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PREFACE

This book is based on three lectures delivered by the author

in 1932 at the invitation of the University of London. He

desirea to record bin thanks to the University both for this

honour and also for a grant made from their Publication

Fund.

The original lectures have been expanded considerably in

order to present a moderately complete survey of the evidence

available. A perusal of the volume shows that it deals almost

entirely with the balancing of probabilities and that in scarcely

any instance is it possible to produce clear-cut proof. The

author has indeed felt serious doubts as to whether the evidence

was sufficiently definite to be worth collecting, but the following

two points seem to justify the collection of this data. In the

first place the general problems dealt with involve many

widely separated fields of knowledge, and there are many

instances of workers advancing theories regarding the mode

of action of drugs, which, although possible as regards their

own subject, involve obvious impossibilities when applied to

other subjects. In the second place the very vagueness of the

biological evidence often produces a deceptive aspcct of sim-

plicity, and this results in the paradox of the most complex

systems being interpreted by the simplest theories.

The probability of the truth of a theory regarding the action

of drugs on cells can often be tested by considering the facts

established regarding the simpler non-living systems dealt

with by the colloidal chemist. In most cases the application

of this method indicates that the action of drugs on cells

must be far more complex than has been assumed.

The author apologizes for the fact that so much of the argu-

ment in the volume is destructive criticism of hypotheses that

are attractive in their simplicity. There is however little

hope for future advance unless the complexity of the factors

regulating drug action is fully realized.
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THE MODE OF ACTION OF DRUGS

ON CELLS

â€¢ .*â€¢t'â€¢ ''â€¢'. â€¢.

CHAPTER I

':-.';. INTRODUCTION

General Considerations â€¢ ,

Pharmacology is'one of the youngest of the biological

sciences, and its youth was naturally occupied by the task

V Â°f determining accurately the qualitative nature of the action

'of drugs. During the present century more and more atten-

.. :. tion has been paid to the quantitative aspect of pharmacology.

Such studio have been stimulated in particular by the remark-

able advances made in 'chemotherapy and also by the necessity

for finding methods for estimating the activity of drugs by

â€¢ biological tests, and in consequence the general problems of

quantitative pharmacology are beginning to receive more

, . â€¢ attention. . ':

Various problems of quantitative pharmacology are dealt

with in books such as that of Hoeber (1924) on the Physical

. -; Chemistry of Cells. Loewe (1928) has written an important

article on the quantitative problems of pharmacology, and

Zunz (1930) has reviewed this subject in his book Elements

de Pharmacodynamie Generate.

The purpose of the present volume is to try to discover

what laws can ho postulated regarding the combinations formed

between drugs and cells, and the scope of this work is there-

fore narrower than that of the works already mentioned.

The literature regarding those aspects of quantitative pharma-

' cology dealt with in this volume is however very extensive,

. very scattered and of varied quality. The writer has not

attempted to provide complete references to this literature,

but has simply selected certain pieces of work which appear

to throw light on problems of general interest.

M.A.D. 1 H
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2 MODE OF ACTION OF DRUGS ON CELLS

The commonest defect noted in the literature studied has

been the failure to recognize the extreme complexity of all

systems that contain living organisms or cells. Quantitative

pharmacology must seek explanations for the phenomena

with which it deals from the laws of physical chemistry,

hut it must never be forgotten that the simplest living cell

constitutes a system far more complex than any that would

ho considered worth investigating by a physical chemist.

The requirements of physical chemistry are indicated by the

fact that the relatively smooth surfaces of glass and metal

are preferred to charcoal for the study of adsorption, because

the latter is an inconveniently complex system. Such

standards place living protoplasm far outside the limits of

possible experimental material.

Quantitative investigations upon the living cell are indeed

limited in every direction. The cell is a highly complex system

and life is only maintained over certain narrow ranges of

chemical and physical conditions. For these reasons quanti-

tative pharmacology although it may use the laws of physical

chemistry cannot really follow the methods of the physical

chemist. The 'physical chemist can reasonably hope to

simplify his conditions and to reduce the number of variables,

.... until ho obtains a system that provides formal proof of the

laws wh-ch he enunciates, but the pharmacologist is interested

in the action of drugs on the living cell and any attempt to

simplify this material results in death. Hence he cannot

hope to obtain formal proof for his theories and must lie

content with intelligent guesses. Even in the most favourable

cases where quantitative relations have been established for

the action of drugs on cells there probably remain dozens of

unknown variables, and there is usually a considerable range

of possible alternative explanations.

The aim of the present work is not to attempt to establish

laws regarding the reactions that occur between drugs and

cells in the sense that the term " establish " would be used

â€¢ in physical chemistry. The author has limited himself to the

more modest aim of picking out cases in which the evidence

available seems most complete and trying to find if the

phenomena can be explained by the application of the laws

of physical chemistry. There is no question of trying to
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INTRODUCTION 3

explain all the reactions that occur between drugs and colls;

iho question is whether a certain proportion of these can be

explained by the known laws of physical chemistry without

making highly improbable assumptions.

