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INTRODUCTION 
For the phenomena discussed in Section I I , there is a rather good agreement 
between theory and experimental evidence. I t will be clear tha t if further 
details in the experimental data are to be taken into account, further extension 
of the theory may be necessary. In Section I I the effect was supposed to be 
linearly proportional to the stimulus. The stimulus and, therefore, the effect 
was supposed to be linearly proportional to the number of receptors occupied 
by the drug, so t ha t stimulus was practically synonymous with effect. The 
proportionality constant, which represents the ability of the drug to contribute 
to the stimulus and so to the effect, is called intrinsic activity; it varies for 
various drugs. 

In this section, more complicated types of relations between stimulus and 
effect will be introduced. In comparison to the drug-receptor interactions and 
their effects discussed in Section I I , only the relation between stimulus and 
effect is supposed to be changed. As a consequence, the equations and dose-
response relations discussed in Section I I .A now only apply for the dose-
stimulus curve. This implies a substitution in the various equations of S...ISm 

for E.../Em, e.g., £ A B/ £ m for EAB/Em) SABW/Sm for EABB,/Em, and SAJSm for 
EAm/Em. For a drug, A, the relation between the dose and the stimulus evoked 
can be represented by : 

^ = ? (1) 
Sm 1 + (KJ[A]) ( ' 

Compare this equation with Eq. 4 in Section II .A. 

111.1. THE ALL-OR-NONE RESPONSE 
Instead of a linear proportionality between stimulus and effect, as assumed in 
Section I I , an all-or-none relation can be supposed. This means tha t an effect 
is produced by the effector unit only if the stimulus reaches a critical value. 
This value is called the response or trigger value, r . If this value is reached or 
surpassed, a full response is obtained, So, if the effector unit responds, it does 
so in a 100% way every t ime the critical value τ is reached for the stimulus 
(3, 4, J, 6, 83). Independent of us, Hewlett et al. (39) postulated an analogous 
approach in their article on quantal and graded responses. Their hypothesis 
reads: "An individual organism responds quantally if an underlying quantita
tive change tha t results from administration of the drug, and tha t can be 
regarded as a graded response, reaches a certain level of intensity characteristic 
of t ha t individual organism." 

All-or-none responses are well-known phenomena in biology. The transmis
sion of impulses in interneuronal synapses and a t the myoneural junction has 
an all-or-none character. The evocation of the stimulus is supposed to be corre
lated with a local change in the membrane potential. If this change reaches a 
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certain value, the critical firing potential (87) or trigger value, a full response is 
obtained in the effector unit, e.g., the post-synpatic nerve fiber or the muscle 
cell. This is accompanied by a propagated action potential (18, 46). 

I t is useful to differentiate between trigger value and threshold value. When 
the trigger value is reached, the effector gives the full response; when the 
threshold value is reached, the effector starts to respond in a graded way. 

III.1.1. In a Single Effector Unit 
An all-or-none response in a single effector unit implies a sharply discon

tinuous dose-response relation. The dose of A for which SA/Sm reaches the criti
cal value of τ, causes a full response of the effector. This dose may be called the 
trigger dose. Lower doses do not give any response, SA/Sm < r . Higher doses 
result in a constant response, $ A/ # m ^ r . The maximal value tha t can be 
reached for the stimulus is determined by a, the intrinsic activity of drug A. 
A gradual decrease in the intrinsic activity in a series of compounds results in 
an abrupt change from agonistic compounds, α ^ r , to competitive antag
onistic compounds, α < τ. 

The number of receptors tha t have to be occupied by a drug A to reach the 
trigger value τ for the stimulus, depends on the intrinsic activity of the drug. 
If α > r , the maximal stimulus possible with drug A is greater than τ. Then only 
a fraction of the receptors has to be occupied in order to reach τ and to get a 
response. There is a reserve in the potential stimulus, or more practically, there 
is a reserve in receptors. If more receptors are occupied by A than necessary— 
thus, if the stimulus surpasses the value of τ—the response obtained is not 
increased. If any response is obtained in the case of an all-or-none response, it 
is a full response. 

If an agonistic compound A, for which α ^ τ, is combined with a competi
tive antagonist B, for which β < τ , the dose of A necessary to reach the critical 
value f o r $ A B/ $ m is increased. An increase in the dose of the agonist can over
come the competitive inhibitive action of Β ; the inhibition is surmountable 
(4, 5). The trigger dose for A is increased by B. 

If compound A is combined with a noncompetitive antagonist B, which 
interacts in such a way tha t the result is a decrease in the stimulus, the an
tagonism is not surmountable, a t least if high doses of the compounds A or Β 
are used. The antagonism is surmountable to a certain degree, if low doses of 
the compounds A and Β are applied; then, an increase in the dose of A still 
results in an increase of SAB,/Sm. If this reaches the value of τ again, a response 
is obtained. The trigger dose for A is increased by low doses of B. With high 
doses of Β the effect of A is definitely blocked (2, 4y 5, 85). 

If the noncompetitive antagonist at tacks the effector itself and disables it 
to a certain degree, the addition of the antagonist does not result in a change 
of the trigger dose, but in a decrease in the effect produced by the effector unit. 

All relations, equations, and curves for drug-receptor interactions given in 
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Section I I can be introduced in an easy way into the model for the all-or-none 
response of a single effector unit. The trigger doses for such an effector unit 
can easily be calculated from them. The trigger dose is tha t dose of a drug for 
which S...ISm reaches the response value τ . Drawing a horizontal line at the 
value S.../Sm or E.../Em, equal to τ, in the figures representing the theoretical 
dose-response curves for various combinations of drugs represented in Sec
tion I I , the trigger doses for the drug concerned can be read from the point of 
intersection of this line with the various curves. For the case of a competitive 
and noncompetitive inhibition mentioned above, see Figs. 23 and 24, Section 
II .A. and Fig. 4, Section I I .B , respectively. 

III.1.2. In a Group of Effector Units 
Many biological objects are composed of a great number of effector units. 

The striated muscle is composed of many muscle cells. Sharply discontinuous 
dose-response curves can be expected for the single cells, but not for the muscle. 
The trigger values for the various cells will exhibit a certain variance.* Graded 
log dose-response curves obtained with tissues do not exclude an all-or-none 
response for the composing cells. 

Suppose there is a biological variance in τ. For the action of a particular 
type of drugs on a certain biological object the type of distribution is assumed 
to be constant. In the case of a symmetrical frequency distribution, 5 0 % of the 
units will have responded if $ A/ # m reaches the mean value, f. The slope of the 
dose-response curve is determined by the biological variance (28, 29). 

I t is essential t ha t a certain value for the stimulus is assumed to result always 
in the same effect, independently of the way in which the stimulus is induced. 
When a frequency distribution according to Gauss occurs, characterized by 
the standard deviation σ, the zone represented by (f + cr) to (f — σ) covers 
about 68 .3% of the distribution curve; from (τ + 3σ) to (f —3σ) it is about 
99.7%. 

The concentration range for which the relationship 

( f - 3 a ) < S A/ S m< ( f + 3a) 

holds good, covers an effect from 0.3-99.7% of the maximal effect Em. This 
implies tha t for drugs with an intrinsic activity α > (τ + 3σ) only a fraction of 
the receptors has to be occupied in order to obtain a practically maximal effect. 
The maximal value for the stimulus to be reached with such a drug is greater 
than (τ + 3σ), the value which is necessary for the stimulus to obtain 99.7% 
of Em. There is a reserve in receptors which is determined by [α — (τ + 3σ)]. 

A consequence of the biological variation in the various effector units in the 
organ is tha t instead of a trigger value for the dose for the units, a threshold 
value for the dose comes into the picture for the organ. With doses of A for 
which SAj8m < (f — 3cr), no response is obtained. For the threshold dose of A, 

* Statistical variation; scattering of the values. 
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SAISm = (f —3σ). When this dose is surpassed the organ reacts with a graded 
response. 

When the effect is proportional to the fraction of receptors occupied, the 
slope of dose-response curves for a drug A is determined in the first place by the 
type of drug-receptor interaction and the intrinsic activity (see Section I I ) . 
When there is an all-or-none response, the slope of the curves is determined 
by the biological variance and the intrinsic activity. 

III.1.3. From Agonist to Competitive Antagonist 
There are three cases to consider: 
1. Drugs for which the intrinsic activity α > (f + 3σ), if added in sufficiently 

high concentrations, produce a practically maximal effect, Emi even before the 
total number of receptors is occupied; there is a receptor reserve. For doses so 
low tha t SA/Sm < (f —3σ), no effect is obtained; there is a threshold pheno
menon. 

2. Drugs for which the intrinsic activity α < (f —3σ) are " inact ive ." Even 
in high concentrations, less than 0.1 % of the effector units will respond. These 
drugs behave as competitive antagonists of those for which the intrinsic 
activity is greater than (f — 3σ). 

3. Drugs for which (f — 3σ) < α < (f + 3σ) are effective as such. The maximal 
effect, EAm, t ha t they produce is smaller than the maximal effect, Em, obtain
able with the biological object. In combination with drugs with a higher in
trinsic activity, they act as competitive antagonists. There is a competitive 
dualism in action. 

A gradual decrease in the intrinsic activity results in a gradual change from 
agonistic to competitively antagonistic compounds via dualistic compounds, 
which behave as "par t ia l agonists" (compare with Section II.A.3.4). 

Figure 1 represents theoretical dose-response curves for a series of drugs 
with various intrinsic activities and various affinities to the specific receptors 
acting on a biological object responding in an all-or-none way, with a biological 
variance for r . The decrease in intrinsic activity results in a gradual change 
from agonistic to competitively antagonistic compounds via dualistic ones. 
The compounds with a high intrinsic activity, although their intrinsic activities 
differ, will give the same maximal response; this as a result of the receptor 
reserve. For these compounds with a high intrinsic activity, the decrease in 
intrinsic activity results in an almost parallel shift in the log dose-response 
curves (see Fig. 1). 

In case of the all-or-none response the characteristics of the curves are the 
same as those described for the curves in case of a competitive antagonism in 
Section II .A. Addition of a certain concentration of a competitive antagonist 
results in a parallel shift of the log dose-response curves for the agonist (see 
Fig. 2 and the upper par t of Fig. 3, and compare with Section II .A, Figs. 11 
and 23) (83). 
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FIGS. 1-3. Theoretical log concentration-response curves. Concentrations in M-1. FIG. 1. Compounds with varying values for the affinity 
( 1 j K A) and the intrinsic activity (a) in the case of an all-or-none response (5, 82). Note the parallel shift in the curves with a variation of KA, 
the nearly parallel shift in the curves for the compounds with a high intrinsic activity, and a decrease in the maximum height and the slope 
of the other curves with a decrease in a. (Compare with Fig. 1, Section II.A.) FIG. 2. Agonistic compound A combined with various con
centrations of a competitive antagonist Β (5,82 ). Note the parallel shift in the curves for A. There are no essential differences between 
this set of curves and those of Fig. 11, Section II. A. FIG. 3. Partial agonist Β combined with various concentrations of an agonist A 
acting on the same receptor system (5,82 ). Note the dualism in character in the effect of B. (Compare with Fig. 23, Section II. A.) 
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For the cooperation between competitive compounds, new characteristics 
are found. Suppose two agonistic compounds, A and B, each with a certain 
value for the threshold doses, are combined. Previous addition of compound A 
in a sub-threshold dose, results in a stimulus not great enough to produce a 
response. The consequence is tha t smaller doses of compound Β are sufficient 
to bring the stimulus to the critical value τ and to induce an effect. Without 
previous addition of A, higher doses of Β are necessary. There is a facilitation 
of the effect of Β by A. The reverse of it also holds true—a facilitation of the 
effect of A by Β also takes place. Figure 4A and the lower par t in Fig. 3 repre
sent theoretical dose-response curves for such a cooperation between two drugs. 
Compare these figures with Fig. 4B and with Fig. 23, Section I I . A.3, respectively. 

FIG. 4. A and B . Theoretical log concentration-response curves for the agonist A com
bined with various concentrations of another agonist B , acting on the same receptor system 
in the case of an all-or-none response (5, 82). Concentrations in M~x. FIG. 4A. Note the 
facilitating action of compound Β for compound A . FIG. 4B. Note the absence of a 
facilitating action. 

Figure 4B represents curves for the case of a simple additive action, which 
follows Burgi's law (14,15,16). This law says: " I n combining drugs with the 
same end-effect, the resulting activity is additive, when the sites of action of 
the compounds are identical." If a fraction ρ of the dose of the drug A may be 
substituted by a corresponding fraction of an equi-active dose of a drug Β 
without a change in the effect, there is an addition. In formula this can be 
represented as : 

= e f f e o t o f ( l - p ) [ A ] + p[B] 
q effect of [A] { } 

where [A] and [B] are equi-active doses of the respective compounds. When 
there is an addition, the value of q equals 1. If the effect is linearly proportional 
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to the stimulus, combination of two compounds which induce their effect on 
common receptors, results always in an addition, independent of the intrinsic 
activity of these compounds (3). In the case of an all-or-none response, the 
same relations are valid for the stimulus and, as a certain stimulus always 
results in the same effect, Burgi's law also is valid for the effect. There is an 
interesting complication. If the fractions of the equi-active doses [A] and [B] 
t ha t have to be combined are inactive when applied singly, because they only 
induce sub-threshold stimuli, their combination again results in an effect equal 
to t ha t of the individual whole dose. 

The discussion of the all-or-none response demonstrates t ha t for this type 
of action also a gradual decrease in the intrinsic activity results in a change from 
agonistic compounds to their competitive antagonists. Phenomena, such as 
competitive inhibition and noncompetitive inhibition, auto-inhibition, etc., 
for the main part , have the same characteristics as in the more simple type of 
action described in Section I I . Two interesting concepts, viz., the threshold 
phenomenon and the receptor reserve evolved in a natural way from the theory. 

111.2. THRESHOLD P H E N O M E N A 

111.2.1. Theory 
Threshold phenomena in dose-response curves can be based on all-or-none 

mechanisms, as discussed before. There are other mechanisms tha t may lead 
to this phenomenon. 

In Section I I the effect was assumed to be linearly proportional to the 
stimulus and to s tar t right away with the induction of the stimulus. I t is quite 
possible, however, t ha t as a result of a certain inertia in the biological object, 
an effect is only obtained after the stimulus reaches a certain threshold value. 
I t may be, for instance, t ha t the contractile elements in the isolated organ have 
to contract to a certain degree before the organ as a whole is shortened. Then, 
there is an interference of mechanical factors. 

This situation can be treated along the lines developed by Kirschner and 
Stone (50). In the simplest case, the effect is linearly proportional to the 
stimulus minus a constant s, the threshold value for the stimulus. Thus, 
E.../Em = (S.../Sm — s). Then, the dose-response curves plotted on a linear 
dose-scale will not pass through the origin. 

