (198) and Skou (180,186) to be 
reasonably constant for a large number of compounds. Trevan and Boock 
(198) suggested tha t the buffer capacity of the nerve tissue results in a constant 
p H there and concluded tha t the nonionized form is the active one. Skou (180, 
186) suggested tha t the nonionized base and, possibly also, the ionized form 
plays a par t in the action. Ehrenberg (69) calculated the minimum effective 
concentration of the drug in the nerve fibers and concluded tha t over a p H 7-7.4, 
the equilibrium concentration of the nonionized base inside the fibers was a 
constant. He, therefore, concluded tha t the nonionized base is the active form 
(see Fig. 53). 

The concentration of nonionized base in equilibrium with the minimum 
effective concentration of the local anesthetic, was found by Trevan and Boock 
and by Skou to increase with an increase in the p H (see Table XI) . Shanes (176) 
mentioned tha t if a correction is made for the activity of the concentration of 
undissociated base, the activity of this base is found to be a constant a t the 
various p H values. As long as the receptors for the local anesthetics are located 
intracellularly, or are surrounded by a lipid membrane, this constancy does 
not allow the conclusion tha t the undissociated base is responsible for the local 
anesthetic action (see Fig. 52B). 

Buchi et al. (46) concluded tha t , in local anesthetic action, various physico-
chemical properties of the drug play a par t . Rud (165) suggested tha t the 

FIG. 5 2 . A, B, and C. Dose and pH in dependency on the active form of a drug (base, 
pKa = 7 ) . Case A: The membrane is permeable for the base in the dissociated and the 
undissociated form. The pH is equal in surrounding fluid and biophase. The relation 
between dose (determined by the concentration in the surrounding fluid) and pH varies 
with the active form (dissociated base or undissociated base). Case Β: The membrane is 
permeable only for the base in the undissociated form. The pH in the biophase is constant. 
The relation between dose (determined by the concentration in the surrounding fluid) and 
pH does not vary with the active form (dissociated or undissociated base). Case C: The 
membrane is permeable only for the base in the undissociated form. There is a minor 
change of the pH in the biophase with a change in the surrounding fluid. The relation 
between dose (determined by the concentration in the surrounding fluid) and pH varies 
with the active form (dissociated or undissociated base). 
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change in p H influences the biological membranes and tha t this is one of the 
components in the pH-dependency of local anesthetic action. This, he thinks, 
does not invalidate the assumption tha t the nonionized base component is the 
only anesthetic factor. Local anesthetic action of butyl alcohol is, as observed 
by Skou (180, 186), insensitive to p H changes (from 6-8). This means tha t 
nerve action, as such, is not dependent on pH. Recently Ritchie and Greengard 
(152) found tha t over a p H range of 6.5-9 the threshold of stimulation for 
nonmyelinated nerve fibers is practically constant. This makes it probable 

log concentration (M) 
total base / C 

-2.0-, 

-2.1 

-2.2 Η 

-2.3 

c-c 

-2.5 

C H ^ V N - C - C - N 

\ xc - c 

x\ total base 

log concentration (M) 
undissociated base 

•3.1 

-3.2 

h-3.3 

FIG. 53. Experimental curves representing the relation between the pH and the mini
mum effective concentration of a local anesthetic with a pKa 7.9 (total base and undisso
ciated base), tested on the N. ischiadicus-leg-preparation of the frog. Note that the con
centration of the undissociated base is independent of the pH. After Ehrenberg (69). 

tha t the pH-dependency of the local anesthetics in their action has to be related 
mainly to a change in the concentration of the active form of the drug. 

Ritchie and Greengard (152) also studied the influence of the p H on the size 
of the potentials evoked by stimulation in the presence of a constant concen
tration of local anesthetics. From the relations found, they concluded tha t the 
ionized form is the active one. Quaternary derivatives like i^-benzylprocaine 
and jY-benzylcocaine are local anesthetics. They penetrate relatively slowly 
into the nerve tissue (97). These local anesthetics only exist in, and therefore 
can only act in, the ionized form. Their effects are expected not to be pH-
dependent. Baird et al. (22) studied the effect of the p H on the action of procaine 
upon cardiac action. They found tha t the anti-arrhythmic action induced by 
procaine and the changes in stimulation threshold, refractory period, and/or 
conduction time appear to be primarily related to the concentration of procaine 
ions. Dettbarn (64b) reached the same conclusion on basis of his experiments 
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concerning the pH-dependency of local anesthetic action on the ranvier 
nodes. 