On the other hand, the actions produced by drugs on living

cells have certain features of a unique interest. Many specific

drugs act at extraordinarily high dilutions, and the selectivity

of the actions and antagonisms observed is without parallel

in inorganic chemistry. In some cases it can be shown that

living tissues detect differences that are not discerned by

physico-chemical methods. For example, in the case of many

synthetic organic drugs (e.g. the organic arsenicals), it has

been found necessary to supplement the physical and chemical

tests for purity by biological tests for therapeutic activity

and toxicity. The physical and chemical tests are far more

exact than are the biological tests, but unfortunately the

former fail to provide information about the most important

properties of the drug. Biological reactions therefore pro-

vide unique information regarding the action of drugs, but

the information always tends to be vague and inexact.

Quantitative pharmacology is therefore something more

than an inaccurate form of physical chemistry. It is true

that the information provided by biological reactions must be

regarded as vague and inexact when judged by the standards

of physical chemistry, but these reactions often provide in-

formation that cannot be obtained by any other means.

Mathematical Treatment of Pharmacological Data

Quantitative data regarding the action of drugs on cells

usually have the following unfortunate characteristics. The

standard of accuracy is relatively low, because all living

material varies and it is seldom possible to be certain that two

samples are identical, and even in favourable cases, where an

experiment can be repeated many times on the same popula-

tion, the latter is undergoing continuous change. In practice

it is seldom possible to get data accurate to within less than

Â± 5 per cent. Moreover, the range over which it is practicable

to vary the conditions is usually narrow. Finally, there are

always many unknown variables in the system under observa-

tion. In consequence of these facts nearly all pharmacological

data would be summarily rejected by any physical chemist
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4 MODE OF ACTION OF DRUGS ON CELLS

-.-.-

as being far too inaccurate and uncertain for profitable

mathematical analysis.

1tho writer made a few c\perimentM with varying constants

to see how many different formula* could be used to interpret

the Mame wt of ftgures if a variation of â€¢; _ ."i p.c. were allowed.

The result is shown in Fig. 1. The three curves show various

relations between concentration (.Â«) and action (y) and do not

deviate by more than Â± 5 p.c. of the maximum value of y

when y varies from 20 to 00 per cent. of its maximum value.

Curve 1 is a hyperbola, curve 2 is an exponential curve and

_L

U.ky-loy(ajc*t) (k-00/66,

CL-S-3).

Ill kjc"-y (k-43, n-OS)

I II I

0 1-0 2-0 X 3-0

Fig. 1.â€”The similarity possible between the curves expressing three

different furmuhn of types used in biology.

curve 3 is a parabola. They are all drawn to formulae which

have been used to express pharmacological data. The first

formula is the simplest of those used by Langmuir to express

adsorption equilibrium. The second formula expresses the.

well-known Weber-Fechner law, and the third is the well-

known adsorption formula popularized by Freundlich.

The majority of pharmacological data expressing equilibria

between drugs and cells approximate to an exponential form.

In most cases it is very difficult to get data accurate to within

i 5 p.c. of the maximum effect, and only in exceptionally

favourable cii cumstances can the effect of a drug be measured
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INTRODUCTION 5

from 0 to 100 per cent, of its possible action. Consequently

Fig. 1 expresses the nature of the evidence usually provided by

quantitative pharmacological data, and, as the figure shows,

the results can be interpreted almost equally readily in several

different ways.

The writer must apologize for mentioning the following

principles regarding the use of formulae in interpretation of

biological data. They appear to be self-evident, but they are

yery frequently disregarded. In the first place, there is no

advantage in fitting curves by a formula unless this expresses

.some possible physico-chemical process, and it is undesirable

to employ formulae that imply impossibilities. For example,

the simple kinetic formulaâ€”concentration X time = constant,

implies that an infinite dilution can produce an action in

infinite time and that a sufficiently high concentration will

produce an instantaneous action. Both these postulates are

usually untrue, for there is always a threshold concentration

below which a drug produces no action, and there is usually

a lower limit to the time in which an action can be produced.

Pharmacological data usually have a low standard of

accuracy and express relations over a narrow range of varia-

tion, but the accuracy of the data cannot be improved by

mathematical treatment because the original quality of the

material unfortunately is not affected by such treatment. On

the other hand, mathematical treatment will often obscure

experimental errors in a manner that is gratifying to the

author, but not to the reader.

The fact that a particular set of data are fitted by a par-

ticular formula merely establishes a probability that the chief

variable measured is some particular physico-chemical process.