111.2.2. Experiments 
When the dose-response curves—for ACh or SuChMe3, obtained with the 

isolated rectus abdominis muscle of the frog, or for HFMe 3* with the isolated 
ileum of the rat , or for ACh on the isolated ileum of the mouse—are plotted on 
a linear dose scale, an extrapolation of the curves results in a point of inter
section below zero (see Figs. 5, 6, 7, and 8). This phenomenon is very regular 

* F stands for dioxolane in the formulas for its derivatives (see section II.A.2.2.). 
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FIGS. 5-8. Cumulative concentration-response curves for some agonistic compounds: acetylcholine (ACh), succinylcholine (SuChMe3), 
and Dilvasene (HFMe3) in the presence of various concentrations of some competitively antagonistic compounds. Note how the curves 
intersect with the ordinate at a point below zero, which indicates a threshold in the concentration-effect relation and gives the value for this 
threshold. [Fig. 5, after Kirschner and Stone (50). Fig. 8, after Takagi and Kimura (95).] 
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in dose-response curves obtained with isolated organs acting under isotonic 
conditions, as in these experiments. Figures 6, 7, and 8 represent the same 
families of curves as represented in Section II .A, Figs. 13,14, and 17. The point 
of intersection gives the value for sy the threshold value for the stimulus 
(6, 7). 

Plotting of the data in the way described by Lineweaver and Burk (57) 
implies tha t 1/effect is plotted against 1/dose. If the dose-response relationship 
exactly obeys the equations based on the mass action law (given in Section II) , 
straight lines are expected. From them a differentiation between the various 
types of antagonism, competitive, noncompetitive, uncompetitive, etc., and 
a determination of various constants are possible (see Section I I .B , Fig. 27) (64). 
In the case of a competitive antagonism, the curves have a common point of 
intersection with the axis on which l/effect is plotted, a t least in theory (57). 

Usually, plotting of pharmacological data obtained with isolated organs 
according to Lineweaver and Burk, does not result in straight lines, especially 
not if sufficiently long dose t racts are studied. Figures 9, 10, 11, and 12 give a 
Lineweaver-and-Burk plot of the dose-response curves as represented in 
Figs. 5, 6, 7, and 8. The curves are not straight. The deviation may be caused 
by a lack of linear proportionality between the concentration of the drug in 
the bath fluid and tha t in the biophase. I t may be tha t the relation between 
drug and receptor does not follow the simple equations used, or tha t the rela
tion between the stimulus evoked and the effect obtained is not linearly pro
portional. For the lat ter situation, an example is found in the all-or-none 
response and in the threshold relation just described. A plot of l/feffect-M] 
against 1/dose, where s is expressed as a percentage of (100 +θ) , will result in 
straight lines if the threshold phenomenon is the main cause of the deviation. 
Figures 13, 14, 15, and 16 represent experimental dose-response curves, as 
given in Figs. 9 ,10 ,11 , and 12, plotted in this way. The curves are straightened 
by this procedure (50). This favors the assumption made for the threshold and 
a t the same time shows tha t the hypothesis used fits the experimental results. 
The threshold in the dose-response curves is not found by all investigators 
(19a, 81a). I t may be expected that , if the lever and the isolated organ, 
respectively, are heavily loaded, the muscle fibers are stretched such tha t a 
shortening of the fibers directly leads to a shortening of the organ. 

For drugs and biological objects for which threshold phenomena in the dose-
response curves are found, a facilitation by sub-threshold doses may be ex
pected. This applies to compounds for which an additive relation exists, and, 
thus , to agonists interacting with the same receptor system. I t may apply also 
to compounds which induce their effect on different receptor systems, but , by 
means of a common effector system, e.g., a functional synergism (see Section 
II.B.4.1). 

A comparison of the experimental dose-response curves represented in 
Fig. 27, Section II.A.3.4.6, with the theoretical dose-response curves of Fig. 3 
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FIGS. 9-12. Cumulative concentration-response curves as represented in Figs. 5-8, plotted according to Lineweaver and Burk. Note that 
because of the competitive relation between agonist and antagonist, the curves were expected to be straight. [Fig. 9, modified after 
Kirschner and Stone (50). Fig. 12, based on data of Takagi and Kimura (95).] 



406 
Ε

. J. A
R

IE
N

S, Α
. Μ

. SIM
O

N
IS A

N
D

 J. Μ
. V

A
N

 R
O

SSU
M

 

FIGS. 13-16. Cumulative concentration-response curves as represented in Figs. 5-8 and Figs. 9-12, plotted according to Lineweaver and 
Burk and corrected for the threshold value, as found in Figs. 5-8. Note that after correction for the threshold value s, straight lines are 
obtained. [Fig. 13, after Kirschner and Stone (50). Fig. 16, based on data of Takagi and Kimura (95).] 
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demonstrates t ha t a facilitation by sub-threshold doses is present in the 
experiments. 

The sensitization of the rectus muscle of the frog for ACh by small inactive 
doses of butyrylcholine, is another example of a facilitation by sub-threshold 
doses (23). Butyrylcholine itself in higher concentrations also induces a con
traction of the rectus muscle. The effect of ACh and tha t of butyrylcholine 

. % contraction + a 

100 °o-°/o contract ion 

mM 
FIG. 17. Log concentration-response curves for a number of spasmogens tested on 

various isolated organs: histamine on the gut of the guinea pig; HFMe3 on the gut of the 
rat; SuChMe3 and BuNMe3 on the rectus abdominis muscle of the frog, as represented 
in Fig. 10 , Section II .A. Log concentration-response curves: . Curves corrected 
for the threshold value s: . Theoretical curves: for η == 2, η = 1.5, η = 1. 
Note that after correction, the slopes of the experimental curves approach that of the 
theoretical curve for η = 1. 

are antagonized in a competitive way by acetylcholinolytics, such as, for in
stance, curare. Analogous relations were described for combinations of sub
threshold doses of DecaMe3 with SuChMe3 and SuChMe3 with ACh (62). 

As mentioned in Section I I .A.2 .3 , there has been much discussion on the 
difference in the slope of the experimental dose-response curves and the curves 
calculated from the theory. 
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The presence of a threshold phenomenon, as described above, implies tha t 
the dose tract covered by the dose-response curves is shorter than tha t covered 
by the dose-stimulus curves. This means tha t the slopes of the first are steeper 
than those of the latter. As demonstrated in Section II .A, Fig. 10, the experi
mental curves are steeper than the theoretical curves. The slope of the experi
mental curves after correction for the threshold values may be expected to 
approach the theoretical one more closely. The experimental dose-response 
curves given in Section II .A, Fig. 10 are represented again in Fig. 17, but now 
corrected for the thresholds. The difference in the slopes of theoretical and 
experimental curves is smaller after this correction. 

111.3. RECEPTOR RESERVE 

III.3.1. Theory 
Besides the occurrence of spare receptors in case of an all-or-none response 

as described before, such a reserve may also be caused by other mechanisms (6) 
(see Section III .4) . 

The occurrence of spare receptors for drugs with a high intrinsic activity has 
interesting consequences (88). The addition of a compound which blocks in an 
irreversible way the specific receptors, will result in a decrease or an annulment 
of the receptor reserve. Combination of such an irreversibly blocking agent with 
an agonistic compound with a high intrinsic activity, will result in a more or less 
parallel shift of the dose-action curves, until with higher concentrations of the 
blocking agent the receptor reserve is exhausted. Then, a decline in the curves 
becomes manifest. For a compound A with an intrinsic activity so low tha t its 
maximum effect, EAm, is smaller than the maximum effect possible with the 
biological object, Em, spare receptors are excluded. Such a drug has to occupy 
all receptors available in order to induce its maximal effect, EAm. For such a 
compound, addition of an irreversible blocker of the specific receptors will not 
result in a parallel shift of the curves, but only in a decline. Figures 18 and 19 
represent theoretical dose-response curves for combinations of various drugs 
(A) with varying intrinsic activities, and the irreversibly blocking agent (B). 
There is a clear difference in the curves for drugs with and drugs without a 
receptor reserve (5, 6, 82, 83). 

If an irreversible blocker Β interacts with receptors different from those for 
the agonist A, the picture is different. 

What will happen if a compound with a reserve in receptors is combined 
with a reversible or irreversible noncompetitive antagonist? 

1. When the antagonist interferes with the induction of the stimulus, its 
presence results in a shift of the dose-response curves of the agonist, followed 
by a decline, just as in the case of an irreversible blockade of the specific 
receptors. The noncompetitive antagonist mentioned may be expected to 
exhibit a certain specificity with respect to the agonist. I t s point of at tack 
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must be located close to tha t of the agonist. I t will bring to light a reserve in 
receptors for the agonist. 

2 . When the noncompetitive antagonist does not interfere with the induc
tion of the stimulus but with the response in the effector system, it will result 
in a decline in the dose-response curves, without a preceding shift. I t interferes 
with one of the final reactions in the sequence of events leading to the effect. 
Such a noncompetitive antagonist will not bring to light a reserve in receptors. 
I t may be expected to be rather nonspecific. Such a noncompetitive antagonist 
will inhibit all spasmogens which make use of the effector systems concerned, 

I 10 I02
 I 10 I02 

Fig. 18 [ A] Fig. 19 w 

FIGS. 18 and 19. Theoretical log concentration-response curves for an agonistic com
pound A with a high (Fig. 18) and a low (Fig. 19) intrinsic activity, combined with various 
concentrations of B, an irreversible blocker of the specific receptors (5, 82). Concentrations 
in M~x. Note that the shift in the curves before a decrease in the maximum height and in 
the slope of the curves, takes place in the case of a high intrinsic activity (there is a 
receptor reserve). Note the absence of the shift in the case of a low intrinsic activity (there 
is no receptor reserve). 

independently of the variation in the specific receptors used by the spasmogens 
and the type of stimulus they induce (5, 82). The musculotropic spasmolytics 
of the papaverine type which act as antagonists of a great number of spasmogen 
types (parasympathomimetics, sympathomimetics, histamine, BaCl2, etc.) are 
probably examples of such noncompetitive antagonists. 

Whether, and to what degree, addition of an antagonist will result in a mani
festation of the reserve in specific receptors for the agonist by a parallel shift 
in the curves, depends on the point of a t tack of the antagonistic compound 
and on the type of reaction, reversible or irreversible. Irreversible antagonistic 
compounds which occupy the receptors for the agonist will definitely bring to 
light the full reserve in receptors. 
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111.3.2. Experiments 

I I I .3 .2 .a . IRREVERSIBLY BLOCKING AGENTS 

Thanks to the work done by Nickerson, Furchgott , Graham, and others 
(27, 31, 31a, 73, 74, 75, 76, 77), a number of irreversibly blocking antagonists 
with sympatholytic, parasympatholytic, and antihistaminic properties are 
available. They all belong to the jS-haloalkylamines. These compounds are 
related to the nitrogen mustards. Probably they form chemical bindings of the 
covalent type with reactive groups (SH, OH, etc.) on the surface of the specific 
receptor, thus blocking it in an irreversible way (6,11, 31, 31a, 79). These drugs 
belong to the group of alkylating agents. 

The irreversible blockade is preceded by a short phase of part ly reversible 
blockade. (This phenomenon was discussed in Section II.A.7.2.a.) The irre
versible blockade is characterized by the long duration of action when a whole 
animal is used and by the antagonism not being reversed after repeated wash
ing in the case of isolated organs. 

The specificity of the irreversible blocking action can be studied by so-called 
protection experiments. When the sympathetic receptors are for the greater 
par t occupied in a reversible way by an agonist, such as arterenol, adrenaline 
or isopropylarterenol, or by a reversible competitive antagonist, for instance, 
a sympatholytic, the chemical binding between the irreversibly blocking agent 
and the sympathetic receptors will be delayed. They are protected against the 
irreversible blockade by the agonist or by the reversible competitive an
tagonist. For dibenamine and sympathetic drugs tested on the isolated aorta 
strip of the rabbit, Furchgott (27) proved tha t a protection could be obtained 
by arterenol and epinephrine and by their competitive antagonists, the 
sympatholytics. 

I I I .3 .2 .b . RECEPTOR PROTECTION EXPERIMENTS 

The blocking action of dibenamine is not restricted to the specific receptors 
for sympathetic drugs. The receptors for parasympathetic drugs and those for 
histamine are also blocked. However, parasympathetic drugs and histamine 
act on other specific receptors than the sympathetic drugs and do not protect 
the sympathetic receptors against dibenamine. For the various sympathetic 
drugs, sympathomimetics and sympatholytics, there is a cross protection. 
For drugs of various types, such as sympathetic and parasympathetic or 
histaminic drugs, no crossed protection exists (see Tables I and I I ) . 

Figures 20A, B, and C represent some protection experiments. The para
sympatholytic B u 2F M e 3 protects the receptors for the parasympathomimetic 
MeFMe3. The antihistaminic dibutyl pyretamine protects the receptors for 
histamine. The sympatholytic ^-isopropylarterenol protects the receptors for 
arterenol (8). As a rule in the usual doses the lytics appear to have a better 
protecting action than the mimetics. The mimetics occupy in the case of a 
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T A B L E I 

CROSS PROTECTION AMONG SYMPATHOMIMETIC DRUGS AGAINST DIBENAMINE BLOCKADE" 

Dibenamine Remaining 
Drugs tested before cone, during Drugs with sensitivity 

and after dibenamine 2 0 min dibenamine during (% of 
incubation incubation incubation Cone. original) 

Adrenaline ίο- 6 None 0 
ίο- 6 -^-isopropylarterenol 3 · 1 0 ~ 4 1 0 0 
ίο- 6 None — 0 .2 
ίο-» Arterenol 3 - 1 0 - 5 1 0 

Arterenol 3 - 1 0 - 6 None — 0 
3 Ί 0 - 6 Adrenaline io - 4 2 0 

Ν - isopropylarterenol 1 0 - « None — 0 
io-« Adrenaline io - 5 5 
ίο- 8 None — 0 
i o - e Arterenol 3 - 1 0 - 5 2 0 

a After Furchgott (27). 

TABLE II 
ABSENCE OF CROSS PROTECTION OF ONE STIMULATING DRUG BY ANOTHER AGAINST 

DIBENAMINE BLOCKADE" 

Drugs with 
Dibenamine dibenamine 

Drugs tested before cone, during during incubation No. of 
and after dibenamine 2 0 min which failed to give experi

incubation incubation cross protection Cone. ments 

Adrenaline 3 - 1 0 - 6 Histamine io - 4 3 
3 · 1 0 - Β Acetylcholine io - 3 1 

Arterenol 3 - 1 0 - β Histamine io - 4 1 
ίο - 5 Acetylcholine IO"3 1 

Histamine 3 · 1 0 - Β Adrenaline io - 4 5 
3 · 1 0 - Β Acetylcholine io - 5 1 

Acetylcholine ίο- 5 Adrenaline io - 4 1 

ίο - 5 Histamine io - 4 1 

° After Furchgott (27). 

receptor reserve in the usual doses only a fraction of the receptors and, there
fore, give in these doses only fractional protection. 