If, as assumed by a number of investigators (139a, 139b), the action of local 
anesthetics is based on a competition of these drugs with acetylcholine for the 
specific receptors of this compound, the ionized form is most probably the 
active one. Studies by Bartels et al. (27, 98) on the effect of local anesthetics as 
a function of the p H on the electroplax of Electrophones and on the acetylcholine 
receptor-protein (70,139) suggest tha t the ionized form is the active one. The 
blocking activity of local anesthetics on the isolated single electroplax of Electro-
phorus and on the synaptic and conducting membranes was found to increase 
with a lowering of the pH. The binding of the local anesthetics to "acetylcholine 
receptor protein " is stronger a t p H 7 than a t p H 9, which points to an activity 
of these drugs in the ionized form (27). Curare reversibly blocks axonal con
duction after enzymatic lysis of the lipid barriers (154a, 154b). 

As a mat ter of fact, not only the influence of the p H on the degree of ioniza
tion, but also changes in the stability of the drug and in the water solubility, 
particularly of the non-ionized form, play a par t (202). 

The concentration of ionized and nonionized base present a t a certain p H 
may be calculated by using the equation: 

% ionized = ,T ^ — (10a) 
7 1+ant i log ( p H - p X J v 1 

Table X I gives the minimum effective concentration, Cm, of various local 
anesthetics a t various p H values as measured by Skou (180,186) and the con
centrations of nonionized drug, CB , calculated from them. The minimum 
effective concentration, Cm, decreases, and the concentration of nonionized 
drug, C B m, increases, with an increase of the pH. A constant effect, however, 
is expected to correlate with a constant concentration of the drug in the active 
form. 

Suppose the ionized form, BH+, to be the active one. I t s concentration in 
the biophase, CBli+m, will be constant a t the various external p H values. In 
order to calculate this concentration in the nerve fibers (the biophase), the p H 
there must be known. Suppose the p H in the biophase and in the surrounding 
fluid are equal a t a p H of 7.35. The concentration of the nonionized drug, 
C B m, is supposed to be equal in both phases. From the values of C B m a t p H 7.35 
in the surrounding fluid, the concentration of the ionized drug in the biophase, 
C B H + m, can be calculated. From this value of CBn+m

 m the biophase which is 
supposed to be constant and the concentrations of the nonionized drug, C B m, 
at the various external p H values, the p H in the biophase can then be calculated. 
This was done for all p H values in the case of procaine and for the external p H 
value 6.0 in the case of the other drugs. The remaining values of C BH +

M
 A RE 

calculated from CB and p H values in the biophase corresponding to those 
calculated from the procaine data . 
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T A B L E XI 

P H AND LOCAL ANESTHETIC ACTION 

In the surrounding fluid0 In both6 In the biophase" 

pH C χ 10- 3 

m 
c B MX I O - « C W MX I O - 3 pH 

Procaine 6.0 23.0 18.40 2.75 6.92 
pKa 9.09 6.5 10.5 27.30 2.75 7.09 

7.0 4.6 37.26 2.75 7.22 
7.35 2.8 50.12 2.75 7.35 
8.0 1.3 97.13 2.75 7.64 

Cocaine 6.0 13.0 18.33 1.55 6.96 
pKa 8.85 6.5 6.4 28.28 1.64 7.09 

7.0 2.6 36.14 1.54 7.22 
7.35 1.6 49.01 1.55 7.35 
8.0 0.6 74.15 1.20 7.64 

Tropacocaine 6.0 9.0 2.79 1.24 6.86 
pKa 9.51 6.5 4.45 4.36 1.24 7.09 

7.0 2.2 6.78 1.32 7.22 
7.35 1.25 8.59 1.24 7.35 
8.0 0.4 11.99 0.89 7.64 

Tetracaine 6.0 0.042 0.196 0.0362 7.06 
pKa 8.33 6.5 0.020 0.292 0.0497 7.09 

7.0 0.010 0.447 0.0576 7.22 
7.35 0.004 0.380 0.0362 7.35 
8.0 0.002 0.638 0.0313 7.64 

Cinchocaine 6.0 0.020 0.0296 0.00242 6.92 
(Dibucaine) 6.5 0.010 0.0466 0.00256 7.09 

pKa 8.83 7.0 0.0045 0.0656 0.00267 7.22 
7.35 0.0025 0.0801 0.00242 7.35 
8.0 0.0005 0.0645 0.00100 7.64 

"C is the minimum effective cone, [from Skou (180, 186)]. 
b <7Bm is the cone, of nonionized base, calculated from Cm and the pH in the surrounding 

fluid. Cjim in the biophase is assumed to be Cnm in the surrounding fluid. 
c CBn+

m is the cone, of the ionized base in the biophase, calculated from OBm and the pH 
in the biophase. For further details see the text. 

On basis of the data from Skou (180, 186), in Table XI , the p H values 
calculated for the biophase, which correspond with the external p H value 6.0, 
are found to be reasonably constant, viz., 6.92, 6.96, 6.86, 7.06, and 6.92. As 
mentioned, for procaine also the pH values in the biophase, which correspond 
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to the other external p H values, were calculated. The values of p H 6.5,7.0, and 
8.0 in the surrounding fluid gave calculated p H values in the biophase, of 
7.09, 7.22, and 7.64, respectively. From the p H values thus calculated, which 
are assumed for the other drugs, too, and the concentration of nonionized drug, 
<7Bm, the concentrations of ionized drug in the biophase, CBK+m, can be cal
culated. These values, too, are found to be reasonably constant. The results 
are summarized in Table X I . 