Formal proof of the occurrence of a particular process is rarely

if ever possible because of the number of unknown variables

that are nearly always present. Consequently regard must

always be paid to general probabilities, and if the assumption

of the occurrence of a particular physico-chemical process

involves assumptions that appear absurd on general grounds,

there is no necessity to violate reason in obedience to a

formula. It must be remembered that a formula is merely

a convenient form of shorthand and is an aid to and not

a substitute for reaoon.
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6 MODE OF ACTION OF DRUGS ON CELLS

Material Suitable fer Quantitative Study

There arc obvious advantages in studying quantitatively

the action of a drug over as wide a field as is possible. At

the mime time it must be recognized that only a limited number

of systems are suitable for quantitative work. The action

produced by a drug on a biological system not only must be

measurable, but also it is very important that it should be

measurable over the full range of possible action. There must be

an upper limit to the action of any drug, but in many cases this

cannot be determined because of secondary effects that appear

when the concentration of drug is increased. For example,

the depressant action of chloroform on most isolated tissues

can be measured from 0 to 100 per cent. action, but in the

case of a weak narcotic such as alcohol the effects produced

by doses approaching the upper limit are of doubtful quanti-

tative significance because the concentration of alcohol is so

great as to produce an extensive change in the physical

properties of the pcrfusion fluid, and the action measured is

probably a mixed effect of narcotic action and a variety of

other effects. Fig. 1 shows the great importance of the

measurement of the top and bottom 10 p.c. of the possible

rvH|Minso and systems in which these can be measured are

preferable.

Another fundamental point is that the action produced

should Ixi as simple as possible. An example of a satisfactory

system '.:. the effect of a narcotic on the respiration of blood-

corpusclcs or sea-urchin eggs. In this case there is a reason-

able probability that the changes observed are a direct result

of the fixation of the drug by the cells. In other cases it is

practically certain that the relation between dosage and action

produced will be complex: For example, there is a quanti-

tative relation between the dosage of a vitamin and the effect

produced by its administration to an animal on a diet deficient

in this vitamin. The easiest effect to measure is the increase

in weight. The relation between rate of growth and increase

in weight in a given period is however of a logarithmic

character. Hence even if there happens to be a simple linear

relation between vitamin dosage and the rate of growth this

same relation will not obtain between the vitamin dosage and

the gain in .weight in a given period.
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INTRODUCTION 7

The pharmacologist must be moderate in his ambitions.

It is not a question of finding laws which will interpret all

actions of drugs on all systems. It is a question of finding

a few systems so simple that it is possible to establish with

reasonable probability the relation between quantity of drug

and the action produced in these cases. The simplest systems

present so many difficulties that it may In; taken for granted

that analysis is impossible in the case of complex systems.

This need for caution is sometimes forgotten because highly

complex systems may provide the simplest quantitative rela-

tions between dosage and action of drugs, but the most

probable reason for any such apparent simplicity is that a

large number of variables are present but mutually cancel

each other.

Colloidal chemistry provides the best control for pharmaco-

logical theories. The living cell is more complex than any

non-living colloidal system, and it is therefore absurd to expect

the relations found in pharmacology to be simpler than those

found in colloidal chemistry. Colloidal chemistry has made

great advances in recent yeats, but the general trend of these

advances has been to reveal an increasing complexity in the

laws governing colloidal reactions.

It seems fair to assume as a general principle that if a

pharmacological reaction appears simpler than an analogous

reaction in non-living systems, the simplicity must be apparent

rather than real. This line of argument will be used frequently

in this book because it is often the only method of deciding

whether the fact that a set of data are fitted by a formula

has any theoretical significance. This attitude is moreover

in general accordance with the experimental evidence, for an

intensive study of any particular pharmacological action nearly

always results in showing it to be more complex than was at

first supposed.

Hoobcr, R. (1924) Phyaikaliache Chemie tier Zelle uiut (Jewebe, 5th Ed.

Engolnrann, Leipzig.

. Loowe, S. (1928) hie Quantitatiee frobleme tier Pharmakologie.

Ergebn. Physiol., 27, 47.

E. (1930) Kli:inmIH tie Plutrmucodyiuunie tJenerale. Mutwon ct

Cio., Paris.

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

3
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



CHAPTER II

THE LIVING CELL CONSIDERED AS A PHYSICO-

CHEMICAL SYSTEM .

The Size of Cells and Molecules

Pharmacology is concerned with the effects produced by

drugs on Uving organism*, and it U important to consider

the general pro|ierties of the simplest systems available for

quantitati.c study.

The simplest living system is a population of free-living

cells, and a stationary population is preferable to one that is

dividing freely because the former is more uniform. Hence

s[xtrinato/,o;i, sea-urchin eggs, red blood-corpuscles, amwbao or

bacterial H|xireH are preferable to freely growing bacteria. A

suspension of even the simplest cells in a drug solution con-

stitutes however a complex heterogeneous system, because the

smallest cell is enormously larger than any molecule and the

simplest living cell is composed of several phases.

Table I shows the sizes of certain molecules, whilst Table II

shows the sizes of typical monocellular organisms and body

cells. The range of size of monocellular organisms is very

great and tho manner in which their functions are related to

their size has been discussed by Adolph (1931). The few

examples given in Table II show that the lower limit of size

.for ultra-microscopic organisms is less than the size of the

larger protein molecules, but that on the other hand a small

bacteria is enormously larger than. the molecule of an ordinary

drug. The order of magnitude of the diameter of simple

molecules is 10 A, and of a protein molecule 100 A, whilst on

tho other hand in the case of a small coccus the corresponding

figure is 10,000 A. This implies that the volume of a coccus

is about 1,000,000 as great as that of a protein molecule.