The experiments represented in Fig. 20A, B, and C demonstrate tha t com
petitive antagonists can protect the specific receptors against irreversible 
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blockade. In this respect, it is of interest to realize tha t such protection cannot 
be obtained with noncompetitive antagonists. Figure 21A and Β represent 
dose-response curves analogous to those of Fig. 20A, B, and C, but now with 
the noncompetitive antagonist papaverine. With this compound, no protection 

°/o contraction; je junum (rat )~ 
1 0 0 

ileum (guinea pig)" 

1 0 - 3 1 0 ' 2 10'5 

mM MeFMe, 

Β 

m M Histamine 

% contraction: vas deferens (rat) -
100-

10"1 1 10 
m M di- Arterenol 

FIG. 2 0 . A , B, and C. Cumulative log concentration-response curves for the agonistic 
compounds MeFMe3, histamine, and dZ-arterenol after incubation of the organ with vary
ing concentrations of dibenamine for 1 0 min, and with dibenamine in the presence of the 
reversibly blocking agents Bu2FMe3, Bu2Pyretamine, and d-isopropylarterenol, respec
tively, where the reversibly blocking agents were added 5 min before dibenamine. 
(Before adding the agonist after incubation, the organs were washed for 1 0 min.) Note that 
the incubation with the irreversible blocker dibenamine in the presence of the reversibly 
blocking agents Bu2FMe3, Bu2Pyretamine, and <2-isopropylarterenol is without effect 
because the receptors are protected. Without this protection, dibenamine, even in con
centrations lower than used before, induces a strong decrease and a shift in the curves for 
the agonists. 
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FIG. 21. A and B. Cumulative log concentration-response curves for the spasmogens histamine and arterenol after incubation of the 
organ with dibenamine for 10 min and with dibenamine in the presence of the reversible noncompetitive antagonist papaverine for 15 min. 
Concentrations in mM. Papaverine was added 5 min before dibenamine. (Before adding the agonist after incubation, the organ was washed 
for 40 min.) Note that, in contrast to the cases represented in Fig. 20, the presence of the noncompetitive antagonist (papaverine) does 
not result in protection of the organ against the action of dibenamine. 
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is obtained (8). These experiments fully agree with the models used for the 
competitive and noncompetitive antagonism in Section I I . The protection 
experiments (Tables l a n d I I and Fig. 20A, B,and C) demonstrate tha t there is 
still an element of competition in the irreversible blockade of specific receptors 
by compounds such as dibenamine. Nickerson (77) used the term "non-
equilibrium antagonism." 

The competitive character of the irreversible blockade of specific receptors 
is especially clear in enzymology (23, 23a, 23b). Simultaneous addition of 
substrate and irreversible inhibitor results in dose-response curves with a 
clearly competitive appearance. The same obtains for dose-response curves 
obtained with certain microorganisms. See for instance Section I.B.5.2., 
Fig. 19B and compare this figure with Section I.B.5.2, Fig. 20B. 

I t may be concluded tha t dibenamine and the related /3-haloalkylamines 
fulfil the requirements for an agent which blocks in an irreversible way specific 
receptors. These drugs are suitable to elucidate a possible receptor reserve. 

III.3.2.C. ANTAGONISTS AND IRREVERSIBLY BLOCKING AGENTS 

Furchgott (27) found tha t the antagonistic action of dibenamine, with re
spect to adrenaline tested on the isolated aorta strip of the rabbit, resulted in 
a shift of the curves followed by a decline (Fig. 22). Analogous results were 
obtained by Nickerson (76) for combinations of β-haloalkylamines and hist
amine on the isolated gut of the guinea pig (Fig. 23). For this purpose certain 
concentrations of the blocking agents were left in contact with the isolated 
organ for a certain time, the incubation time. The degree of blockade varies 
with the concentration and the time. The shift in the curves possibly points to 
a certain receptor reserve. Especially in the case of histamine on the isolated 
gut of the guinea pig, there is a considerable shift in the curves (Fig. 23). 

If this shift really is the result of a reserve in receptors, it would imply tha t 
only about 1 % of the specific receptors for histamine has to be occupied by the 
drug in order to obtain a maximal response from the isolated gut—a receptor 
reserve of 99% (76). Can there be another reason for this shift in the curves? 
Harvey et al. (38) demonstrated tha t drugs like histamine and arterenol can 
themselves react with dibenamine and other /3-haloalkylamines. This means 
that , if a par t of the dibenamine compound stays behind in the organ after 
incubation, it can cause a shift in the curves as a result of a chemical antagonism 
or antagonism by neutralization. Furchgott (27) found tha t a repeated washing 
of the organ even for 3 hr, did not lead to an elimination of the antagonistic 
action of dibenamine. We (6", 8) repeated the experiment of Nickerson (Fig. 23) 
and also found a shift, although somewhat smaller than in his experiments. In 
order to exclude an antagonism by neutralization, after the incubation of the 
isolated gut of the guinea pig with dibenamine, the tissue was exposed re
peatedly to high concentrations of the spasmogen histamine. This did not 
result in a change in the shift of the curves for histamine, so tha t a chemical 
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FIGS 22 and 23. Log concentration-response curves for the spasmogens adrenaline and histamine after incubation of the organs with 
various concentrations of 0-haloalkylamines which act as irreversible blockers of the specific receptors. (GD-121:JV-l-naphtylmethyl-
AT-ethyl-fi-chloroethylamine.) Note that besides a decrease of the maximum height and the slope of the curves, a shift m the curves also 
takes place. Possibly, this indicates a receptor reserve. [Fig. 22, after Furchgott (27). Fig. 23, after Nickerson (76).] 
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antagonistic component in the action of dibenamine may be excluded. Hence, 
the shift in the dose-response curves (Figs. 22 and 23) can be ascribed to a 
receptor reserve for the agonists used (compare with Fig. 18). 

Is it possible to put this to a further test? As described in Section I I I .3 .1 , no 
receptor reserve exists for the compounds with such a low intrinsic activity 
tha t the maximum effect obtained with them is smaller t han the maximum 
effect obtained with compounds with a higher intrinsic activity. For such com
pounds, only a decline in the curves and no shift or a much smaller shift in the 
curves will occur after incubation of the tissue with the agent irreversibly 
blocking the specific receptors (Fig. 19). For compounds with a high intrinsic 
activity, the maximum effects obtained may be equal, although the intrinsic 
activities differ. If this is the case, a difference in the degree of shifting in the 
curves by the irreversibly blocking agent can be expected. The higher the 
intrinsic activity, the larger the shift (6, 52, 83). 

Interesting test series in this respect are the cholinomimetic compounds 
where, according to the 5-atom rule, the compounds with a 5-atom chain are 
more active, have higher p D 2 values than those with a 4-atom chain, when 
tested on the isolated gut of the ra t (see Section II .A, Table XVI) . Should these 
differences in the pZ>2 values be ascribed to a difference in the affinity, to a 
difference in the intrinsic activity in combination with a receptor reserve, or 
to both? Figures 24, 25, 26, and 27 represent experimental dose-response 
curves obtained with two couples of 5- and 4-atom compounds combined with 
dibenamine. The shift of the curves is practically equal for the 5- and 4-atom 
compounds in each of the couples. This means t ha t the difference in activity 
may be ascribed to a difference in the affinity and not in the intrinsic activity. 
Consequently, the 5-atom rule is based on the affinity of the drugs to the 
receptors (see Section II.A). 

III.3.2.d. PARTIAL AGONISTS AND IRREVERSIBLY BLOCKING AGENTS 

On the basis of earlier studies, it is known tha t the gradual change in the 
chemical structure of parasympathomimetic compounds, of sympathomimetic 
compounds and of histaminomimetic compounds can lead to a decrease in 
the intrinsic activity of these compounds. The mimetics change gradually to 
the corresponding lytics. This change takes place via compounds with an 
intermediate intrinsic activity, also called partial agonists (see Tables XVI I I , 
X I X , and XXIV, and Fig. 5, in Section II.A). 

To obtain a maximum response with these intermediate drugs, all receptors 
have to be occupied. This implies tha t although a reserve in receptors exists, 
for the original mimetics, e.g., the parasympathomimetics H F M e 3 and 
PentNMe 3, no reserve in receptors is expected for the various respective inter
mediate compounds, e.g., E t F M e 3 and HexNMe 3. The consequence is tha t 
while, for the original mimetics, an incubation of the isolated organ with 
dibenamine results in a shift of the curves followed by a decline, for the 
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FIGS. 24-27. Cumulative log concentration-response curves for HFMe3and MeFMe3, HFurfMe3 and MeFurfMe3 after incubation of the 
jejunum of the rat with a constant concentration of dibenamine for various times. Unit incubation time: 10 min. Note the shift which pre
cedes the decline in the curves. Possibly, this indicates a receptor reserve. 
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compounds with an intermediate intrinsic activity, a decline in the curves 
can be expected without a preceding shift (see Figs. 24, 25, 26, and 27), 

The experiments demonstrate tha t with compounds with an intermediate 
intrinsic activity—the parasympathomimetics, E t F M e 3 and HexNMe 3, and 
the histaminomimetic, ethylpyretamine—the decline in the curves after 
dibenamine is not preceded by a clear shift in the curves, indicating the absence 
of a receptor reserve (see Figs. 29, 31, and 32 and compare with Figs. 28, 30, 

% c u n t r a c t i o n ; i l e u m ( g u i n e a pig) 

incubat ion time 0 
10U - i 

vas deferens(rat)——— 

incubation time 

10"* 10_ 1 10" 
mvi H i s t a m i n e 

10"1 1 
m M / -Arterenol 

Fig. 28 Fig. 29 
FIGS. 2 8 and 2 9 . Cumulative log concentration-response curves for histamine and 

arterenol after incubation of the organs with constant concentrations of dibenamine for 
various times. Unit incubation time = 1 0 min. Note the shift which precedes a decline 
in the curves for histamine, and the decline in the curves for arterenol without a clear 
preceding shift. The absence of a shift in the curves indicates the absence of a receptor 
reserve. 

and 24). The experimental results are in accordance with the theory. If the 
curves for histamine and H F M e 3 from Fig. 17 are corrected for the receptor 
reserve, their slopes will approach still closer the slope of the theoretical curve 
for the value of η = 1. As a mat ter of fact for the drugs for which a receptor 
reserve exists, the intrinsic activity is not directly proportional to the value of 
EA jEm, nor is the affinity any longer directly proportional to the pZ>2 value. 
The possibilities of determining the intrinsic activities and affinities in the case 
of a receptor reserve will be discussed, in the following section. 

111.3.3. Intrinsic Activity and Affinity in the Case of a Receptor Reserve 
III.3.3.a. THEORY 

When the effect of a drug is supposed to be linearly proportional to the 
stimulus and this to the quanti ty of drug-receptor complex formed, the 
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FIGS. 30-32. Cumulative log concentration-response curves for the agonist PentNMe3 and the partial agonists HexNMe3 and EtFMe3 

after incubation of the jejunum of the rat with constant concentrations of dibenamine for various times. Unit incubation time =10 min. 
Note the shift which precedes a decline in the curves for HFMe3 (see Fig. 24) and for PentNMe3 (pure agonists) and the decline of the curves 
without a clear preceding shift for HexNMe3 and EtFMe3 (partial agonists). The absence of a shift in the curves possibly indicates the 
absence of a receptor reserve. 

Fig. 30 Fig. 31 Fig. 32 
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intrinsic activity is directly proportional to the maximum effect tha t can be ob
tained with the drug. This is no longer true if threshold phenomena occur or 
if a receptor reserve exists. In the case of an all-or-none response, as described 
above, the relation between the effect, EA/Em and the stimulus, SA/Sm, is of 
the type represented in Fig. 33. The same relation obtains for EAJEm and 
SAJSm. The latter is supposed to be proportional to the intrinsic activity of 
the drug which means tha t the curves in Fig. 33 also represent the relation 
between EA (Em and the intrinsic activity. I t can also be seen from this figure 
tha t in the case of the all-or-none response the intrinsic activity is practically 

FIG. 33. Theoretical curves for the relation between the effect (E) and the stimulus (S) 
(a) when there is a direct proportionality and (b and c) when there is an all-or-none response 
with a biological variation according to a Gaussian distribution (82, 83). Note that, for 
cases b and c, an effect is obtained only after the stimulus reaches a certain value, which 
indicates a threshold phenomenon. A practically maximum effect is obtained long before 
the stimulus reaches its maximum value, which indicates the existence of a receptor 
reserve. 

proportional to EAJEm for values 0.2-0.8 (6, 83). For this reason it is suitable 
to give the intrinsic activity a value of 0.5 when EA /Em is 0.5. The consequence 
is tha t , as far as partial agonists are concerned, the intrinsic activity is reason
ably represented by EAJEm for the case of a direct proportionality between 
stimulus and effect and for the case of the all-or-none response discussed here. 
The same obtains for the pZ>2 values which then give a reasonable measure for 
the affinity of the drug to its specific receptors. 

For values of EA jEm close to unity or close to zero, the intrinsic activity is 
no longer proportional to EAJEm because of the receptor reserve and threshold 
phenomena. The p D 2 values are then no longer a measure for the affinity. 

How can the intrinsic activity be determined for drugs for which a reserve 
in receptor exists? An easy way to approach experimentally the intrinsic 
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activity and the affinity of various drugs, including those with a reserve in 
receptors, is to block a fraction of the receptors such tha t the maximal response 
obtained with the drugs in question is reduced to a value of EAJEm = 0.5. 
This means tha t the stimulus is reduced to a constant value. The stimulus, in 
its turn, is proportional to the product of the intrinsic activity of the drugs and 
the fraction of the receptors not blocked. This implies tha t the intrinsic activity 
is proportional then to the fraction of receptors blocked. This fraction, in its 
turn, is determined by the concentration of the irreversibly blocking agent, B, 
the incubation time, t, and the reaction-velocity constant, kB. For further 
details and a quanti tat ive approach to the estimation of affinity and intrinsic 
activity of drugs in the case of spare receptors, see van Rossum (83). 

III.3.3.6. EXPERIMENTS 

In Section III .3.2, the qualitative aspects of spare receptors have been 
described. An a t tempt is made here to determine the relative intrinsic activities 
and affinities of some series of homologous parasympathomimetic drugs. 

I t has been shown in Section II .A.5, tha t a gradual increase of the length of 
the alkyl chain in alkyltrimethylammonium (RNMe3) and in 2-alkyl-4-(tri-
methylammonium) methyl- 1,3-dioxolane (RFMe3) leads to a gradual change 
from parasympathomimetics to parasympatholytics via intermediates or 
dualists (82). 

I t might be interesting to measure the intrinsic activities for the agonistic 
compounds in these various homologous series of drugs. In Tables XVI I I , X I X , 
and X X I V of Section II .A, the intrinsic activities for these compounds is given 
a value proportional to the maximum effect obtainable with the respective 
compounds. The consequence is tha t for all pure agonists the intrinsic activity 
is given a value of unity. As was demonstrated in Section III .3.2, spare recep
tors exist for the agonistic compounds mentioned (see Figs. 30, 24, and 28). 
Therefore, more information is necessary as far as their intrinsic activity is 
concerned. 

Stephenson (88) calculated from his experiments on the isolated gut the 
intrinsic activities for the pure agonistic compounds of the trimethylalkylam-
monium (RNMe3) series, and found a minimum for the intrinsic activity of 
the propyl derivative. He assumed tha t the affinity of the various compounds 
in the series regularly increases with the number of carbon atoms in R. 

The estimation of the intrinsic activity, based on the gradual elimination of 
the spare receptors by means of agents irreversibly blocking the receptors, is a 
very direct one. No assumptions have to be made about the affinities of the 
compounds. 