The assumption tha t the ionized form of the local anesthetics is the active 
one, results in a reasonable constancy of the p H values in the biophase for the 
various drugs, while also the concentrations of ionized drug in the biophase, 
C B H + m, a t the various external p H values are found to be reasonably constant 
—certainly more constant than the concentration of the nonionized drug, CB , 
(see Table XI) . 

These results at test to the ionized form as the active one. In the reasonings 
given above, the anionic sites in the receptors for the local anesthetics are 
supposed not to be influenced by the pH . The experimental results can be well 
interpreted on this basis. 

All bases among the local anesthetics used clinically are found to have p i £ a 

values between 7 and 9. Drugs with higher p i i a values are ionized 100% at 
physiological p H values and, therefore, have difficulty in reaching the bio
phase. Drugs with lower ρ Χ α values, being 100% nonionized a t physiological 
p H values, are inactive, although they may reach the biophase. Permeating 
the biophase requires a certain concentration of the nonionized drug, while the 
interaction with the specific receptors requires a certain concentration of the 
ionized drug. These conditions set bounds to the pif a values of the local 
anesthetics. 

The relations and the interpretation given are comparable to those found by 
Bell and Roblin (29) for the j>Ka values and chemotherapeutic action of various 
sulfonamides. Studies on the relationship between structure and activity of the 
analgesics of the morphine type make it probable, as mentioned by Beckett 
(28), t ha t here also ionization of the drug is required for activity. The same 
obtains for analgesics related to meperidine (34a). 

II.B.8.3. The pH and Drug-Receptor Interaction 
For the study of the question whether drug and receptor interact in the 

ionized or the nonionized form, the action of drugs on enzymes fits a clear-cut 
model (61a, 65, 66, 119c). 

For strong acids or bases, like acetylcholine and the acetylcholinomimetics 
and certain acridines, a localization of the receptors on the cell surface is 
feasible. Unless transported by specific systems, it is practically impossible 
for these drugs to pass lipid membranes and enter the cell. They are 100% 
ionized a t physiological p H values. Characteristic for this type of drug is its 
not being metabolized, or almost not, by intracellular metabolic systems. As a 
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mat ter of fact, they may be changed—for instance, hydrolysed—by plasma 
enzymes. They are excreted in the urine mainly unchanged (see Section I .B .3) . 

The receptors for these drugs, located on the surface of the cell, undergo the 
direct influence of the p H changes in the surrounding of the cell. The biophase 
is directly exposed to the p H changes. In such a case changes in the activity 
of the drug with variation in the p H can inform us about the ionizable group 
of the receptors concerned with the drug action. 

The ionized or nonionized molecules of the drug are expected to interact 
with the complementary groups in the receptors, in the ionized or nonionized 
form, respectively. This implies tha t not only the degree of ionization of the 
drug but also tha t of the complementary group on the receptor has to 
be taken into account. For bases, for example, amines, the complemen
tary group on the receptor may be a carboxyl group, phosphate group, imid
azole group, etc. For acidic drugs the complementary group on the receptor 
may be a pyridine group, histidine, lysine, arginine, etc. These groups will exist 
in the ionized or in the nonionized form depending on the p H in the biophase. 

From the changes in the activity of drugs with high j)Ka values (strong acids 
or strong bases) with changes in the pH, information can be obtained concern
ing the pif a value of the cationic or anionic site on the receptor. These pif a 

values in their turn allow conclusions about the character of these parts of the 
receptor. In later discussions we shall restrict ourselves to univalent basic 
drugs in order to remain on a simple level. 

I I .B.8 .3 .a . THEORY 

Suppose tha t only the amino group of a drug and its complement on the 
receptor are pH-sensitive and tha t only the interaction between them is deter
minative for the binding between drug and receptor and, therefore, for the 
activity of the drug. The effect will then be a function of the concentrations of 
the reacting partners in the ionized form or of the concentrations of the non
ionized form. In the case where both the ionized and the nonionized form of 
the drug and receptor interact in an effective way, the affinity between drug and 
receptor in the ionized form will as a rule be higher than tha t for the nonionized 
form, because of the contribution of the ionic attraction. 

If strong bases are used, only drug ions are available a t physiological p H 
values. The ionic site on the receptor, however, can be p H sensitive. This 
situation can be considered as a competition between the base ions, BH+, and 
the hydrogen ions, H+, for the receptor, R~. This competition can be described 
by the well-known equations for competitive inhibition (7, 8, 9,10,15,18) (see 
Section I I .A.3) . 