A large number of drugs are known to exert their action

upon the surface of cells, and therefore it is of interest to con-

sider the number of drug molecules necessary to cover cells

8
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LIVING CELL AS A PHYSICO-CHEMICAL 'SYSTEM 9

with a munomolecular layer. These quantities can be calou-.

lated from the figures in Tables I and II.

In regard to the area covered by drugs 1'anet h and Radn

(1924) found that 1 mgnt. of methylene blue could cover

a surface of 1 sq. metre with a monomolccular layer. The

amount of this dye needed to cover a staphylococcus with a /

surface area of 2 sq. /i would therefore be 2 X 10~1- mgm., \

and this quantity would contain 4 million molecules. (In this

and subsequent calculations the figure 1 gm.-mol. â€” 6-4 X 10"

molecules has been used.) The molecule of phenol is smaller

than that of methylene blue, and it may be assumed that about

10 million molecules of phenol would IHJ needed to cover a

coccus with a monomolecular layer. This number would have

a total volume of about 200 X 101 ?= 2 X 10" cu. A, which is

about 1 p.c. of the volume of the coccus. Similarly, a human â€¢

erythrocyte would be covered by 240 million molecules of

TABLE I

The Dimensions of Molecules

Area

Molecule.

Molecular

Linear dimension*

covered by

odaorboU

Volume

in cubic

. . weight.

. â€¢ in A,

molecule in

square A.

Ethyl alcohol

46

(3-6)' (1)

21-6(2)

. â€”

Chloroform

119

(4-8)a(l)

â€” '

â€”

Palmitic uoid.

256

24 X 4-5 X 4-5 (2)

20-5 (2)

495

Sodium oloate

304

12-3 X 7-6 x 6-6 (3)

50(3)

616

Mothylone blue

320

â€¢ â€¢ â€”

50(4)

â€¢ â€”

Castor oil

929

17 X 1-7 X 5-7 (5)

280(5)

1,600

Gelatine . .

â€”

30 x 22 x 22 (10)

450

13,500

Egg albumen.

36,000 (7)

42 X 30 x 30 (6)

905 (6)

39,000

Hsumoglobin .

34,000 (7)

â€”

'â€”

â€”

66,000 (8

53 X 53 X 7(10)

a.Hoo

19,000

&9)

Muscle protein

â€”

76 X 76 X 7-5 (10) 5.800

43.000

Phyko-erythrin

210,000(11)

- â€”

â€”

â€” â€¢â€”

(1) Lundolt-Uonutein (1923).

(2) Adam (1930).

(3) du Noiiy (1926, p. 99).

(4) I'anoth and Radu (1924),

(5) Langmuir (1917).

(6) du.Nouy (1926, p. 115).

(7) Buok und Oroonborg (1930).

(8) Svedborg and Fahraeua (1926).

(9) Adair (1925).

(10) (iortor uad Groudell (1926*).

(11) Svedborg (1928).
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10

THE LIVING CELL CONSIDERED

. T.VHI.K 11

The UinH'ii.-iiims of Cells

!,nn-ur

Siirl'uru area

V ulnmo in

tlllliUltHiollH

in aquare

cubic luicra

in micra .

(U - IU< A).

nncru

(bia .. 10"

cu. A).

(If1 - 10"

â€¢q. A).

Ultru-miÂ«roscopic viruwH . '.

(0-01 )a to

0-000.3 to

0-000,000,5

(0-1 )Â»

0-03

to 0-000,5

11. pneunwsiiUea ....

(0-2)Â»

0-12

0-004

StajJtylococci and Streptococci

'

(I)

(0-8)3

2

0-26

H. colt (1)

\" "/

3 X 1-2

11-6

3-4

Botri/tria npoivs (2) ...

10X8

250

380

YliHHt O'llH (3) .

(7)a

150

180

\ ' f

AIHU-IMI linmx (4) ... .

80 x 30

8,000

50,000

EKRH of PvnmnH'chinuH (5)

(29)Â»

2.600

12,500

Htnnan ttrythrocyto (6) . .

8-8 X 2-4

119

120

Cell of hourt ventriolo : â€¢

(s) Frol? (7) .....

131 X 9

1,900

2,600

(6) Human (8) , . . .

50 x 20

3,100

15,000

Ktottutch-musclu of frog (8) .

CO X 2

. 180

60

Uterine muscle of virgin rut (9)

30 X 2

â€¢90

30

(I) Schmidt and Kmrher (1930).

(L'l Smith (l!i-M).

(3) 1'mi.T (I!iii).

(4) l'anlin (I1Ul).

(A) (Jia.y (l9at, p. 6).

(6) I'onllur

(7) Skramlik (1921).

(8) McOill (l1l(HI). .

(9) Gander (UKtn).

.sodium oleatc. Acetyl cholino and adrenaline are two hor-

mone* of particular interest in quantitative pharmacology.

Their molecular weight lies between 100 and 200, and one of

their molecules probably covers an area between 20 and 50

si|. A. If the latter figure be taken, then the number of

moleculca required to cover one heart-cell of the frog is of the '

order of 10lÂ° molecules. Even in the case of proteins the ':

number of molecules of egg albumen needed to cover a coccus;..:

is about 200,000, and 13 million would be needed to cover.-

nn erythrocyte. â€¢ ' .