The results of various series of experiments with irreversible blockers are 
represented in Figs. 34 and 35. Contrary to the findings of Stephenson, no 
minimum for the intrinsic activity is found for the propyl derivative in the 
RNMe 3 series. The intrinsic activity gradually increases from the ethyl- via 
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FIG. 34. A and B. Time-response curves for the relation between the maximum response 
obtained with the various compounds of the homologous series of RNMe3 derivatives after 
cumulative incubation of the isolated jejunum of the rat with the irreversibly blocking 
agent dibenamine (83). Note that the maximum responses obtained decrease with an 
increase of the time of incubation and, therefore, with an increase of the fraction of the 
receptors blocked. For the compounds with a reserve in receptors, such as the pentyl and 
the butyl derivatives, no decrease in the maximum response takes place after incubations 
which decrease the maximum response for partial agonists like the hexyl derivative. As 
far as the reserve in receptors is concerned, this gradually decreases from the butyl via the 
propyl to the ethyl derivative, which means that the intrinsic activities also gradually 
decrease. This is contradictory to the findings of Stephenson (88). 
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the propyl- to the butyl- and pentyl-derivative. The lat ter two have about 
equal intrinsic activities. Via partial agonistic compounds, such as HexNMe 3 

(Fig. 34), the series ends in competitively antagonistic compounds (see Table 
X I X , Section II .A). Although some of the conclusions drawn by Stephenson 
(88) from his experiments have to be rejected (83), he deserves much credit in 
t ha t he emphasized clearly t ha t the relationship between stimulus and effect 
is not necessarily linear. 

For the R F M e 3 series, too, the relations represented in Figs. 24, 25, and 32 
are confirmed. The ethyl derivative is a partial agonist (Fig. 35). The conse-

% contract ion Jjejunum(rat) 

10 30 50 10 30 50 
c u m u l a t i v e incubation time (min) 
Dib.2.10"2 m M 

FIG. 35. Time-response curves for the relations between the maximum response ob
tained with the various compounds of the homologous series of dioxolane derivatives, 
RFMe3 (see Table X V I I I , Section I I . A ) , after cumulative incubation of the isolated 
jejunum of the rat with the irreversibly blocking agent dibenamine. Note that a reserve in 
receptors is absent for the partial agonist EtFMe3 (see Fig. 32), while a reserve in receptors 
exists for the pure agonists HFMe8 and MeFMe3 (see Figs. 24 and 25). 

quence of these results is tha t the decrease in the pZ)2 values (as mentioned in 
Tables X V I I I and X I X of Section II.A) is part ly due to a decrease in the 
amount of spare receptors and, therefore, to a decrease in the intrinsic activity. 

The introduction, in the experiments, of agents blocking the specific recep
tors in an irreversible way, has contributed essentially to the further evolution 
of the receptor theory. The formation of covalent bonds between these jS-halo-
alkylamines and certain functional groups of the receptor may make it possible 
in the future to isolate alkylated, peptide degradation-products, which can 
then provide direct information on the chemical properties of the receptors. 
This technique of "mapping active s i tes" has been applied very effectively on 
various esterases (23a, 42, 43, 44, 52a, 60, 78, 84). 
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111.4. MECHAN ICAL FACTORS A N D RESERVE IN RECEPTORS 
III.4.1. Theory 

The phenomenon of a reserve in receptors may be related to certain types of 
negative feedback in the effector system. When an isolated organ contracts in 
an isotonic way, a change in its shape takes place, a par t of which (the shorten
ing in the organ) is measured as effect. This shortening will be accompanied 
by a development of internal tensions as soon as the organ resists a further 
transformation. Such a resistance may result from the presence of connective 
tissue or from a special orientation of the muscle fibers as, for example, in the 
case of the isolated gut. There, the shortening caused by the contraction of the 
longitudinal fibers is counteracted to a certain degree by the contraction in 
the circular fibers. This means tha t a par t of the stimulus induced by the drug 
will not be detected as long as only the shortening of the organ is measured. 
I t is lost in an increase of the tension in the organ. The further the organ is 
contracted, the greater will be the loss. The so-called isotonic contraction 
becomes more and more isometric with the shortening in the organ. The con
clusion is tha t the higher the value of the stimulus or the larger the effect 
obtained, the smaller will be the increase of the effect—the shortening—that 
results from a certain increase in the stimulus. If the effect approaches the 
maximum value possible with the biological object concerned, an increase of 
the dose of the spasmogen, although it may increase the stimulus and induce 
contracting forces in the muscle fibers, will no longer manifest itself in a sig
nificant increase in the effect. In order to obtain a nearly maximal response 
from the organ, only a fraction of the receptors has to be occupied by the spas
mogen. There is a " v i r t u a l " reserve in receptors then. As mentioned in Section 
I I I .3 .1 , a " r e a l " receptor reserve—for instance, a receptor reserve for neuro
tropic spasmogenic substances as acetylcholine or arterenol or for histamine— 
will manifest itself in a shift which precedes the decrease in the maximal height 
and in the slope of the log dose-response curves after irreversible blockade of a 
fraction of the specific receptors. 

Addition of a musculotropic spasmolytic is not expected to result in a shift 
of the curves but only in a decrease in the maximal height and in the slope, 
because the contractile elements are disabled. In the case of a virtual receptor 
reserve, as a result of the mechanical factors just described, the musculotropic 
spasmolytics, too, will bring about a shift in the curves. The virtual receptor 
reserve, however, will also result in a shift of the curves after irreversible block
ade of the specific receptors for the spasmogens. Consequently, from a shift in 
the curves with a compound like dibenamine, one may conclude there is a 
receptor reserve, but nothing about its origin. The musculotropic spasmolytic 
papaverine will visualize only the virtual receptor reserve tha t is based on 
mechanical factors. This shift has to be subtracted from the shift caused by 
compounds like dibenamine in order to estimate the real receptor reserve. 
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111.4.2. Experiments 
Papaverine, as a spasmolytic, is about equi-active with respect to a great 

variety of spasmogens (histamine, ACh, barium chloride, arterenol, etc.), 
independent of the type of smooth muscle involved. This suggests a musculo-
tropic action (see Section I I .B , Table I) . I t is supposed to interfere directly 
with the contraction in the muscle fibers. I t is a noncompetitive antagonist 
of neurotropic spasmogens such as acetylcholine and arterenol. 

The experiments represented in Fig. 21A and Β demonstrate the noncom
petitive character of the action of papaverine. No protection of the specific 
receptors against the irreversibly blocking action of dibenamine occurs; this is 

96contraction;intest. (guinea pig) 

m M ACh m Μ Histamine m M B a C ^ 

FIGS. 36-38. Log concentration-response curves (Figs. 36 and 38) and cumulative log 
concentration-response curves (Fig. 37) for 3 spasmogens in the presence of various con
centrations of the musculo tropic spasmolytic papaverine. Note the shift which precedes 
the decline in the curves. Possibly, this indicates a receptor reserve. [Figs. 36 and 38, after 
Matsumoto (64).] 

in contrast to the protection obtained with competitive antagonists, as demon
strated in Fig. 20A, B, and C. 

Experiments with papaverine as an antagonist for various spasmogens in 
various organs have been done (64). With the isolated gut, especially tha t of the 
guinea pig, a clear shift in the curves was observed before a decline took place 
(see Figs. 36, 37, and £8). The shift caused by papaverine in the log dose-
response curve for histamine is not based on a possible competitive inhibiting 
action of papaverine. This is demonstrated by the registrogram presented in 
Fig. 39. In the presence of relatively large doses of a competitive antagonist of 
histamine, the antihistaminic neobenodine, papaverine causes a shift in the 
curves of histamine practically equal to tha t obtained with papaverine in the 
absence of neobenodine (Fig. 37). The shift caused by papaverine in the various 
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FIG. 39. Registrogram of cumulative concentration-response curves for histamine, histamine in the presence of various concentrations 
of the competitive antagonist neobenodine, and histamine with various concentrations of neobenodine and the noncompetitive antagonist 
papaverine. Note that, notwithstanding the parallel shift in the curves for histamine caused by the competitive antagonist neobenodine, 
papaverine still brings about a shift in the curves, followed by a decline, equally as much as in the absence of neobenodine. (Compare 
with Fig. 37.) 
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Β 

m Μ Arterenol m Μ Carbachol 

FIG. 4 0 . A and B . Cumulative log concentration-response curves for the spasmogens 
arterenol and carbachol in the presence of various concentrations of the musculotropic 
spasmolytic papaverine. Note the noncompetitive inhibitive action of papaverine and the 
absence of a shift in the curves, as was observed in Figs. 36-38. 

t ha t in this thin muscle with its very regular anatomical structure, when 
shortened, only slight internal tensions developed. Also, with the isolated vas 
deferens of the rat , tested with arterenol as a spasmogen and papaverine as an 
antagonist, only a slight shift in the curves occurs (Fig. 40). 

A consequence of the foregoing is t ha t the slope of the dose-effect curves for 
histamine and the acetylcholinomimetics, such as HFMe 3, etc. tested on the 
isolated intestine of the guinea pig, will be steeper than expected from the 
theory. As compared to the theoretical dose-effect curves calculated on basis 
of the mass action law, the experimental dose-effect curves are shortened on 
the side of the higher doses. If a correction for the reserve in receptors is made, 
the experimental dose-response curves will approach the theoretical ones still 
more closely, especially for the experiments on the isolated gut, where the 
influence of mechanical factors is most probable and clear (see Fig. 17). 

dose-response curves probably has to be ascribed to the mechanical factors 
described earlier. I t suggests a virtual reserve in receptors. 

As a consequence, a par t of the shift induced by the jS-haloalkylamine in the 
dose-response curves, for instance, of histamine (Figs. 21 and 28) on the isolated 
intestine of the guinea pig, can be at t r ibuted to the phenomenon of the virtual 
reserve in receptors. Thus, a par t of the receptor reserve calculated on basis of 
the dibenamine experiments is virtual. 

In the case of the isolated rectus abdominis muscle of the frog, addition of 
the noncompetitive musculotropic antagonist results in little or no shift of the 
curves obtained with acetylcholinomimetics. This is possibly due to the fact 
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The dose-response curves, plotted according to Lineweaver and Burk and 
corrected for the threshold phenomenon (Figs. 15 and 16), are practically 
straight without a correction for these mechanical factors. This can be ascribed 
to the fact tha t the par t of the curves in which the deviation is expected to be 
clearest, namely a t higher doses and for greater effects, is heavily compressed 
on the 1/dose and the 1/effect scale. 

I t might be suggested tha t a switch to the measurement of isometric con
tractions might bring a solution for eliminating the mechanical factors. How
ever, in the case of an isometric contraction relatively large tensions are built 
up in the organ. These, in their turn , result in a transformation, increasing with 
the tension developed. As the latter has to be measured with a technique in 
which small displacements take place against a strong force, the transforma
tion in the organ becomes very disturbing. I t can lead to irreversible changes 
in the organ with, as a consequence, bad reproducibility. This is even more 
annoying than a development of a certain amount of tension in the case of 
isotonic measurements. 

The study of the relation between the chemical structure of drugs and their 
biological effects, is complicated by mechanical and physical factors inherent 
to the experimental procedure. Their interference in the effects measured is 
inevitable, especially in the case of contractions and relaxations (10, 12). So, 
it cannot be expected tha t the pharmacological data obtained with smooth 
muscle preparations can be fully explained on the basis of a purely chemical 
approach as given in the receptor theory. A theory which accounts for chemical 
as well as mechanical and other factors is necessary. 

ΙΙΙΛ.3. Isoboles 

III.4.3.a. THEORY 

If dose-effect relations are plotted in such a way tha t a constant response 
is concerned, in other words, if isoboles are used, the influence of mechanical 
factors is a constant for the individual isoboles. The type of isoboles for 
the actions of drug combinations introduced by Loewe (60, 61, 61a) is well 
known. Doses which, if combined, produce a certain constant effect, are 
plotted. Such isoboles give characteristic curves for various types of synergism 
and antagonism. 

No interference of mechanical factors has to be feared in the dose-effect 
relation of competitive antagonists, a t least if -pAx values are used as a measure 
for the activity (see Section II.A.3.2). The degree of contraction in the organ 
is a constant. Arunlakshana (9) introduced an interesting type of isobole based 
on p^ l 2 values. In this relation, the problem of the order of reaction (bi
molecular, trimolecular, or of higher order) mentioned already in Section 
II.A.2.3 will get closer attention. An approach on the basis of -pAx values to the 
order of reaction between drug and receptor—here, the competitive antagonist 
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and the receptor—will be free from the interference of mechanical and other 
factors as long as a certain stimulus gives always the same effect. 

As mentioned in Section I I . A . 2 . 3 , the slope of the log dose-response curves 
increases if the interaction between drug molecules and receptors is of a higher 
order than a bimolecular one (9, 22). Higher order reactions for an agonist A 
and a competitive antagonist Β which interact with a receptor system R, are 
represented by : 

T*[A] + [ R ] ^ [ R A K ] (3a) 

and 

m [ B ] + [ R ] ^ [ R B J (3b) 

From these equations it follows tha t for a combination of the drugs A and B, 
the quotient (x) of the concentration of A in the presence of the competitive 
antagonist B, [A] B, and the concentration of A in the absence of B, [A], which 
produce equal effects, becomes: 

[ A f K B
+ l ( 4) 

and: 

log (xn - 1 ) = - log KB + m(VAx) (5 ) 

The τρΑχ value concerns the action of compound Β ( 1 , δα, 8, 9, 51, 82) (see 
Section I I .A .3 .2 ) . 

I t may be assumed tha t the reactions of agonist and competitive antagonist 
are of the same type. This implies t ha t probably m = n. lim/n = 1, the slope 
of the curves obtained when log (xn — 1 ) is plotted against the j)Ax value is 4 5 ° 
(9, 51). Straight lines are obtained if m = η = 1 . There is a slight deviation in 
case of a trimolecular reaction. Then m = η = 2 . Such a reaction is highly im
probable, so t ha t higher values for η or m may be excluded. Nonintegers for 
morn are meaningless. 

I I I .4 .3 .&. E X P E R I M E N T S 

Figure 4 1 A and Β represent theoretical and experimental curves for a 
number of combinations of drugs. The slopes of these curves approach closely 
the value of 4 5 ° , which suggests a competitive relation between the drugs and 
a value of njm = 1 , thus, an equality of the order of the reaction of both com
pounds with their common receptors. Such relations are not only found with 
spasmogens, they also hold true for changes in the membrane potentials of 
muscle cells, as demonstrated by Jenkinson (47) (see Fig. 4 1 C ) . 