The variation in the concentration of the active form of a drug with the pH, 
can be considered as a chemical interaction (see Section I I .B .3 ) . The increase 
of the concentration of the active form BH+ as a result of an increase of the 
concentration of H + is an example of chemical synergism. The decrease in the 
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concentration of the active form, BH+, as a result of the addition of proton 
acceptors is an example of chemical antagonism. For an acidic drug (Ac), 
which is active in the ionized form, the decrease in the concentration of A c - as 
a result of an increase in the H+ concentration by formation of inactive AcH 
is an example of a chemical antagonism. The term "antagonism by neutraliza
t i o n " (80, 81), often used for this type of chemical interaction, can be taken 
literally here. 

The relations between p H and drug action are determined by two types of 
interaction; a competitive interaction and a chemical interaction. 

For the case of a base, the Eqs. lOb-d describe the processes concerned. 
[B] [H+]/[BH+] = Kx; CB = ([Β] + [BH+]) is the total drug concentration. 1 jKx 

is the aifmity of Η + to Β. 

[ B H +1 " U ^ F ] ( 1 0 b> 

[R-HH+1 

1RHT = K * ( 1 ° C ) 

l/K2 is the affinity of H+ to the receptors. 

[RBHT ~ 3 ( 1 0 D ) 

l / if 3 is the affinity of the drug BH+ to the receptors. 

The interaction between drug and receptor results in an effect; the drug has 
an affinity to the receptors and an intrinsic activity (7,15,18). The interaction 
of the Η ions with the receptors is ineffective; they lack an intrinsic activity. 
Because of their affinity to the receptors, the Η ions behave as competitive 
antagonists of the drug (7, 9, 15, 18), supposing BH+ is the active form of the 
drug. If the effect is proportional to the quanti ty of drug-receptor complex 
present or formed, under equilibrium conditions the effect, E, of the drug as a 
fraction of the maximum effect possible with the biological object concerned, 
Em, is given by Eq. 1 1 , the equation for a competitive inhibition (15,18). Com
pare this equation with Eq. 6 in Section II .A.3. 

Ε _ 1 

E~m ~ ΐ Τ ^ [ Η + ] 7 ^ ^ Ϊ Β Ϊ ^ ) ( Π) 

The dependency of the effect on the p H may be represented in various 
ways. Plotting of isoboles, which for constant effects relate p H or concen
trations of H+ to concentrations of the drug, is very instructive. Instead of 
plotting the p H against CB, the total concentration of the drug in isoboles, a 
plot of the p H against the concentrations of the drug in the ionized form, 
[BH+], or in the nonionized form, [B], is also of interest. For constant values of 
the effect the inhibition index [H+]/[BH+] is found to be constant as long as 
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Em l + (K3/CB) 
(13) 

The effect of the drug is independent of the pH. 
a. The isobole relating the CB to [ H +] is straight and parallel to the axis on 

which the p H is plotted. 
b. The isobole relating [BH+] to [H+] is straight and parallel to the axis on 

which the p H is plotted. 
c. The log-dose-response curves are not influenced by a change in the pH. 
Case III. IfK2~ [ H +] , then p l £ 2 ~ pH, which means a weakly acidic recep

tor. If Kx < [H+], -pKx > pH, which means tha t the drug is a strong base. 
Equat ion 12 becomes: 

A 1
 ( 1 4) 

The effect of the drug is pH-dependent. 
a. The isobole relating CB to [H+] is straight and has a slope of 45°. At the 

point where Κ2 = [H+], piT 2 = pH, the curve bends and for lower p H values 
parallels the axis on which the p H is plotted (Fig. 55A). 

FIG. 54. A, B, and C Theoretical log concentration-response curves representing the in
fluence of pH on dose-response curves for various drugs. (A) A strong base and weakly 
acidic receptors (case III6). Eq. 14, K2 = Kz= 10~7. (B) A weakly basic drug and a weakly 
basic receptor (case IVc). Eq. 12, Kx = 10~8, K2 = 10"6, K3 = 10~7. (C) A weakly basic 
drug and a strongly acidic receptor (Case V6). Eq. 15, Κλ = K3 = 10~7. Note the parallel 
shift in the log dose-response curves under influence of pH changes. 

[BH+] > Κ3 or [H+]/Jf2 > Kz (see Section II.A.3.2). Plotting of complete log 
dose-response curves a t different p H values also gives valuable information. 
An advantage of this type of plotting is tha t nonspecific influences of the p H 
on the drug action manifest themselves as a decline in the dose-response curves 
instead of the parallel shift expected if a competition between Η and B H ions 
takes place. 

For various types of combinations of drugs and receptors, the dose-response 
relations expected from the theory will be given below. 