These figures suffice to indicate the enormous disproportion J

between the sizes of molecules and of small cells. The ratio '

of sixe between a molecule of phenol and a coccus is similar' ':

to that between a milligram and a ton.
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AS A PHYSICO-CHEMICAL SYSTEM

11

Although the number of molecules needed to cover a cell t

is large, yet the concentration resulting from the coating of!

a cell with a monomolecular layer of drug is not very great.

These quantities can be calculated readily from the data given

in the first three tables. Table III shows, for example, that

the cells in 1 cu. mm. of frogts-heart tissue have a total surface

of 0 sq. cm. The amount of acetyl cholino needed to cover

this area is 3 X 10~7 grammes or 2 X 10~u gramme-molecule^

or 10i6 molecules. The concentration of drug in the^-tiw^e

when the cell surfaces are completely covered would be about

one in 1000. Similarly when an erythrocyte is covered with

TAIU.E III

. â€¢ Number of eells in 1 cu. mm. and their total Hiirface

Nature of calla.

H. cnli .........

Number iH

t cu. mia.

TuUd uurfucn in

Bi{. cm. uf cetIs in

I cu. mm.

975 x 10* (2)

36 (1)

2,130 x 10* (2)

7ti (I)

8 X 10' (1)

175(3)

10 (1)

Muscle colls of frog's ventricle

Fibrils in rabbit 'H muBclo :

(a) Skeletal inuaclo . . . . .

0-33 X 10Â«(1)

0(1)

50 (4)

ubout 150 (4)

(1) Calculated from Table II.

(2) Schmidt aiul Fischer (1030).

(3) Ridoal (1930).

(4) Uorter and Qrondell (I92Â«u).

a monomolecular layer of sodium oleate the total volume of

the drug is about one-thousandth that of the cell. The surface

per unit volume is greater in the case of bacteria than in the

cases mentioned above, and the quantity of drug required

to cover a bacteria with a monomolecular later is equal to

about 1 per cent. of the volume of the bacteria.

The question as to the relative size of molecules and cells

is important because the problem arises whether the funda-

mental laws of chemistry and physics can be expected to

apply in a volume as small as that of a living cell. Thin

question is discussed by Gray (1931, Chapter 2), who points

out that the laws of mass action and t he second law of thermo-

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

3
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



12 THE LIV1NO CELL CONSIDERED

dynamics ure both based on the conception of a large popula-

tion of molecules moving at varying velocities The validity

of these laws depends on the assumption that the populations

arc largo enough for the statistical laws of chance to apply,

and therefore it in of interest to consider the probable number

of molecules in a cell.

The Number of Molecules in Single Cells

Cameron (1 !i:_".)) calculated the number of certain molecules

and ions present in u red Mood-corpuscle and obtained results

of the following order :

Plnmplmtitlrs, cholcHtorol, glurose anil urvu . . â€¢ 200-300 million

Ailrliosiri mid |/lnlnt hionr . . . â€¢ . 50-100 ,,

rntmwium and chlorino . . . . 2000 10,000

- iims . . ... .''.', 220.OOO

The limit of direct visibility is usually considered to be a

sphere 0-2/< in diameter. The volume of such an organism

is only 1/30,000 that of a red blood-corpuscle, but even in this

case each cell will contain thousands of all the molecules and

ions mentioned except the hydrogen ion, and according to the

calculation given above it will only contain about 7 hydrogen

ions. 1'ctcrs Micto) calculated that an organism 0-2 micron

in diameter (volume 4 X 1"" cu. A), when its contents were

neutral (/ill 7-0), would only contain one hydrogen ion.

Krrera (MMI.'l) was one of the first to calculate the probable

lower limit of size compatible with life. He reckoned that

the diameter of Micrococciu progrrdit'Ha was 0-lfyl and cal-

culated the volume as 0-0018 cu. /i. Ho found that if the

organism coniained 14 p.c. of protein with a molecular weight

of lii,OOO, it would contain 30,000 molecules of protein. The

molecular weight of protein is now believed to be at least

three times as great as he assumed, and therefore his figure

for tho protein molecules per cell must be divided by three.

Tin- surface area of tho organism is about 0-07 sq. /i, and 10,000

molecules of protein would cover about 0-1 sq, p. The protein

content therefore is not much greater than the amount needed

to form a monomolecular layer on tho surface.

Krrera also calculated that a spherical organism with a

diameter of 0-05/4 would contain 1000 molecules of protein,

whilst one with a diameter of 0-01/i would only contain 12
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AS A PHYSICO-CHEMICAL SYSTEM 13

molecules. These figures must be divided by three to accord

with the more modern estimate of the molecular weight of

protein. Errera concluded that ultra-microscopic viruseH

could not be very much smaller than the smallest visible

organisms.

According to d'Herelle (1928-9) the bacteriophage and the

majority of ultra-microscopic viruses have a diameter of about

o-ol/i, although in certain cases the diameter of the latter

is as great as 0-05/i.