The experimental magnitudes j)Dx) p£>'x, and pAx are correlated to, but not 
identical with, the affinities of the drug to the specific receptors or the dissocia
tion constants of the drug-receptor complexes. This is because of the difference 
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FIG. 41. A, Β, and C. Relation between log (χ — 1) and pAx values: A. Various combinations of agonists and their competitive antagonists 
(8). B. Combinations of BuNMe3 with various competitive dionium compounds. C. Combinations of ACh and d-tubocurarine. The effect 
measured is the depolarization of the terminal plate of the sartorius muscle of the frog. Note in all curves that a straight line is obtained 
and the slope approaches 45°. A. Based on data of Figs. 15, 17, and 19, Section II. A, and van Rossum (82), respectively; B. Based on data 
from Ariens (1); C. Based on data of Jenkinson (47). 
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between reality and the model used. The same is true for the intrinsic activities. 
These are taken as the ratio of the maximal effects of the drugs and are corre
lated with the intrinsic activites as used in the theory. However, as a result of 
the possible receptor reserve, equal intrinsic activities on the basis of the ratios 
mentioned may, nevertheless, me?n different intrinsic activities theoretically. 
If the experimental values for affinity and intrinsic activity are corrected for 
the variation in the ratio of concentrations of the drug in the bath fluid and 
biophase and for the reserve in receptors, they may approach closer to the 
theoretical magnitudes. However, as long as the biological system is so complex 
and the model used so simple, there will only be a formal but not a real identity 
between theory and experiment. Nevertheless, the pDx, ])D'X, j)Ax values, 
and intrinsic activities obtained from the experiments are suitable in classifi
cation of drugs, analysis of their action, and comparison of their activity. 

Ill A A. The Influence of the Sequence of Application of Spasmogen and 
Spasmolytic 

The consideration of the relations between stimulus and effect, especially 
the mechanical factors pertaining to them, helped us in the interpretation of a 
number of phenomena in the dose-response curves, which are hard to interpret 
directly on the basis of the receptor theory. 

There are other phenomena in which mechanical factors play a role. In 
Section I I . A.4 2.6, the influence of the load on the lever used in the registering 
of the contractions in the isolated gut was described. With a heavy load there 
was a clear " f a d e " in the contraction, with a slightly loaded lever there was 
no fade or hardly any (see Fig. 33B, Section II.A). 

In Section I I . A.3.1, two techniques of measuring the activity of spasmolytics 
were mentioned—the preventive and the curative one (69). The preventive 
method implies tha t the spasmogen is added to the bath fluid in which the 
antagonist (the spasmolytic) is present. The spasmolytic activity is determined 
by the reduction in the maximal contraction obtained with certain doses of the 
spasmogen. The curative method implies tha t the spasmolytic is added to the 
bath fluid in which the spasmogen is present and, therefore, during the con
traction of the organ. The spasmolytic activity is determined by the degree of 
relaxation brought about by the spasmolytic. If, as is often done, the spasmo
lytic is added at the time of the maximal contraction caused by the spasmogen 
(267;, c, 37a, b, 52b, 69, and S4a), the relaxation in the intestine as a result of a 
fade phenomenon will add to tha t induced by the spasmolytic. In this case, 
the spasmolytic activity will virtually increase with the load on the lever. 

Figure 42 shows dose-response curves for combinations of the parasympa
thomimetic HFurfMe 3 and the parasympatholytic lachesine applied in the 
preventive (Fig. 42A) and in the curative (Fig. 42B) way. Each figure represents 
the results obtained with a heavily loaded and a slightly loaded lever. In the 
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% contraction; jejunum (rat) 

m M Η Furf Me, m L a c h e s i n e 
FIG. 42. A and B. Cumulative log concentration-response curves for combinations of 

the spasmogen HFurfMe3 (parasympathomimetic) and the spasmolytic lachesine (para
sympatholytic). A. The preventive method. B. The curative method. Curves are 
obtained with a slightly loaded lever; curves are obtained with a heavily loaded 
lever. Note that, with the preventive method, there is no influence of the load on the lever; 
with the curative method, there is a strong influence. With the heavily loaded lever, the 
spasmolytic activity of lachesine seems to be higher. 

preventive method, there is no influence of the load on the shift in the dose-
response curves of the spasmogen (HFurf Me3) by the spasmolytic (lachesine). 
In the curative method, the spasmolytic activity is found to be much higher 

% contract ion; jejunum (rat) 

mM L a c h e s i n e 

FIG. 43. Cumulative log concentration-response curves for combinations of the spas
molytic (parasympatholytic) lachesine and constant concentrations of the spasmogen 
(parasympathomimetic) HFurfMe8 (curative method). The parallel shift in the curves 
indicates that with the curative procedure, also, the relation between both compounds 
is a competitive one. 
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with the heavily loaded lever than with the slightly loaded lever. A comparison 
of Figs. 43 and 42A demonstrates t h a t both with the curative and with the 
preventive method the dose-response curves obtained suggest a competitive 
relation between HFurfMe 3 and lachesine. 

111.5. THE SEQUENCE OF EVENTS AFTER INTERACT ION OF 
A D R U G W I T H ITS SPECIFIC RECEPTORS 

111.5.1. Theory 
Most of the drugs used in the various experiments described in this and the 

preceding sections, the acetylcholinomimetics, the arterenol derivatives, 
histamine, the various lytics, etc., are supposed to interact with their specific 
receptors and to induce a stimulus without being changed themselves on these 
receptors. If two drugs compete for common receptors in this way, there is a 
competition by equilibrium (see Section II .A, Fig. 11). The mass action law or 
Langmuir adsorption isotherm give the best approach to this type of drug-
receptor interaction. 

As mentioned in Section I.B.5, the relations between drug and receptor and 
between metabolite, or parametabolite, and antimetabolite may be more 
complicated. In a number of cases the parametabolite and antimetabolite 
follow several steps on the metabolic route of the metabolite (66). They are 
assimilated more or less. Here, the Michaelis-Menten equations approach 
reality more closely. 

In the case of an assimilation, the antimetabolite Β can be incorporated 
chemically by covalent bonds in some body constituent, for instance, in a 
coenzyme (see Fig. 17, Section I.B). I t s action has something in common, then, 
with the action of the irreversibly blocking agents like dibenamine, also called 
"nonequilibrium antagonism' ' (77), described earlier (Section III .3.2). When 
the biological object is incubated with such an antimetabolite for some t ime, 
it will produce an irreversible block (see Section II.B.5.2, Figs. 19 and 20). 

In the presence of a metabolite or parametabolite A, the incorporation of the 
antimetabolite Β can be delayed or even practically prevented. The higher the 
relative concentration of the metabolite, the stronger the delay or prevention 
will be. There is an analogy with the experiments concerned with the protection 
of the specific receptors against the irreversibly blocking action of dibenamine 
(see Tables I and I I and Fig. 20). The action of the antimetabolite has much in 
common then with an irreversible blockade of the specific receptors as des
cribed for dibenamine. The incubation t ime becomes an important factor in 
determining the inhibitive potency of the antimetabolite and may be decisive 
as to whether, or in how far, inhibition will occur or not (67). 

The inhibition index, t ha t is, the ratio of the concentrations of antagonist 
and agonist for constant effects (see Section II.A.3.2) is found to be constant 
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in the case of a competitive relation. The inhibition index will increase with 
the time of incubation of the biological object with the antimetabolite or 
antagonist, if this is assimilated. A clear-cut mathematical approach to such a 
complicated situation cannot be given, unless certain steps in the sequence of 
reactions have the character of a limiting factor. 

A differentiation between competitive antagonism and the non-equilibrium 
antagonism or noncompetitive antagonism is possible by plotting the inhibi
tion index against the substrate concentration. In the case of a competitive 
antagonism: 

This equation is derived from Eq. 1, Section I I .B . From Eq. 6, which applies 
for the competitive inhibition, it follows tha t for high values of [A] the inhibi
tion index [B]/[A] is a constant. For the case of a noncompetitive inhibition 
(Eq. 7), for high values of [A] the inhibition index decreases with an increase 
of [A]. Figure 44 represents the relation between the inhibition index and the 
substrate concentration for these cases. 

Quesnell (80) suggests a plotting of the inhibition index against the reciprocal 
of the substrate concentration. Then, in the case of a competition by equili
brium, straight lines with a negative slope are obtained. In case of a non-
equilibrium antagonism or a noncompetitive antagonism, for high values of 
[A] the slope of the curves is positive, while for lower values of [A] the slopes 
become negative (see Fig. 45). If sufficiently high concentrations of A are used, 
a differentiation is possible. The differentiation, however, does not allow a 
conclusion according to the number of steps followed by the antimetabolite in 
case of a nonequilibrium antagonism, neither does it differentiate between this 
and a simple noncompetitive antagonism as was emphasized by Matthews (66). 

If dose-response curves are studied, the differentiation is possible directly 
from these curves. Compare Fig. 11, Section II .A, which shows the curves for a 
competitive antagonism, with Fig. 4, Section I I .B , which represents the non
competitive antagonism, and Figs. 18 and 19 (this section) which represent 
the antagonism by irreversible blockade. From these figures the constancy of 
the values for [B]/[A] in case of the competitive antagonism and the decrease of 
[B]/[A] in the other cases, are clear. In fact the parallel shift in the dose-
response curves is characteristic for the competitive antagonism and the 
decline in the dose-response curves is characteristic for the noncompetitive 
and nonequilibrium antagonism, respectively. 

(6) 

This equation is derived from Eq. 6, Section II .A, for β = 0. 
In the case of a noncompetitive antagonism: 

(7) 
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FIGS. 44 and 45. Theoretical curves representing the relation between the inhibition 
index [B]/[A] and the substrate concentration, [A] (Fig. 44), or 1 /[A] (Fig. 45), as calculated 
from Eqs. 6 and 7. Concentrations in M~X. In Fig. 44, in the case of a competitive inhibi
tion for high values of [A], the inhibition index is a constant, while in the case of a non
competitive inhibition, the inhibition index decreases to zero with increasing values of [A]. 
In Fig. 45, it may be seen that for higher values of [A] the slope of the curves for noncom
petitive antagonism is positive, and for competitive antagonism, it is negative. For lower 
values of [A] the slope becomes negative in both cases. 

111.5.2. Experiments 
Various examples and types of incorporation of metabolite analogs are 

known (66). On the basis of experimental data, the author et al. (4) suggested 
t ha t 2-methyl-p-aminobenzoic acid, an antimetabolite of p-aminobenzoie acid 
(growth factor for various microorganisms) follows the metabolic route for 
p-aminobenzoic acid (see Section I.B.5.2). Possibly, it is built into an afunc
tional folic acid or folinic acid analog. The same might be the case for amino-
pterin, methotrexate, etc. with respect to the metabolic route for folic acid or 
folinic acid and for the antimetabolites of nicotinic acid amide with respect to 
the formation of nicotinamide-adenine dinucleotide (NAD) (66). 

The question was approached experimentally for 2-methyl-p-aminobenzoic 
acid (2-CH3-PABA) and sulfanilamides, tested as antagonists for PABA on a 
strain of Escherichia coli (E. coli 273), requiring PABA as a growth factor (8a). 

If the metabolite and the corresponding antimetabolite are applied simul
taneously, the phenomenon obtained is t ha t of a competitive inhibition 
(Fig. 20A, B, C, and D, Section I.B.). The inhibition index is found to be con
stant . This is as expected from the theory (Section II.A.3.2). 

Pre-incubation with sulfathiazole before administration of PABA did not 
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change the inhibition index as compared to tha t found with simultaneous 
administration of both compounds. Pre-incubation with 2-CH3-PABA results 
in a clear retardation of bacterial growth as compared to the case of a simul
taneous administration of 2-CH3-PABA and PABA. The inhibition index in
creases as a result of the pre-incubation (see Fig. 20A and B, Section LB). This 
is strongly in favor of an assimilation of 2-CH3-PABA in contrast to the sul
fanilamides, which may act a t the entrance of the metabolic route for PABA 
(8a). As a mat ter of fact, definite proof of an incorporation of 2-CH3-PABA 
will only be obtained after the isolation of folic acid containing 2-CH3-PABA. 

too 
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FIGS. 46 and 47. Log concentration-response curves for jo-aminobenzoic acid (jfABA) 
and for nicotinic acid amide (NAA) as growth factors for E. coli 273 and E. coli 267, 
respectively, in the presence of various concentrations of antagonists (8a). Fig. 46. 
PABA in the presence of antagonist aminopterin. Turbidity measured 15 hr after 
inoculation. Fig. 47. NAA in the presence of antagonist sulfanilamide (SA). Turbidity 
measured 65 hr after inoculation. Note that the antagonism is of the noncompetitive type. 

If the relation between metabolite and antimetabolite is a noncompetitive 
one, tha t is, if they at tack a t different points, and therefore interact with dif
ferent receptor systems, simultaneous application of metabolite and inhibitor 
will not result in a delay or prevention of the inhibition. This means tha t no 
competition phenomenon will be found. Figures 46 and 47 give examples of 
such combinations. 

The model of drug-receptor interaction used in Sections II .A and I I .B was 
complicated. I t was made more so by substituting the proportionality assumed 
between stimulus and effect by other, more complicated functions such as the 
all-or-none response. This brought up principles such as trigger-dose, threshold-
dose, and receptor reserve. The receptor reserve, as a mat ter of fact, can also 
be quoted as a spare capacity for the stimulus. 

The differentiation between specific and nonspecific drug action was 
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discussed. Since in both types of drug action the intermolecular forces are the 
determining factor, a clear distinction is not possible; there is a whole gamut 
from highly specific to less specific drug actions. The significance of the charge 
distribution on the drug and of the variation in the charges on the drug (e.g., 
under influence of p H changes), for drug action is emphasized. Studies on this 
open new perspectives for obtaining information on the chemical charac
teristics of the specific receptors. 

In the foregoing sections the various part-processes were discussed 
separately; in the following section the integral dose-response relationship, 
covering and integrating all part-processes, wiD be given our at tention. 

111.6. INTEGRAL DOSE-RESPONSE RELATIONS 

The dose-response relations discussed previously were restricted to one of 
the part-processes, especially to the drug-receptor interaction. For clinical 
use especially, the integral dose-response relation in all its aspects (absorption, 
transport, excretion, metabolism, drug-receptor interaction, and the stimulus-
effect relation) is important . This relation is very complex; i t depends on 
many factors. Generally, the step from part-processes to integral dose-
response relations is analogous to the step from in vitro to in vivo experiments, 
from experiments with simple isolated biological systems to experiments 
with complex systems, such as complete animals. The question arises whether 
relations deduced from in vitro experiments still hold t rue in vivo and to what 
degree. There are three aspects to this question : 

1. Can phenomena observed in in vivo experiments be understood on the 
basis of the relations deduced from in vitro experiments? An answer can be 
obtained from the analysis of complex phenomena such as sensitization, 
desensitization, tachyphylaxis, tolerance, etc. Their mechanisms vary widely. 
There are various types of sensitization, desensitization, etc. These phenomena 
may originate in different part-processes. 

2. Can predictions be made on in vivo actions of drugs on the basis of data 
obtained with in vitro experiments? 

3. Can integral dose-response relations be approached on a theoretical level? 
Each of these questions will receive at tent ion (see the following sections). 