Case I. In general the isobole which relates [H+] to [BH+] will be straight and 
have a slope of 45°. At the point where [H+] = Κ 2 and p H = p i i 2, the curve 
bends and for lower p H values parallels the axis on which the p H is plotted. 
Substitution of [BH+] in Eq. 11 results in: 

Ε 1 
E^ = 1 + (1 + [Η+] /# 2) (1 + Z1/[H+]) (J t 8/C B) ( 1 2) 

Case II. If K2 > [H+], then plf 2 <̂  p H , which means a strongly acidic 
receptor; if Kx < [ H +] , then p i ^ > pH, which means tha t the drug is a strong 
base. Equat ion 12 becomes: 

Ε 1 
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b. The log dose-response curves show a parallel shift to higher values for the 
drug concentration if the pH is decreased (Fig. 54A). The p^42 value (167,168, 
169) is a measure for p i i 2 (see Section II.A.3.2). 

Case IV. If K2~ [H+], p i f 2~ pH> which means a weakly acidic receptor. 
If ϋΓ χ~ [H+], p i f x~ pH, which means tha t the drug is a weak base. From 
Eq. 12 it follows tha t the effect is pH dependent. 

a. For higher values of [H+] the isobole relating [H+] to CB is straight and 
has a slope of 45°. At the point where K2 = [H+] = Kv p i i 2 = p H = ρϋΓχ, the 
isobole bends and for lower values of [H+] it becomes straight again and has a 
slope of - 4 5 ° (see Fig. 55B). 

b. If K2 > [H+] > Kv there is a range on which CB is nearly independent of 
[H+] (see Fig. 55C). The larger K2jKv the larger this range will be. 

c. If Κ2 > [H+] > Kv a decrease in the pH first results in a parallel shift of 
the log dose-response curves to lower values of the drug concentration, and a 
further decrease in the p H brings about a reversal in this shift (see Fig. 54B). 

Case V. If K2 > [ H +] , which means a strongly acidic receptor, and if 
Kx~ [H+], which means tha t the drug is a weak base, Eq. 12 becomes: 

The effect is p H dependent. 
a. The isobole relating CB to [ H +] is straight and has a slope of —45°. At 

the point where K1 = [ H +] , ipK1 = pH, the curve bends and for higher values of 
[H+] parallels the axis on which the p H is plotted (see Fig. 55D). 

b. The log dose-response curves show a parallel shift to lower values for the 
drug concentration if the p H is decreased (Fig. 54C). 

In Cases I I I , IV, and V, the bends in the isoboles indicate the points for 
which [H+] is equal to K1 or K2 and the p H is equal to ^pK1 or pif2. The value 
of ipK1 gives us information on the character of the ionizable group in the 
receptor. 

The interaction of an acidic drug in the ionized form with ionized, cationic 
receptors can be treated in an analogous way. Segre (173) calculated the in
fluence of the p H for the case in which the receptor might exist in the non
ionized and in two ionized forms, a mono- and a bivalent form, for instance. 
As a mat ter of fact, many more models, especially more complicated ones, are 
possible. 

If, among the drugs tha t induce their biological effects on common receptors, 
there are strong bases or strong acids, this means tha t in the p H range studied 
they can only act in the ionized form. I t is permissible to conclude, then, tha t 
the weaker bases or acids acting with the respective common receptors, too, do 
so in the ionized form. So, for example, most parasympathomimetics, acetyl
choline, etc., are strong quaternary ammonium bases. Among these drugs, 

Ε 

EXR m ι + α+Ζχ/ΓΗ+^ζ,/σ,,) 

1 
(15) 
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FIG. 55. A, Β, C, and D. Theoretical curves (isoboles) representing the relation between the pH and the concentration of a drug (dis
sociated and undissociated base) for constant effects: K1 concerns the dissociation of the drug; K2 concerns the dissociation of the acidic 
receptor; Kz concerns the dissociation of the drug-receptor complex. A. A strong base and weakly acidic receptors (case III) J B. and C. A 
weakly basic drug and a weakly basic receptor (cases IVa, IV6, and IVc). D. A weakly basic drug and a strongly acidic receptor (case V). 
Note from the curves in Fig. 55A (case III) and Fig. 55D (case V) the pi£ values for the receptor and the drug, respectively, can be easily 
determined. 
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also, tert iary, and therefore weaker, bases are found, like arecoline and pilo
carpine. These tert iary amines, too, may be expected to act in the ionized form. 

When the dissociation constants for drug and receptor are great, which 
implies tha t the γΚα values are high, both will be 100% dissociated over the 
whole physiological pH-range. Then no pH-dependency is expected for the 
effect as far as this is determined by the primary interaction of drug and 
receptor. This is also the case when drug and ionizable group on the receptor 
have very low dissociation constants or very low p i£ a values. They both will 
be 100% nonionized over the physiological pH-range then. If one of the two 
pif a values or both are of the order of the p H in the biophase, the activity of 
the drug will be pH-dependent. 