Klford (1931) estimated the size of organisms by meaim of

liltralion through graded collodion lilt ITS and obtained the

figures shown below. . .

Organiam . , IHnan-tn- in inlrni

II. tH-iitliyiiMnH . .' . . . . 0-5 - 1-0

Hurt HI- plcurispntumonla . . . .0-1 -0-5

Vaeciuia virus . . . . ... 0-12 -0-17

lnfedious rct.imn'lm . . . . .0-1 -0-15

Bactoriuplutgu (13. ouli) . . . . . 0-02 -0-03

Fuot-mul-mouth-ilimiUHit virii H . . . 0-008-0.012

Oxyhemoglobin . . . . . . 0-003-0005

These tc-sults show a continuous gradation of sixe ranging

downwards from organisms only slightly smaller than visible

organisms to those of the size of protein mole 'ules. The

majority of authorities agree with these figures, altnough some

â€¢ authors have obtained smaller ones. For example, Hitler and

Bronfenbronner (1931) found that the average diameter of

the particles carrying bactoriophage was 0-004/l.

These calculations suggest that the number of molecules in

a cell the size of a red blood-corpuscle is sufliciently large for

the ordinary laws of chemistry and physics to apply. In the

case of small bacteria it seems probable that the greater portion

of the protein is orientated on the surface, and the number of

hydrogen ions is too small for the ordinary laws of mass action

to apply. AH regards most of the molecules of which such an

organism is composed, these will number thousands if not

tens of thousands. The volume of such an organism is how-

ever about one million times greater than the volume of a

molecule of a drug with a molecular weight of a few hundred.

Hence even in the case of the smallest visible organisms there
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14 THE LIVING CELL CONSIDERED

is no reason to assume that they will behave as molecules and

that one molecule of drug will suffice to kill an organism.

It seems probable that an ultra-microscopic virus contains

a small number of molecules of protein. Our knowledge con-

cerning these forum of life is very scanty but they would appear

to present special problems in physical chemistry.

The Number of Molecules of Drugs that React with a

Single Cell

The understanding of the possible modes of action of drugs f

on cells is facilitated by the estimation of the amounts of

drug that react with cells. It is particularly interesting to ,

consider the case of drugs that act in high dilutions, since

these figures give an indication of the smallest quantities of

drug that can affect a cell.

The following methods of measurement are available for

estimating the dose of drug needed to produce an effect'on a

single cell.

(Â«) The micro-injection of drugs.

(It) The chemical estimation of the concentration of drugs

in cells.

(c) The estimation of the quantity of drug fixed by cells

by the measurement of the amount of drug disappearing

from the surrounding solution.

The first of these methods appears to be the most reliable

but has yielded somewhat unexpected results, for it has been

found that many drugs when injected into cells produce actions

that are qualitatively different from those produced when the

cell is immersed in a solution of the drug. These results are

interesting and important, but they do not indicate the quan-

tity of drug needed to produce the normal drug action on cells.

The chemical estimation of the concentration of drugs in

cells is possible in certain cases, but unfortunately it is not

poasible in the case of the most powerful and therefore the

most interesting drugs because in these cases the quantities

fixed arc too small to be estimated by chemical methods.

In the case of phenol, estimations have been made of the

concentration of drug in micro-organisms when the external

concentration is just sufficient to produce death. Fig. 2

shows the results obtained by Herzog and Betzel (1911).

This shows that yeast cells are killed when the concentration
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AS A PHYSICO-CHEMICAL SYSTEM 15

of phenol in the cells is about 0-3 p.c. If the cell volume be

taken as 200 cu. micra there will be about 3 X 10* molecules

per cell.

In most cases the fixation of drugs by cells has been measured

biologically. A certain volume of drug solution has been

allowed to act on a certain quantity of cells, then the solution

has been separated and the amount of free drug has Ix-i-u

estimated by biological tests. An alternative method that

is possible in some cases is to reduce the volume of drug wolu-

100

BO

100

080

O2 64 06 O8 10

Fig. 2.â€”The relation between thu concentration of phenol and iU

action upon und uptake by yeast.

ABSCISSA : per cent. concentration of phenol in solution. LEFT ORDINATB :

per cent. mortality. RIOUT OBDINATE : per cent. concentration of phenol

m cells.

CUBVB A. Per cent. mortality. â€¢

I'UKVK B. Adsorption of phenol t â€¢- i-.-IU. (Herzog and Betzol. 1911.)

tion to a minimum and thus measure the smallest quantity

of drug that can produce a given action on a known quantity

of cells.

Ponder (1930) studied the htemolytic action of saponin and

of sodium oleate and concluded that haemolysis was produced

by the combination of 10'13 gm. lysin with a human erythro-

cyte. If the molecular weight be taken as 6OO, then the

amount fixed corresponds to 101 molecules iK-I- cell. In the
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HI THE-LIVINO (JELL CONSIDERED

case of sodium olcate 1'onder calculated the corresponding

figure as 2 X 10" molecules. He found that this quantity

was just sufficient to cover the cell surface with a monomole-

cular layer. Christophers (1921)) found that about 0-0002

gramme-molecules of acid or alkali were required to hffimolyse

I gm. of tirythrocytes. This works out at about 10* molecules

|x-r erythrocyte.