III.6.1. Interpretation of Phenomena Observed in Vivo Experiments 
The consequences of a combination of two drugs have always drawn special 

at tention from the pharmacologist (14,15,16, 26c, 51, 59, 60, 61, 64a and b, 90, 
91, 92, 93, 94, 99). As a rule, the purpose of such combinations is an increase in 
the efficacy of the drugs in therapy or a decrease of the toxicity. This implies a 
sensitization of the biological object for the actions of a drug by application of 
a second drug, or a desensitization of the biological object for the actions of a 
drug by application of a second drug. 
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The various types of antagonism (which have been amply discussed in the 
earlier sections) are examples of a desensitization. The antagonist decreases 
the sensitivity of the biological object for the actions of the agonist concerned. 
Occasionally, a sensitization was mentioned in the preceding sections. In these 
cases there is a cooperation between two drugs as far as a certain effect is con
cerned. Such a cooperation can manifest itself as a synergism but this is not 
the only possibility. The term "synergism" concerns those combinations of 
drugs in which the "cooperative action of the discrete agencies is such tha t the 
total effect is greater than the sum of the two effects taken independently" 
(102). This term is often used in a broader sense, for cooperation more generally 
(60, 64a, 90). 

The most clear-cut examples of a sensitization and a desensitization are 
those in which the sensitizing and desensitizing compounds are inactive if 
applied singly and only influence the actions or the effects of a second drug. 
However, in the case tha t both drugs combined are active, there may be a 
sensitizing or desensitizing action also, but then, as a rule, in a mutual sense. 
Synergism (as defined above) can serve as an example. 

An additive action between two drugs implies tha t a fraction of the dose of 
one of the drugs may be substituted by a corresponding fraction of an equi-
active dose of the second drug without a change in the effect (see Section I I I . 1.3). 
In this case, there is neither a sensitization nor a desensitization. The addition 
marks the transition between these phenomena. In the following sections a 
number of examples of sensitization and desensitization will be given and the 
possible mechanisms a t the basis will be discussed. 

ΙΙΙ .β.Ι .α. SENSITIZATION 

There are two definitely different types: 
1. There is the sensitization which results from a repeated application of a 

drug or a preceding application of a related drug. The time between the appli
cations may be longer than several weeks, even years. A certain time, about 
9 days, must elapse between the applications. The effects found after sensitiza
tion differ essentially from the effect caused by the first dose of the drug. The 
reaction after sensitization is hardly related to the type of drug concerned, 
but closely related to the type of sensitization. This sensitization as a rule 
results from the fact tha t the first application of the drug, which serves as a 
hapten, leads to the formation of antibodies against the hapten-protein com
plex formed. The second application of the same, or chemically closely related, 
compound then results in an allergic reaction. 

When the second compound differs from the one tha t caused the sensitiza
tion and, nevertheless, an allergic reaction is obtained, a crossed sensitization 
exists. As a rule in the case of a crossed sensitization the relationship in certain 
chemical properties of the drugs is more essential than the relationship in their 
general pharmacological properties. Since a relationship between chemical 
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structure and general pharmacological properties exists, a certain degree of 
relationship in the pharmacological properties of drugs which cause a cross 
sensitization, may be expected (86b). 

2. There is the sensitization which results in an increase in the response 
obtained with a certain dose of a drug if applied after application of another, 
the sensitizing drug. In this case the effect after sensitization is principally 
of the same type, qualitatively, as t ha t before sensitization, and specific for 
the type of drugs concerned. As a rule, the time tha t may elapse between the 
application of the compounds is restricted to minutes, hours, or, maximally, 
several days. The sequence of application cannot be changed without conse
quences. The processes tha t form the basis for this type of sensitization differ; 
they can belong to each of the part-processes described in the earlier sections. 

Part-Process I. a. The absorption of the drugs may be increased. Ethyl 
alcohol is absorbed quicker in the gastrointestinal t ract after sparkling wines, 
e.g., champagne, probably because of the hyperemia which the carbon dioxide 
causes in the epithelium of the gut. The absorption of drugs can be enhanced 
by inducing suitable changes in the p H in the gastrointestinal t ract (see 
Section I.A. 1.2.) Hyaluronidase can increase the speed of absorption of drugs 
after injection and thereby increase the concentration in blood and the effect. 

b. The sensitizing drug can have a sparing effect as a result of the inhibition 
of the enzymes tha t take care of the bio-inactivation of a second drug (see 
Section I.B.4.1). 

c. The excretion of a drug may be inhibited by the presence of a second drug, 
e.g., the excretion of penicillin after probenecid (see Section LA. 1.2). The 
excretion of a drug can be delayed by inducing suitable changes in the p H of 
the urine with aid of other drugs (see Section I . A. 1.2). 

d. A blockade by the sensitizing drug of the silent receptors, sites of loss, of 
a second drug may be involved (19, 20, 99) (see Section I.B.6.3). In these cases 
the essential point is the increase in the effective concentration in the biophase 
reached with a certain dose of a drug as a result of the action of a second drug. 

Ρ art-Process II. a. There may be a direct sensitization in the sense of an 
increase of the affinity of a drug to its receptors by the action of a second drug 
(see Section II.B.1.6). 

b . There may be an increase in the intrinsic activity of one drug as a result 
of the action of a second drug (see Section I I .B . 1.6). 

c. In in vivo experiments the absence of an endogenous active compound, 
e.g., arterenol after denervation or after reserpine or cocaine, leads to an in
crease of the response obtained with it or other directly acting sympathomi
metics. The exclusion of the sympathetic tonus by means of ganglionic blocking 
agents may also be expected to increase its effect (Fig. 48). 

Part-Process 111. Ά. The application of a sub-threshold dose of a drug can 
result in a sensitization of the biological object for a second drug acting on the 
same receptors (see Section III .2) . 



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

b. Possibly a change in the effector system by the sensitizing drug may in
crease the response obtained with a certain dose of a drug. An example is the 
sensitization for the sedative action of narcotics by antithyroid drugs. 

c. The blockade of counter-regulating processes will result in an increased 
response of drugs, the action of which is counteracted by these regulating 
processes. 

The fall in blood pressure caused by histamine is prolonged after ganglionic 
blocking drugs and increased after spinal anesthesia, probably because the 
animal is deprived of its compensatory mechanism (40). A valuable review of 
these types of action has been written by Veldstra (99). 

FIG. 4 8 . Registrogram of the mean arterial blood pressure of the cat (2.5 Kg) treated 
with arterenol and ganglionic blockers. Note that the changes induced in the blood pressure 
by arterenol (given intravenously) increase after intravenous injection of the ganglionic 
agents trimethaphan camphorsulfonate (Arfonad) and mecamylamine (Mevasine). The 
vascular system is sensitized to arterenol by the ganglionic blockers. 

I I I .6 .1 .&. DESENSITIZATION 

A clear example for the desensitization are the various antagonisms. Com
pound A, inactive as such, decreases the effect of a certain dose of compound B. 
After application of A, the biological object seems to be less sensitive to com
pound B. The various types of antagonism mentioned in the earlier sections 
are examples of desensitization. The processes tha t can cause a desensitization 
differ; they can belong to each of the part-processes described above. 

Part-Process I. a,. The absorption of a drug from the gut may be reduced by 
a quick passage through the gut, e.g., administration after the saline laxative 
MgS0 4. The absorption from the intestine and the stomach can be delayed by 
suitable changes in the p H there. The absorption of a drug after subcutaneous 
injection may be retarded by addition of vasoconstrictive drugs like epine
phrine. 
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b. The bio-activation of a drug may be inhibited by the action of a second 
drug, the desensitizing drug (see Section I.B.4.2). 

c. The excretion of a drug may be advanced, e.g., by inducing suitable 
changes in the p H of the urine with the aid of other drugs (see Section I.A.I.2). 

d. The effective concentration of a drug may be decreased as a result of an 
antagonism by neutralization or chemical antagonism (see Section I.B.I.5). 

e. The adaptive increase of degrading enzymes caused by one drug, e.g., 
phenobarbital, may enhance the degradation of a second drug (see Section 
I.B.2.4). 

FIG. 49. Registrogram of mean arterial blood pressure of the cat (2.5 Kg) treated with 
arterenol and sympatholytics. Note the changes in the blood pressure induced by arterenol 
(given intravenously) decrease after intravenous injection of the sympatholytics Hyder-
gine and Piperoxan ( F 933). The vascular system is desensitized to arterenol by the 
sympatholytics. 

In all these cases the essential point is the decrease in the effective concen
trat ion reached with a certain dose of a drug in the biophase as a result of the 
action of a second drug. 

Part-Process II. a. Competitive antagonism. The competitive antagonist 
desensitizes the object for the agonist (see Section II.A.3.1 and in this section, 
Fig. 49). 

b. Noncompetitive antagonism. The noncompetitive antagonist, as far as it 
interferes with the induction of a stimulus by the agonist (see Section I I .Β . 1.1.). 

c. The depletion in the case of indirectly acting drugs. An example is the 
desensitization observed for the action of indirectly acting sympathomi
metics, like phenylethylamine and tyramine, after pretreatment with reserpine 
(see Section I.B.6). Reloading of the stores can lead to a sensitization under 
these circumstances. A repeated application of an indirectly acting drug, too, 
may lead to an exhaustion of the stores of the endogenous compounds, in 
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which case the desensitization gets the character of a tachyphylaxis. This, 
however, is not the only possible type of tachyphylaxis. 

Part-Process III. a. Noncompetitive antagonists may interfere with the pro
pagation to the effector organ of the stimulus induced by the drug. They may 
decrease the sensitivity of the effector organ to the stimulus. Take, for in
stance, the action of curare against the convulsions induced by strychnine and 
the decrease in the sensitivity for the sedative action of narcotics after 
thyroxine. 

b. Functional antagonism. The agonist and the functional antagonist 
induce on different receptors opposite effects with respect to a common 
effector system (see Section I I . B . 4 . 3 ) . 

The examples of part-processes are not exhausted with these. They are suffi
cient, however, to emphasize the variability in the processes tha t possibly can 
be at the basis of such simple phenomena as sensitization and desensitization. 

I I I . 6 . 1 x. TACHYPHYLAXIS 

The phenomenon of tachyphylaxis was mentioned when desensitization was 
discussed. Doses of a drug given shortly after a previous equal dose of the same 
drug, give an effect which is smaller for each subsequent dose. This happens 
even when the effect induced by the preceding dose, e.g., a rise in the blood 
pressure, has already disappeared. The biological object becomes refractory 
to the drug after repeated administration of it. Tachyphylaxis can result from 
various processes. 

1. As was suggested earlier, the repeated administration of indirectly acting 
drugs, such as the indirectly acting sympathomimetics, phenylethylamine, 
tyramine, amphetamine, ephedrine, etc., can lead to an exhaustion of the stores 
of the endogenous active agents—probably arterenol or epinephrine. This 
results in an unresponsiveness in the biological object. As a mat ter of fact, a 
crossed tachyphylaxis may be expected in such a group of drugs. This is indeed 
found for a number of indirectly acting sympathomimetics, such as ephedrine 
and amphetamine (37). 

For the histaminoid action of the histamine-liberators, a tachyphylaxis 
is observed, too (34). These compounds might as well be called indirect hist
aminomimetics. There is a crossed tachyphylaxis among these compounds. 

2. Another example is the tachyphylaxis found after depolarizing curari
form drugs like succinylcholine and decamethonium. These compounds, if 
applied to mammals, cause a fasciculation of the muscle fibers. A second dose 
given shortly afterwards does not. The receptors concerned with the induction 
of this effect by the drug probably are still occupied after the effect (the twitch 
in the muscle fiber) is over. A twitch only takes place a t the moment tha t the 
receptors become occupied, but not during the time they are occupied by the 
depolarizing compound. The blocking action of higher doses of nicotine, a 
ganglionic stimulating drug, on ganglia is another example. 
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The system may be exhausted and require a certain time for regeneration 
but this may be delayed by the presence of the drug. 

3. A related situation is t ha t in which counter-regulating processes correct 
the effect of the first dose of the drug. Then the effect is masked. The specific 
receptors may still be occupied by the drug and, therefore, the induction of a 
response by a second dose is hampered. 

As a mat ter of fact, if the t ime interval between two doses of a drug is so 
small t ha t the effect induced by the first dose (e.g., the rise in the blood pressure) 
is still present, a second dose will add only slightly to this effect (only a small 
further rise in blood pressure). This, however, should not be classified as tachy
phylaxis. An interesting series of papers on the complicated phenomenon of 
tachyphylaxis has appeared from Hanna (35, 36, 37). In the case of sympatho
mimetic amines he differentiates between various stages in the development 
of tachyphylaxis, viz., a cumulative period, a plateau, a period of development 
of tachyphylaxis, and, finally, the complete tachyphylaxis. The reader is 
referred also to papers of Gyorgyi (33). 

IIL6.1.d. TOLERANCE 

This phenomenon has a similarity with tachyphylaxis. The time needed to 
induce tolerance is longer and the duration of tolerance is longer. After the 
development of tolerance, the biological object is insensitive to doses higher 
than those which normally are effective. Various processes may underlie this 
phenomenon. 

1. Tolerance for A s 20 3 seems to be due to a decrease in the absorption from 
the gut, which develops if the drug is used routinely over a long time. A dog 
which has developed a tolerance for A s 20 3 administered orally, has a normal 
sensitivity for this drug if it is given subcutaneously (49). 

2. An increased speed of elimination of the drug may be the cause of the 
tolerance. This seems to be the case with ethyl alcohol. After chronic use, the 
blood levels obtained with a certain dose given orally, remain subnormal. This 
appears to be due partially to a reduced speed of absorption from the gut and 
partially to an increased elimination from the blood. After intravenous appli
cation, blood levels remain subnormal, although not as low as after oral 
application. I t is not clear whether the increased elimination has to be ascribed 
to a change in excretion or a change in the metabolism of ethyl alcohol (49). 

3. The gradual development of counter-regulating forces against the effects 
induced by a drug which is used chronically, can cause the development of a 
tolerance. This seems to be the case with narcotic drugs like morphine. The 
abstinence syndrome, which is more or less the negative of the effects originally 
induced by the drug, can be seen as evoked by the internal regulating forces, 
not counterbalanced anymore after withdrawal of the drug. When tolerance 
is due to a decreased absorption or an increased elimination of the drug, one 
may expect tha t it develops for the whole syndrome induced by the drug in 
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question. An interesting example of a crossed tolerance is t ha t between apo-
morphine and morphine in the dog. Apomorphine as well as morphine are 
strong emetics for the dog. Apomorphine is hardly sedative; morphine is 
strongly sedative. A dog with tolerance for apomorphine emesis, also has 
tolerance for morphine emesis, but not for the sedative action of morphine. A 
dog, tolerant to morphine, is also tolerant to the apomorphine emesis (98). 

If a tolerance is based on metabolic processes, a crossed tolerance between 
chemically different compounds is improbable. The crossed tolerance between 
the various different narcotics like morphine, pethidine, and thiambutene is 
not accounted for by changes in drug metabolism. 

III.6.1.e. RESISTANCE 

This is a nonsensitivity for a drug which lasts very long, usually for lifetime, 
and is even hereditary. This phenomenon is best known in microorganisms and 
insects, where it may be acquired by selection of resistant mutants . This is, 
however, not the only possible way to develop resistance (86,104). Sometimes, 
a temporary decrease in sensitivity of microorganisms to drugs is also called 
resistance. In a number of cases an adaptive increase of the production of 
inactivating enzymes is the cause. The phenomenon can be better classified 
as a tolerance for the drug, then. The ability to produce enzymes is determined 
by hereditary factors (86,104). 