II.B.8.3.&. EXPERIMENTS 

II.B.8.33.(1) The pH and Antibacterials. For a number of cases described 
in the theoretical part , experimental examples are known. Particularly, the 
studies on the antibacterial action of various acridines done by Albert ( 1 , 2, 
3, 4, 5) are very instructive in this respect. They have revealed for a number of 
such compounds a definite correlation between the pH, the activity, and the 
degree of ionization. 

The strongly basic acridines,* for instance, 9-aminoacridine {pKa 9.9) 
are ionized for practically 100% at the p H values studied (pH 6-8). In the 
isoboles, the ratio between the concentration of hydrogen ions and drug is 
found to be constant, as expected (see Fig. 56A). This example represents 
case I I I (see Fig. 55A). The pH-dependency can be ascribed to the competition 
for the receptors between the Η ions and the drug, or, in other words, to a 
varying degree of ionization of the receptors with the variation in the pH. 

The compound 3,7-diaminoacridine (j)Ka 8.2) is ionized to a high degree a t 
the p H range studied (at p H 7.3; 67%). Also, for this compound, the ratio 
between hydrogen ions and drug is constant. At the high p H values, the curve 
bends in a direction parallel to the [H+] axis (see Fig. 56A; compare with case 
I I I , Fig. 55A). The weaker bases among the acridines, e.g., 2-aminoacridine 
(pKa 5.8) and 2,7-diaminoacridine (γ)Κα 6.2) ionized a t p H 7.3 for 2 and 3 % , 
respectively, give isoboles relating [H+] and the drug concentration, which are 
practically parallel to the [H+] axis. Their effect is not dependent on p H (see 
Fig. 56A). This example approaches the case IV6 (see Fig. 55C). The decrease 
in the ionization of the receptors with a decrease in the p H is compensated by 
the increase in the ionization of the weakly basic acridines. 

For the acridines just mentioned, the inhibition index, [H+]/[BH+], is found 
to be practically constant (see Fig. 56B). This is as expected from the theory 
(case I) . 

An interesting situation is the presence of two types of receptors, acidic and 
basic, on one surface. A decrease in p H brings the basic receptors, an increase 

* The numbering of the acridine rings follows Chemical Abstracts. 
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in the p H the acidic receptors, into the ionized form. There is an isoelectric 
point, where an equal fraction of both acidic and basic receptors are ionized. 
The receptor-bearing surface will bind the ions of bases (cations) a t high pH, 
and ions of acids (anions) a t lower pH . 

An experimental example for a receptor surface bearing two types of recep
tors, anionic and cationic, is present in the Gram-positive and Gram-negative 
bacteria, as demonstrated by Stearn et al. (188,190, 191). The Gram-positive 
bacteria bind gentian violet, a base, a t low p H values, whereas the Gram-
negative bacteria do not. On the other hand, the Gram-negative bacteria bind 

acidic dyes like fuchsin at higher p H values than the Gram-positive bacteria 
(Fig. 57). The isoelectric point of the receptors on the surface of the Gram-
positive acid-fast bacteria lies a t a lower p H than in the case of Gram-negative 
bacteria. The specificity of certain antibiotics in their action with respect to 
Gram-positive or Gram-negative bacteria can be related possibly to analogous 
mechanisms. A study of the pH-dependency of antibiotic activity would be 
of interest. 

II.B.8.3.b.(2). The pH and Spasmogens. The study of the influence of 
p H on drug action can be extended to the contraction induced by various 
spasmogens in isolated organs. A study of the relation between the 
p H and the activity of histamine has been published by Rocha e Silva 

FIG. 56. A. and Β. Experimental curves (isoboles) representing the relation between the 
pH and the concentration of the total drug (dissociated + undissociated base) (Fig. 56A) 
and of the dissociated base (Fig. 56B), tested on E. coli. The pKa values are 9.9 ( ). 
8.2 ( ), 5.8 ( ) and 6.2 ( ). Note that all isoboles for the dissociated 
base (B) have a slope of 45°. The pKa value for the receptor is greater than 8. The isoboles 
for the total base (Fig. 56A) have a slope of 45° as far as the stronger bases ( and 

) are concerned. As expected the curve ( ) bends at the pH value equal to the 
pKa of the drug. As far as the weaker bases are concerned ( and ) the 
situation is comparable to the case IVc, Fig. 55C. From Albert (4). 
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binding of dye 

FIG. 57 . A and B. Experimental curves representing the relation between the pH and 
the binding of an acidic dye (fuchsin) and a basic dye (gentian violet) by Gram-positive 
(Staph, aureus) and Gram-negative (E. coli) microorganisms. Note that these relations 
suggest a difference between the acidic receptors on the surface of the microorganisms. 
For the Gram-positive bacteria these receptors have a low pKa value, for the Gram-
negative bacteria a high pKa value. From Steam (188). 

isoboles relating the concentration of Η ions to the concentration of hista
mine are plotted, for effects equal to 50% of the maximum contraction 
obtainable with histamine in the piece of gut, the curves given in Fig. 59 are 
obtained. These curves represent case I l i a (see Fig. 55A). As the pKa values of 
histamine are 6 and 9, the change in the activity with the change in the pH, as 
shown in Fig. 59, is probably not due to a change in the degree of ionization of 
the drug, but to a change in the dissociation of the anionic site on the receptors. 
The point of intersection of the horizontal par t of the curves and the par t with a 
slope of 45° then indicates the p H value equal to the p i£ a value of the receptor. 
Rocha e Silva (154) suggests on the basis of this value (6.9-7), tha t the anionic 
site of the histamine receptor consists of an imidazole ring (Section II.A.7.2.c). 