A number of authors have calculated the quantity of cardiac

glucosides needed to produce arrest of the isolated hearts of

frogs and other animals. The general method employed in

the case of the frog heart has been to use a small volume of

fluid (e.g. 1 e.c.) and to transfer this from heart to heart until

the solution fails to produce the typical effect. The minimum

effective concentration of the drug when present in excess is

known and hence the amount of drug ftxed per heart can be

calculated.

The results given in Table IV show that in the case of certain

TABLE IV

The 'niionnts of cardiac glucosidea fixed by the tissueB when a lethal

cftVct is produced on isolated hearts

Drug fixed by

tibuuo (y per

ltng. Author. g moist

weight).

f ~

(a) I aolated frogts heart :

Ouabain, V . . . . Straub (1910) 2-2

Weizsuckor (1917) 3.

Strophanthin Kombe . .1 Clark (1912) 3-2

Bigitoxiu . . . . . I Fischer (1928) 20

tiitulin . . . . . . I Gander (1932) 50

liiliitidin Kiliani . . ' .. WeizsiickiT (1917) 25

tiitulin Kraft . . . . Idem 80

verum , , Idem 600

Oliaro and Kot hiu

i

(1928) 1-2

Antiarin. S1uytcrihann.(1911) .2 '

(6) Heurt-luny preparation of cat: \

Ouubain. . . . . . Weese (1928) 2

Digitoxiu ...... Idem 4-0

Seilhuvn .... Idem 1-65

,,i8"'-
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AS A PHYSICO-CHEMICAL SYSTEM 17

drugs the heart cells can be poisoned by the fixation of about

:.'}' of glucosido per gramme of heart tissue. This t-esult is of

interest because this quantity of drug is much too small to

cover the surface of the heart cells.

The molecular weight of ouabain is 700 and hence -2y of

drug contain about 2 X 10'6 molecules. One gramme of

frog's ventricle contains 3 X 108 cells and therefore each cell

fixes about 10' molecules. A molecule of strophanthin will

certainly cover less surface than 500 sq. A and hence 10' mole-

cules cannot cover more than 5 X 10* sq. A. The frog's heart

cell, however, has an area of 2 X 10n sq. A, and hence the

strophahthin fixed cannot cover more than 3 p.c. of the surface

of the cell. The author has estimated the amount of various

other drugs fixed by the tissues upon which they act, and the

results are shown in Table V. In most cases frog tissues were

used, and the effect produced on a tissue immersed in a large

volume of dilute solution of the drug was compared with the

effect produced by adding small quantities of concentrated

TABLE V

The amounts of various potent drugs f'xed by t ho t issues when an

action of a givon intensity has bwn produced

Amount

of drut{.

Drug.

Tiasue.

Action.

UXOU (y

Auther.

purÂ«.

moUt

weight).

Acotyl cholino HC1

Frog's heart

.ri0 put cent.

â€¢Â»-oa

Clark

inhibition

(ID-'ttA)

Frogts roctuH

50 per cent.

Idem

abdorainis

contructurc

Atropine' sulphate

Frogts heart

Domoiuitrablo â€¢ iK~, ; Clark

antugonism of

(lÂ»2tiu)

acotyl choliue

Potassium chloride

Frogta heart

0O per cent.

too

Clurk

inhibit iuu

(1IIL*II,:)

Higher alcohols

Frogts heart

50 per cent.

500

Clark

(Huptyl-dodecyl)

inhibition

(1930)

Caffeine citrate

Frogta rectus

50 per cent.

800

Clark

abdominis

contraction

tunpubl.)

Adrenaline HOI .

Frogts stomach

Marked inhibi-

0-06

Idem

tion

Rat's uterus

Idem

0-0.1

Idem

Histamine HC1

Katts uterus

Idem

0-2

Idem

M.A.tl.
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lg THE LIVING CELL CONSIDERED

Holution to the tissue when this was (tmpended in a moist

chamber. Iji the case of rat's uterus the action of a large

volume of solution (25 c.c.) was compared with the action of

the drug when added to a bath containing about 0-5 c.c. of

fluid. In the case of such drugs as acetyl choline and adren-

aline the figures given are maximum ones, for the drug is

destroyed rapidly by the tissues, and this must introduce a

considerable error.

The results given in Table V show in the case of the alka-

loids, which exert a powerful specific action on cells, that the

amount of these drugs that must react with the cells lies

between 0-01 and o-ly per gramme of cells, i.e. about one-

hundredth of the corresponding amount of strophanthin.