For drugs which are inactivated by the same enzyme (part-process I), a 
crossed resistance can exist. An example is the various penicillinase-sensitive 
penicillins. 

For drugs which have identical points of attack—drugs which induce their 
effects on common specific receptors (part-process II)—a crossed resistance 
may exist. A bypass on the block caused by one drug will be a bypass for 
all other drugs with an identical mechanism of action, as for instance with the 
various sulfonamides. 

Examples of drug resistance in vertebrates are known. The resistance of 
certain strains of rabbits to atropine is based on the occurrence of a hydrolyzing 
enzyme in the plasma of these rabbits (part-process I) (see Section I.B.2). 

The frog with its skin respiration is insensible to the paralysis of respiratory 
muscles by curariform drugs, which leads to suffocation in mammals. 

In Section I I I .6 , it has been demonstrated t ha t phenomena such as sensi
tization and desensitization can be based on totally different processes. The 
same is true for the effects, such as contraction or relaxation of muscle tissue. 
Drugs often are classified and compared on basis of the phenomena they induce 
in the biological object. As a consequence, one has to be sure t ha t the effects 
compared are really comparable when dose-effect relations for various drugs 
are studied. 

An example is the so-called muscle relaxants or curariform drugs. The relaxa
tion of the striated muscles, the decrease in the response of these muscles to 
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nerve stimulation, or the head-drop in rabbits is often measured and called the 
effect. When dose-effect relations of drugs are compared on the basis of such 
effects, it is quite possible t ha t although phenomenologically the various drugs 
induce similar effects, pharmacologically there are essential differences. 
Neuromuscular transmission, even if restricted to the neuromuscular junction, 
is a complicated process. There are a sequence of chemical or physicochemical 
reactions. Various drugs can interfere with these reactions in different ways all 
leading to muscular relaxation (58, 82a). 

Comparing dose-response relations of various drugs and studying structure-
activity relationships, one has to make sure whether the pharmacological 
processes which underlie the effects of the drugs are identical or not. Take, for 
instance, the relations between dose and response for muscular relaxants of 
the bis-ammonium type (e.g., d-tubocurarine) and Mg ions. The effects of these 
drugs are based on essentially different pharmacological processes (18, 58). 

For other types of drugs, too, a closer s tudy reveals differences in the mech
anism of action for superficially identical phenomena, for instance, the differ
entiation of sympathomimetic drugs in directly acting compounds, such as the 
catecholamines, and indirectly acting compounds, such as phenylethylamine 
and ephedrine. I t is essential before comparing drugs and drug actions to be 
sure of what one is comparing. 

I I L 6 . 1 . / . CUMULATION 

Special aspects of the relation between the dose (the quant i ty of drug in 
the biological object) and the effective concentration of the drug are the pheno
mena of cumulation and pharmacothesaurismosis (53,65). When the individual 
doses of the drug applied surpass the quant i ty eliminated during the time 
interval between the doses, the drug cumulates in the body. 

As a rule, with the increase of the concentration of the drug in the body 
fluids, the rate of elimination increases such tha t with a certain constant-dose 
scheme the quant i ty or the concentration of the drug in the body increases 
until elimination and absorption are in balance. The slower a drug is eliminated, 
the greater the chance of cumulation. The dose and the time interval, too, are 
determinants. 

When the drug is adsorbed to certain body constituents or deposited in 
tissues, the increase in the quant i ty of the drug in the body may not be or 
hardly be accompanied by an increase in the concentration of free drug in the 
body fluids. Then the rate of elimination hardly increases, or does not a t all, 
with an increase in the load of the drug in the body. A more or less persistent 
deposition of the drug occurs; then there is pharmacothesaurismosis (65). 

There is not a sharp difference between cumulation of a drug and pharma
cothesaurismosis. Examples of drugs tha t cumulate are the cardiac glucosides 
and the long-acting sulfanilamides (24, 53). With drugs like Germanin, one 
dose may cover a period of a month or more. The deposition of substances like 
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iron, which lead to siderosis, and lead, thorium, and radium, which are de
posited in the bone structures, are examples of pharmacothesaurismosis. 

The local deposit of a drug may lead to local tissue reactions, while general 
pharmacological effects are absent. In the case of radioactive materials the 
radiation damage is a serious problem. A valuable review on pharmacothe
saurismosis has been written by Di Mattei (65). 

111.6.2. Experiments in Vitro and in Vivo 
In the introduction to Section I I I .6 the question was pu t : Can predictions 

be made on actions of drugs in vivo on the basis of data obtained with experi
ments in vitro? In other words, is it possible to predict on tne basis of, for 
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100 η I η 

m M D e c a M e j m M D e c a M e j 

a b 
FIG. 50a and b. Cumulative log concentration-response curves for the cholinomimetic 

decamethonium (DecaMe3), tested on the frog rectus abdominis muscle and the influence 
thereon of curare (d-Tc) and prodeconium (Prestonal). There is a parallel shift in the 
curves with d-Tc, indicating a competitive antagonistic action (Fig. 50a), whereas there 
is a decline in the slope of the curves with prodeconium (Prestonal) indicating a non
competitive antagonistic action (Fig. 50b) (58, 82a). 

instance, the structure-action relationship observed in experiments in vitro 
(discussed in Sections I and II) what the actions of the drugs concerned will 
be in vivo*! 

III.6.2.a. CURARIFORM DRUGS 

The gradual change from cholinomimetic to cholinolytic action, tested on 
the isolated rectus abdominis muscle of the frog, in various series of alkylated 
quaternary ammonium compounds, such as decamethonium and suxa
methonium derivatives, has been discussed (see Figs. 12 and 13, Section 
II.A.3.1). The cholinolytics obtained behave as competitive antagonists of 
the cholinomimetics in the same way as, e.g., curare does (see Fig. 50a and 
compare with Figs. 12 and 13, Section II.A.3.1). 
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On the other hand, the substitution of one methyl group in each of the 
onium groups in decamethonium by an alkyl group of suitable length, e.g., a 
heptyl group, results in a change of decamethonium to bis-iV^iV^-heptyldeca-
methonium (DecaMe2Hept), a noncompetitive antagonist for the cholino
mimetics if tested on the isolated rectus abdominis muscle of the frog (see 
Fig. 23, Section I I .B . 1.5). 

Now the question arises whether among the various curariform drugs 
clinically used as muscle relaxants, a differentiation has to be made between 
drugs of the cholinomimetic type (depolarizing drugs) such as suxamethonium; 
drugs of the curarimimetic type (repolarizing drugs) such as gallamine; and 
curariform drugs of a noncompetitive type. 

c - c -c -c -c—c—c 
C - N - C - C - C - C - C - C — C — C — C — C - N - C 

/ \ 
c—c-c—c-c-c—c 

Cl0Me2Hept 
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c—c—c— o — c — c — c — o — c — c — c 

ο ο 
Prodeconium 

FIG. 51. Curariform drugs of the "noncompetitive" type. 

In his classic experiments, Claude Bernard (22a, 87 d) showed tha t curare 
has its point of action where the motor nerve and striated muscle have their 
connections, t ha t is, in the neuromuscular junction. After curare, the muscle 
no longer responds to indirect (nervous) stimulation, but still responds to 
direct stimulation. Curare does not prevent conduction in the nerve. Muscle 
relaxants, which obey these criteria and therefore interfere with neurotrans
mission in the neuromuscular junction, are called curariform drugs irrespective 
of whether or not their mechanism of action is identical with t ha t of curare. 

Among the various curariform drugs clinically used, the compound pro
deconium (Substanz G-25-178) is in its chemical structure particularly 
reminiscent of the bis-iV,iV'-heptyl-substituted decamethonium derivative 
mentioned before (see Fig. 51). 

In the preliminary clinical reports on prodeconium, there is a contradiction 
as far as the classification of this curariform drug is concerned. The compound 
is not antagonized in its action by edrophonium (80b). In this respect it 
resembles suxamethonium. On the other hand, the compound shows properties 
similar to those of drugs of the curarimimetic type, such as gallamine (32a, 
47a, 49b, 98a). For instance, prodeconium does not cause a fasciculation of the 
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muscle fibers in the initial phase of curarization. Certain investigators report 
a mixed type of action (26g). 

When tested in vitro as an antagonist of decamethonium, prodeconium 
acts as a noncompetitive antagonist (see Fig. 50b); this is in contrast to 
cZ-tubocurarine, which acts as a competitive antagonist (see Fig. 50a). 

A comparison of suxamethonium, d-tubocurarine (d-Tc) and prodeconium 
in vivo, on the nerve-muscle preparation of the cat and on tha t of the chicken, 
reveals various differences among the actions of these three curariform drugs 
(see Figs. 52 and 53). Prodeconium induces a flaccid paralysis and is not 

FIG. 52 . The comparison of the action of various curariform drugs and the influence 
of edrophonium thereon, tested on the mammalian nerve-muscle preparation. Record of 
the semi-isotonic contraction of the tibialis anterior muscle to supramaximal faradic 
stimulation ( 1 0 0 cps., 4 msec, 0.7 mA) of the peroneus nerve every 3 0 sec. Drugs were 
administered by injection into the femoral vein. Doses in micromoles. X signifies that 
the kymographion is stopped for 1 0 minutes. Suxamethonium (SuCh) induces a flaccid 
paralysis (a), which is not reversed by edrophonium (b). d-Tubocurarine (d-Tc) induces 
a flaccid paralysis (c), which is completely reversed by edrophonium (d). Prodeconium 
(Prest.) induces a flaccid paralysis (e), which is not reversed by edrophonium (f). As far 
as the combination with edrophonium is concerned, d-Tc differs in its action from SuCh 
and prodeconium (Prest.) (see also Fig. 5 3 ) (58, 82a). 

antagonized by neostigmine or edrophonium. I t resembles gallamine and 
d-Tc, compounds which cause a flaccid paralysis, too, which, however, are 
antagonized by neostigmine or edrophonium. Prodeconium resembles 
suxamethonium because this compound is not antagonized by neostigmine 
or edrophonium either. Suxamethonium causes, however, a spasm in the 
chicken nerve-muscle preparation and it causes fasciculations in the cat 
nerve-muscle preparation. On these points it differs from prodeconium. 

If prodeconium acts as a noncompetitive antagonist of ACh, it will hardly 
be antagonized, or not a t all, by edrophonium or neostigmine. An increase of 
the quanti ty of acetylcholinomimetic, i.e., of ACh liberated or reaching the 
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postsynaptic membrane after nerve stimulation, will not overcome the non
competitive block (prodeconium) bu t may overcome the competitive block 
(gallamine and d-Tc) (see Fig. 50a and b). 

Between curariform compounds such as SuCh (depolarizing compounds) 
and compounds such as gallamine or d-Tc (repolarizing compounds) a mutual 
antagonism occurs as far as the action on the neuromuscular transmission is 
concerned. For the noncompetitive antagonist prodeconium, however, a 

FIG. 53. The comparison of the action of various curariform drugs and the influence 
of edrophonium thereon, tested on the avian nerve-muscle preparation. Record of the 
semi-isotonic contraction of the gastrocnemius muscle to supramaximal faradic stimula
tion (300 cps., 1 msec, 0.2 mA) of the sciatic nerve every 10 sec. Drugs were administered 
by injection into the jugular vein. Doses in micromoles. Suxamethonium (SuCh) induces 
a contracture (a) and not a flaccid paralysis such as in the mammalian muscle. d-Tubo-
curarine (d-Tc) produces a flaccid paralysis (b), which is completely reversed by neo
stigmine (b). Prodeconium (Prest.) induces a flaccid paralysis (c), which is not reversed 
by neostigmine (d). As far as the induction of a contracture is concerned, SuCh differs 
in its action from d-Tc and prodeconium (Prest.). Comparison of these results with those 
of Fig. 52 allows the conclusion that there are at least three different types of curariform 
drugs (58, 82a). 

synergism in the neuromuscular blocking action with respect to SuCh, as well 
as with respect to compounds such as gallamine, is expected and reported 
(34a, 58, 82a). Also further information obtained in in vivo experiments 
clearly argues for a differentiation of the curariform drugs in a t least three 
different types (58, 82a). Indications for this differentiation as well as for the 
classification are found in the experiments with the isolated rectus abdominis 
muscle of the frog (la). 



TABLE III 

CATECHOLAMINES : STRUCTURE AND ACTION" 

Compound 

α-Sympathomimetic (P-D2) and 
α-sympatholytic (p^.2) activity 

tested on the isolated vas deferens 
of the rat 

β-Sympathomimetic (p£>2) and 
^-sympatholytic (p^2) activity 
tested on the isolated tracheal 

muscle of the calf 

Nonspecific 
papaverine-like 

spasmolytic activity 
tested on the 

isolated vas deferens 
of the rat 

Intrinsic 
activity pZ)2 p^2 Est/Org 

Intrinsic 
activity p£>2 P^2 Est/Org pZ>'2 Est/Org* 

H O — / \ — C — C — Ν — R 

H O ^ ^ OH 
R : — Η 

— C 
— C — C 

1 
1 
0 .9 + 0.1 

5 .4 ± 0 . 2 — 
5.7 ± 0 . 2 — 
5.2 ± 0 . 3 — 

2 3 / 1 2 
1 9 / 1 0 
2 4 / 1 1 

1 
1 
1 

5.9 ±0 .3 
6.9 ±0 .4 
7.2 ±0 .3 

— 
4 0 / 3 3 
1 2 / 9 
1 2 / 8 

— — 

- < c 

^ C 

0 .4 + 0.1 2 .8 ± 0 . 6 — 2 7 / 1 9 1 7.5 ±0 .6 — 55 /41 — — 

Mc-5 — C — C — / \ 0 — 5.9 ± 0 . 5 3 8 / 2 4 1 8.7 ±0 .4 — 13/6 4 .5 ± 0 . 5 6/5 

a The ± figures give the probability interval P 9 5 for the mean values (8a and 6,100a). 
6 Est/org: number of estimations per number of organs used. 
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1 1 1 . 6 . 2 . 6 . CATECHOLAMINES 

In Section I I . A. 5.3, the gradual change in the spectrum of actions in homolo
gous series of catecholamines and the interpretation thereof on the basis of 
in vitro experiments are discussed in extenso. Substitution of alkyl and aralkyl 
groups in the amino group of arterenol, results in a change of the α-sympatho
mimetic to an a-sympatholytic activity in the drugs, while the β-sympatho
mimetic activity is maintained and even increased. These relations are 
summarized in Table I I I . 

If tested on the blood pressure and heart rate of the cat one may expect 
tha t in the series of compounds arterenol, adrenaline, ethylarterenol, iso
propylarterenol, and phenyltertbutylarterenol (Mc-5), the first compounds 
will cause a rise in blood pressure (dominating α-sympathomimetic activity, 
vasoconstriction), while the compounds a t the end of the series are expected 
to cause a decrease in the blood pressure (domination of the j8-sympatho-
mimetic activity, vasodilation). With the increase in the ^-sympathomimetic 
activity, the tachycardia induced by the drugs also increases (see Table XVI , 
Section II.A.5.3). 

As is demonstrated by Fig. 54a-e, the effects obtained in vivo correlate well 
with the expectations from in vitro structure-activity relationship. 