(153a, 154). A double reciprocal plotting of the effect of the contrac
tion of the isolated ileum of the guinea pig on one side, and, on the other side, 
the concentration of histamine involved, results in straight curves. The slopes 
increase with the p H and there is a common point of intersection with the 
ordinate (see Fig. 58). This is as expected in the case of a competitive relation 
between the Η ions and the histamine ions for the histamine receptors. When 

binding of dye -

A 

Β 
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We have studied the influence of p H changes on the cumulative dose-
response curves of histamine on the isolated gut of the guinea pig. The p H was 
varied by varying the concentration of bicarbonate in the bath fluid or by 
adding monobasic sodium phosphate ( N a H 2P 0 4) . A decrease in the pH, an 
increase in the concentration of Η ions, results in a parallel shift of the dose-
response curve for histamine to higher concentrations—in the same way as it 
takes place when a competitive antagonist, an antihistaminic, is added (com
pare Fig. 60A and B). From the shift in the curves, the p^42 values can be cal-

25 50 
histamine l/mg per 1. 

Fig. 58. Concentration-response curves representing the contraction of the isolated 
ileum of the guinea pig by histamine, plotted according to Lineweaver and Burk. The pH 
is varied for the various curves. Note that the curves obtained suggest a competitive 
relation between histamine and the Η ions. After Rocha e Silva (154). 

culated for the Η ions (167,168). The concentration of the Η ions a t higher p H 
values ( + 8) may be ignored. The p^42 value found is 6.81 ( P 9 5 * + 0.11), calcu
lated from 54 experiments performed on 42 organs of 13 animals. The p^42 

value is a measure for the value of the ipKa of the anionic site on the receptor. 
The value obtained is quite comparable to tha t found by Rocha e Silva (154), 
mentioned above. 

The pH-dependency of the action of a number of acetylcholinomimetics, 
quaternary ammonium bases, on the rectus abdominis muscle of the frog was 
also studied. No change in the activity occurred with a change in the p H over 
a wide range. The dose-response curves for BuNMe3, for instance, remained 

* P 95 is the probability interval of the mean value. 
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unchanged over a p H range from 4 to 8. This means tha t the ~$Ka value of the 
anionic site on the receptor is relatively high. This site might, for instance, 
be constituted of a phosphate group. Because of these relations, the rectus 
abdominis muscle of the frog is suitable for studying the effect of the p H on the 
degree of drug dissociation as an influential component of drug action. For this 
purpose, an acetylcholinomimetic with a relatively low p l £ a value is needed. 
Arecoline is mentioned to have a pKa value of 7.5 (4) and, therefore, seemed 

log concentration (mg/1) 
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FIG. 5 9 . Experimental curves (isoboles) representing the relation between the pH and 
the concentration of histamine (dissociated + undissociated) for contractions 5 0 % of the 
maximum (guinea pig ileum). Note that the curves bend at a pH of about 7, which sug
gests a pKa value for the histamine receptors of about 7. After Rocha e Silva (154). 

to be suitable. However, contrary to expectations, no clear pH-dependency was 
found. A check of the p K a value of arecoline showed tha t it is about 8.1. This 
makes it understandable tha t the action of the drug is practically not pH-
dependent (on a pH range of 4 to 8). Among the many acetylcholinomimetics 
active on the isolated rectus abdominis muscle, no drug could be found with a 
-pKa value of about 7; all active compounds appeared to have pif a values of at 
least 8.5. Also, among the acetylcholinolytics with a curarimimetic action no 
compounds could be found with pKa values sufficiently low to study the 
influence of the variation in degree of ionization of the cationic groups on the 
activity. 

Schild (169a) reported tha t the contraction of the ileum of the guinea pig 
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FIG. 60. A and B. Registrogram of cumulative dose-response curves for histamine. A. Obtained at various values for the pH. Note 
the shift of the curves to higher concentrations of histamine after lowering of the pH. The lower the pH (the higher the H+ concentration), 
the larger the shift. These experiments suggest a competitive relation between histamine and the Η ions (compare with Β). B. In the 
presence of various concentrations of the competitive antagonist neobenodine. Note the shift of the curves to higher concentrations of 
histamine in the presence of neobenodine. The shift increases with an increase in the neobenodine concentration. 
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caused by acetylcholine is maintained at p H 9. The contraction induced by the 
relatively weak base, pilocarpine, is then abolished, probably as a result of the 
decrease in the quanti ty of ionized base. The conclusion is tha t the cholinergic 
bases are active only in the dissociated form. 