If the compounds from this series of catecholamines are tested on blood 
pressure and heart rate in the presence of an α-sympatholytic agent (which 
means a blockade of the vasoconstrictive action) it may be expected tha t for 
those compounds in which originally the α-sympathomimetic action domina
ted, now the ^-sympathomimetic activity (which means vasodilation and 
decrease in blood pressure) will become apparent . The consequence is tha t for 
arterenol there will be mainly a loss of the vasopressor action, for adrenaline 
a reversal of the pressor action in a depressor action is expected, while for 
ethylarterenol and the other compounds the depressor action may be expected 
to increase. Figures 54a-e show tha t the effects obtained with combinations 
of the compounds from the series of catecholamines with an a-sympatholytic 
(F-933, benzodioxane) correspond well with the expectations based on the 
data obtained with experiments in vitro. 

If the compounds from the series of catecholamines are tested in the 
presence of a β-sympatholytic agent (which means a blockade of the vaso
dilating action and the heart action) it may be expected tha t for those com
pounds in which originally the ^-sympathomimetic action dominated, now 
the α-sympathomimetic action (which means vasoconstriction and a rise in 
the blood pressure) will become apparent . The consequence is t ha t for ethylar
terenol, and possibly isopropylarterenol, a reversal of the effect on the blood 
pressure will occur, while for adrenaline the effect of the ^-sympathomimetic 
component on the blood pressure is eliminated and the effect of Mc-5, mainly 
β-sympathomimetic, will be annihilated. For all compounds the action on 
the heart rate will be blocked. 
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FIGS. 54a and b. See p. 454 for legend. 

α 

b 
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blood pressure 
mm Hg 250 ~i 

FIGS. 54a-e. The influence of various catecholamines (arterenol and its derivatives) 
on the blood pressure and heart rate of the cat (Nembutal, 30 mg/kg intraperitoneally) 
and the influence thereon of the α-sympatholytic F-933. Infusion, 1.25 ^mole/ml at a 
rate of 0.85 ml/min (a, b) and 0.5 /umole/ml at a rate of 0.85 ml/min (c, d, e). a. The 
blood pressure-increasing action of arterenol (3 /ug/kg) is abolished by the α-sympatholytic, 
b. The blood pressure-increasing action of adrenaline (3 /*g/kg) is reversed to a blood 
pressure-lowering action under the influence of the α-sympatholytic. The influence on 
the heart rate is unchanged, c. The blood pressure-lowering action of ethylar-
terenol (0.3 /xg/kg) is increased after the α-sympatholytic. The influence on the heart 
action is unchanged, d. The blood pressure-lowering action of isopropylarterenol (0.3 
jLtg/kg) is increased after the α-sympatholytic. The influence on the heart rate is 
unchanged, e. The blood pressure-lowering action of Mc-5 is increased after the a-
sympatholytic. The influence on the heart rate is unchanged. 

In summary, under the influence of the α-sympatholytic F-933, the α-sympatho
mimetic component in the action of arterenol and its derivatives is abolished (a and b). 
The reversal in the action of adrenaline means a demasking of the jS-sympathomimetic 
action in this compound (100a). The increase in the blood pressure-lowering action of 
isopropylarterenol and Mc-5 may be due to a blockade by the α-sympatholytic of the 
sympathetic counterregulation processes in the animal. 

As is demonstrated by the Figs. 55a-e, the effects obtained with combina
tions of the various catecholamines with a ^-sympatholytic agent, Nethalide,* 
correspond well with the expectations based on the data obtained with 
experiments in vitro. 

The relations found in vitro were confirmed, too, in experiments in which 
the action of the various catecholamines on blood flow in muscular tissue and 

* For Nethalide ("Alderlin ") the generic name pronethalol recently was introduced. 
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e 
FIG. 55Θ. 

FIGS. 55a-e. The influence of various catecholamines (arterenol and its derivatives) on 
the blood pressure and heart rate of the cat (Nembutal, 3 0 mg/kg intraperitoneally) and 
the influence thereon of the ^-sympatholytic Nethalide (infusion, 1.25 mg/ml at a rate 
of 0.85 ml/min). a. The blood pressure-increasing action of arterenol ( 3 μg/kg) remains 
practically unchanged. The influence on the heart rate is abolished by the ^-sympatholytic, 
b. The blood pressure-increasing action of adrenaline (3 /xg/kg) changes in this sense that 
the secondary blood pressure-lowering phase is abolished by Nethalide which makes the 
action of adrenaline similar to that of arterenol. The influence on the heart rate is abolished 
by the jS-sympatholytie. c. The blood pressure-lowering action of ethylarterenol 
(3 /xg/kg) is reversed by the ^-sympatholytic to a blood pressure-increasing action. The 
influence on the heart rate is abolished, d. The blood pressure-lowering action of 
isopropylarterenol (3 /xg/kg) is abolished by the β-sympatholytic and in some experiments 
reversed to a slight blood pressure-increasing action. The influence on the heart rate is 
abolished, e. The blood pressure-lowering action of Mc-5 as well as the influence on the 
heart rate is abolished by the ^-sympatholytic. 

In summary, under the influence of the ^-sympatholytic Nethalide the j8-sympatho-
mimetic component in the action of arterenol and its derivatives is abolished. The reversal 
in the action of ethylarterenol and isopropylarterenol means a demasking of the a-
sympathomimetic action of these compounds (100a). 

skin tissue of dogs was measured separately (100a). Also data obtained in 
human pharmacology are confirmative (87c). 

Many other examples of a positive correlation between results obtained in 
experiments in vitro and in vivo can be given. However, examples of a much 
less clear-cut correlation are also known. 
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In summary, the structure-action relationship observed in in vitro experi
ments may, as a rule, be expected to correlate with t ha t observed in in vivo 
experiments a t least in a qualitative way. Because of the interference of drug 
metabolism and drug distribution, etc., in vivo, the quanti tat ive relations 
may differ. Under certain circumstances, drug metabolism may cause qualita
tive differences between in vitro and in vivo results, namely, if a bio-activation 
takes place (see Section I.B.3.2). However, on these points, information may 
be obtained in vitro. Data concerning the factors determining drug meta
bolism and distribution, and the understanding thereof, increase rapidly. 
A comparison of in vitro and in vivo results should not be based as a rule on 
just one aspect of the in vitro s tudy. 

111.6.3. Drug Kinetics 
The term "d rug kinet ics" usually indicates the time-concentration rela

tionship with respect to the distribution of drugs over a complex system of 
compartments. The term " c o m p a r t m e n t " is not restricted here to the well-
known body fluid compartments such as intracellular and extracellular fluid 
(the latter divided into plasma, interstitial fluid, cerebrospinal fluid, etc.). 
For instance, the drug bound to plasma proteins and the drug free in solution 
in plasma, must be referred to as a drug divided over two compartments. 
Strictly, each of the various plasma proteins has to be treated as a compart
ment. The distribution of a drug over such a complex system is determined 
by transfer functions, one for each couple of directly related compartments. 
On this basis, a complex network of functions can be set up with the various 
compartments within the nodes (87b). By applying the particular rules 
given by Segre (87b), the complete network thus obtained can be reduced to 
a minimum of nodes and functions, the essential network. The system of 
equations describing this can then serve as an isomorphic model for the 
biological system concerned. In order to couple the distribution of the drug 
to the effect, one of the compartments, " t h e biophase," has to be coupled by 
a sequence of functions to the effect. Strictly, the specific receptors may also 
be treated as a compartment. The integral dose-response relationship, thus, 
can be described by means of a complex mathematical model, covering drug 
kinetics as well as stimulus-induction and the stimulus-effect relation. One 
should be aware tha t in the case, for instance, of a bio-activation, the character 
of the input and output of a compartment can differ materially. If the network 
of nodes and functions is extended to the stimulus-effect relationship, the input 
in a compartment, e.g., of some compound, may be transferred to an output of 
essentially different character such as another physical entity, or energy. 

In addition to the strictly mathematical isomorphic models mentioned 
[many of which are described in the literature (10a,b,c, 11a, 17, 23c, 23f,g, 
24, 24a,b,c,d, 26, 26a, 26d, 26f, 29%, 30, 32, 38a, 41, 45, 53, 54, 55, 55a, 55c, 
56, 56a, 67a, 68, 70, 70a, 71, 72, 77a, 80a, 83b, 86a, 86c, 86d, 87c, 89, 94, 95a, 
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96, 96a, 97,101,102a, 103,103a)], more easily visualized and concrete models 
are used such as hydrodynamic models (23d, 29a, 78b, 83a, 105) and electric 
models (lib, 23b, 23g, 62a, 81b, 87a) among which is the "electronic dog" 
(29b). The most recent application is the use of the analog computer in the 
study of drug kinetics (21a, 29c,d,e,f,g,h, 55b, 78a, 85a, 101a). 

One of the simpler models, a two-compartment system described by de 
Jongh (48) in a study of the influence of the dose scheme of drugs on the dura-

d o s e ( d ) 
10 

m a r g i n a l 

Fig. 56 

log .dose 
(log d) 10 

m e u n i t 

t i m e t i m e (t) t i m e ( t ) 

FIG. 56. Theoretical curves representing the relation between the concentration in the 
body fluids and the time for a drug that is eliminated at a rate of 20% of the concentration 
present per unit of time. The marginal concentration (d = 1) is that concentration of the 
drug necessary to be effective. Note that if the data are plotted on a semilogarithmic scale, 
the curve becomes a straight line (see Fig. 57) [adapted from (48,49)]. 

FIG. 57. Theoretical curves representing the relation between the log concentration and 
the time for a drug like that described in Fig. 58A. Note that the times (t and t') during 
which different doses (d and d') are effective are linearly proportional to log d and log d', 
respectively [adapted from (48,49)]. 

tion of the effect, the integral effect, and the cumulation of the drug, will be 
given as an example. The simplest case is tha t of intravenous administration. 
Then there is little or no latency time for absorption. The total dose of the 
drug is supposed to be directly available; temporary adsorption on silent 
receptors is not expected to occur. After injection, the active concentra
tion of the drug is then proportional to the dose. Processes like excretion, 
metabolic inactivation, etc., in many cases proceed in an exponential way (13, 
100). The quant i ty eliminated per unit of t ime is then proportional to the con
centration present during tha t time (Fig. 56). This results in linear concentra
tion-time relations if a semilogarithmic scale is used (Fig. 57). 

A certain concentration of the drug ought to be available to guarantee the 
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effect wanted; as long as this concentration is present the drug is effective. 
That dose which after intravenous application just produces this effective 
concentration, is called the "marginal dose" and is taken as a unit of dosage 
(Figs. 58A and 58B). The action duration of a drug dose is determined by the 
time during which the effective concentration is maintained. 

When a certain dose d is used the question arises whether doubling or repeat
ing of tha t dose is more effective as far as the duration of action is concerned. 

log d (log d)2 

d d 1 
0.20 O.lO-i 

0.16 - 1 
0.08-

0.12 - 0.06-
A 

0.08- / 0.04-

0.04-

Fig. 58a 

0.02-

/ Fig. 58 b 
Γ 1 Τ Ί 1 Τ r — 1 , , 1 f 1 , 1 1 1 

1 3 5 7 9 11 1 3 5 7 ^ 9 11 d d 
FIG. 5 8 . A . Curve representing the relation between the size of the dose (d) and the dura

tion (t) of the effect per unit of dose [t/d = (log d) /d]. Note that there is a maximum for that 
dose which equals 2 . 7 1 8 or e times the marginal dose {48). B . Curve representing the rela
tion between the size of the dose (d) and the integral effect of that dose over its time of 
action [t( 1/2) (logd) = (logd)212d]. Note that there is a maximum for that dose which 
equals 7.4 or e2 times the marginal dose [adapted from (48)]. 

As may be seen from Fig. 57, the times t and t' covered by two different doses 
d and d', are proportional to log d and log d', respectively. 

V log 2d , log 2 
t logd logd v ' 

t' log 2 
- > 2 if - 6— > 1, and thus if d < 2 (8b) t log α 

The dose, as a mat ter of fact, must be greater than the marginal dose. Doubling 
of the dose is more effective if 1 < d < 2. Repeating of the dose is more effective 
if d > 2. The individual dose tha t will cover an optimum time with a certain 
quanti ty of drug is tha t dose tha t results in an optimum value iovtjd — (logd) jd. 
From Fig. 58A it may be seen, tha t this is the case if d = 2.718 or e times the 
marginal dose. 

If not only the establishing of an effective concentration but also the degree 
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of effect is taken into account, one has to know the relation between the con
centration and the degree of effect obtained. The effect is assumed to be ap-
proximatively proportional to the logarithm of the concentration. The average 
effect obtained with a dose d then becomes (1/2) (logd) and the total effect 
£(1/2) (logd) =a (logd)2/2. The integral effect per unit of dose then becomes 
(logd) 2/2d. Figure 58B shows tha t an optimum for this integral effect is reached 
if d is equal to 7.4 or e 2 times the marginal dose. The problem of accumulation 
was treated by de Jongh (48), too, on this basis. 

To approach the integral dose-response relation more closely, more complex 
models are needed. A more detailed, theoretical and experimental s tudy on 
this topic has been made by Bunger et al. (13). They discuss parenteral appli
cation and intravenous infusion. For further inquiry, the reader is referred to 
the monographs of Druckrey et al. (25), of Rescigno (81), and of Dost (24), 
and to reviews by Segre (87b), Dettli (23f, 23g), and others (94a). The integral 
relations between the dose and the effective concentration are another point of 
discussion. Theoretical and experimental approaches are to be found in 
literature (17, 24, 41, 45, 54, 55, 55a, 56, 70, 71, 72, 77a, 96, 97,100,101,102a, 
103). 

C O N C L U D I N G REMARKS 

In this contribution to molecular pharmacology, an approach is given to the 
action of drugs based on the molecular properties of both drug and biological 
object. The writers are aware of the fact t h a t only a fraction of the experimental 
material available and only some of the theoretical concepts in the literature 
are included in the discussions. Choices were made to give the reader a general 
view of molecular pharmacology so tha t he may become interested enough to 
bring molecular-pharmacological thinking into practice in the design of 
experiments and the consideration of da ta obtained. 

The theories presented contain a good deal of speculation. However, it is 
under the guidance of experimentation. This promotes the speculation to the 
level of science. The extensions of receptor theory make it possible to bring a 
great variety of phenomena under a common denominator. Thus the theory 
served its purpose. 

I t must be realized tha t even if a theory fits the experiments, there is still a 
relativity and indeterminability in the living system. Data obtained from 
experiments on such systems are not only influenced essentially, bu t are often 
even determined, by the experimental approach. Characteristic for a living 
organism is its continuous reaction on, and interaction with, the environment, 
including the experimental at tack. Living objects are so complex, therefore so 
irreproducible, t ha t biological laws or theories can only be statistical laws or 
theories (63). In order to obtain simple systems, suitable for a more direct, 
" e x a c t " approach, the living organism has to be disintegrated. The further 
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this disintegration goes, the more " e x a c t " will be our approach, but the less 
life will remain in the biological system. As soon as we really approach exacti
tude, life will be gone. This is one of the main dilemmas in molecular pharma
cology, where the study of the interaction between drugs and biological (living) 
objects is the aim. 
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