The influence of the p H on the action of acetylcholinomimetics on the iso
lated gut of the ra t and guinea pig differed from tha t on the rectus abdominis 
muscle of the frog. For the isolated gut, a variable degree of p H dependency 
was found. A relatively small shift in the curves occurred at p H 4, but only in a 
fraction of the experiments. The acetylcholinomimetics used are strong 
quaternary bases. This implies tha t the dependency of the action on the p H 
probably can be related to the pH-sensitivity of the receptor. This argues for 
differences between the receptors for acetylcholine on the rectus abdominis 
muscle of the frog and on the smooth muscle of the gut of the rat . The 
studies on the relationship between structure and activity of acetylcholinomi
metics, in general, also demonstrated tha t there are differences between nico
tinic and muscarinic receptors (see Table XVI, Section II.A). A study by 
Barlow (26a) of the effects of the pH on the activity of nicotine and derivatives 
on isolated tissues argues tha t a t the neuromuscular junction, the univalent 
nicotinium ion, rather than the un-ionized base, is the active form. 

Also, binding of curare-like drugs to acid polysaccharides extracted from 
the electric organ of the electric eel is p H sensitive (96a, 96b). 

Kalow (103b) studied the influence of p H changes on the action of curare and 
dimethyl curare on the rectus abdominis muscle of the frog. At p H values for 
which both phenolic OH groups are in the undissociated form, curare was found 
to be more active than a t p H values a t which these groups are dissociated. 
Here the p H dependency is due to changes in the drug molecule and not to 
changes in the receptors. 

I t should be taken into account tha t not only changes in p H but generally 
changes in ion composition of the medium may effect drug action (61, 62,103a, 
96d, 142b). 

II.B.8.3.6(3) pH, Affinity, and Intrinsic Activity. Various examples of 
changes in the affinity between drug and receptor under influence of changes 
in the pH were mentioned. I t is possible tha t p H dependency for the intrinsic 
activity will also be found in the future. For substrate-enzyme interactions pH 
dependency is reported for the rate of product formation (k3) as well as for 
the affinity between substrate and active site on the receptor. An especially 
interesting experiment in this respect was done by Hayashi (la). The enzyme 
pepsin and the substrate albumin are brought together and spread on a surface 
such tha t an intimate mixture is obtained at an initial p H such tha t the pepsin 
is not active. The mixed film is deposited on a glass plate and made strongly 
acid by means of hydrochloric acid. Then an instantaneous reaction occurs. 
Hayashi concluded from his experiments tha t one molecule of pepsin could act 
simultaneously with 16 to 18 molecules of albumin and tha t the necessary 
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molecular combinations took place a t the time of film formation while the 
actual hydrolysis occurred only after the p H was adjusted. This implies tha t 
the affinity between enzyme and substrate is less p H dependent in this case 
than the actual hydrolytic reaction. Experiments on the influence of the p H 
differences on the enzymic decarboxylation of leucin by leucin-decarboxylase 
show tha t the maximum rate of decarboxylation a t substrate saturation 
remains constant from pH 5 to 7, this although the Η ions appear to behave as 
competitive antagonists for the substrate (123b). This implies tha t the affinity 
between substrate and enzyme is more p H dependent than the actual de
carboxylation. 

For further information on the relation between the biological activity of 
drugs and the pH, the reader is referred to Albert 's (4) valuable review article 
and the papers of Segre et al. (61a, 119c, 121, 173). 

C O N C L U D I N G REMARKS 

In the general introduction we said tha t what should be expected from a theory 
is: (1) t ha t it give a simple model of more complicated systems; (2) t ha t it bring 
a number of phenomena under unifying principles; (3) t ha t it induce new 
experiments and be backed up by such experiments; and (4) t ha t it leave open 
the possibility of evolution. As far as the receptor theory used is concerned, 
we can now conclude: (1) t ha t the model used is not only a simplification but 
even an oversimplification of reality; (2) t ha t it brings many phenomena, 
particularly dose-effect relations, under a unifying principle; (3) t ha t it leads 
to new experiments and is often backed up by them. 

Section I I I of Par t I will demonstrate a further evolution of the receptor 
theory. One of the main disadvantages is t ha t the use of the term "receptor" 
might give a researcher the feeling tha t he knows what he is dealing with, 
while the contrary is t rue. The use of the term underlines our ignorance. 

For those who worry over the extensions given to the theory in the earlier 
sections, it may be remarked tha t the best theories are those tha t themselves 
contribute to their quick replacement by better ones. We hope tha t this will 
be the fate of the theories presented here, and invite the reader to join in the 
efforts to accomplish this. 
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