Although these figures are only very approximate, yet they

provide important information regarding the mode of action

of these drugs, for their molecular weight lies between 100

and 300, and hence a quantity between O-ol and 0-ly, which

is absorbed by 1 gm. of heart, contains about 10 tu gramme-

molecules or about 10'* molecules. Even if each molecule

covers 100 sq. A this quantity would only cover 10I* sq. A or

1 sq. cm. The surface area of the cells in 1 gm. of frog's heart

is about 1i,000 sq. cm., and hence the drug fixed can only

cover about 1/0,000 of this surface. These figures therefore

preclude completely any itlea that these drugs can form a

monomolecnlar layer over the heart cells and practically

prove that the drugs must exert their action by uniting with

certain specific receptors in or on the heart cells, and these

receptors must form only an insignificant proportion of the

total surface of the cells.

On the other hand, the amounts of the higher alcohols

fixed by the heart are of the order necessary to form a mono-

molecular layer over the heart cells, for the amount fixed per

unit of weight is about 10,000 times as great as in the case of

the spccilic drugs.

In the case of potassium chloride another interesting point

arises. The heart cells contain about 0-3 p.c. of KC1, but

yet a powerful action is produced on the cell by the fixation

of an amount of KC1 equal to only 0-01 per cent. of the tissue

weight.

Although the weight of drug ftxed per cell is extremely
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AS A PHYSICO-CHEMICAL SYSTEM 19

snuill, yet the number of molecules fixed per cell is large.

The author has calculated that in the cu.sn of acetyl choline

a demonstrable action is produced on the heart cells when

10,000 molecules per cell are fixed, but about twenty times

this quantity is needed to produce a 50 per cent. inhibition.

In connection with these calculations it may be noted that

it is difficult to express the quantitative reactions between

drugs and tissues without the use of either cumbersome or

else unfamiliar expressions. Quantities of drugs can be

expressed fairly conveniently as micrograms ()-) per gramme

or per kilo. Concentrations of dings are however more

difficult to express without the use of an inconveniently large

number of noughts. In the case of the liminal concentrations

of powerful drugs the millimolar terminology is but little

more convenient than tho molar. On the other hand, the

number of molecules in a grumtue-molecule is so great that

this gives inconveniently large figures. For example, several

drugs produce an action in a dilution of lo '" molar, and this

is equivalent to 0 X 10'Â° molecules JKJF c.c.

Minimum Concentrations of Drugs effective on Cells

Drugs such as acetyl choline are well known to produce an

action at extraordinary dilutions, and therefore it is of interest

to consider the highest dilutions at which drugs can produce

a demonstrable action, and whether there are a sufficient

number of molecules per cell present. to permit the ordinary

laws of physical chemistry to operate.

The minimum concentrations of certain powerful drugs that

have been proved with fair certainty to produce an effect are â€¢

given in Table VI. This table shows that five drugs produce

u recognizable action on isolated tissues in a concentration

of lo " molar or less. In most cases the results quoted have

been confirmed by several independent workers, and can

therefore be regarded as firmly established.

Table VII shows the minimum doses of certain hormones

that produce recognizable effects in intact animals, and the

lowest figures in this table suggest that drugs can act at con-

centrations even lower than those given in Table VI. There

are other cases in which drugs have been shown to produce â€¢

a biological effect in comparable dilutions. For example,

bioluminescence is an effect which permits the detection of
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20 THE LIVING CELL CONSIDERED

TABLK VI .

Minimum concentrations of drugH that produce dsmonHtrablo actionn

on isolated organs

. â€¢ ' J

Drug. | Organ.

Action.

Concentratios.

Author.

Aeetyl choline ! Frog'* heart

Inhibition

10'a molar

Clark

HCl

(1926*)

Hiâ€¢ltuiuiliK HCl

Rabbit's rur

Vuao-con-

8 x 10-" molar

Kothlin

â€¢triction

(1920)

Adronalino HCl

HuMiit'H in-

Inhibition

5 x 10~*. molar

Trentlel-

tostine

onburg

(1924)

Kabbit'i oar

VllHII-Cllii-

5 X 10'w molar

Rothlin

Htrirtion

(1920)

Uut'n uterus

Inhibition

5 x I0-w molar

KminH and

Clark

(1925)

Pituitary

Frog'* nkin

Molunophore

One part in 10"

Krogh

extract

â€¢

dilatation

of the active

(1926)

principle

Quinea-pig'n

Contraction

One part in

Abol

utornH

Ox 10" of the

(1924)

active principle

minute tracea of drugu, and Newton Harvey (1924) has given

tiie following figures. The concentration of oxygen necessary

for the occurrence of luminescence is 0-0053 mm. Hg. oxygen

pressure which equals 1 part of oxygen in 3-7 X 10* parts cf

sea water. Luminescence is produced by the addition of

lucifcraso to luciferin when the former is in a concentration

of 1 part in. 8X10* parts of sea water.

In the case of smell extraordinary figures for dilution have

IxJOI1 recorded. Passy (1892) found that tri-nitro-butyl-toluol

could be detected at a concentration of 10*5y per litre, and

Fischer and Pentzoldt (1887) gave a similar threshold value for

mercnptan. These concentrations sound incredibly small, but

none the less they are sufficient to provide about Iti8 molecules

per c.c. of air.

These concentrations arc extremely small, but comparable

figures have been obtained in certain cases with non-living

systems. For example, Bredig and v. Berneck (1899) found

that platinum sol in a concentration of 3 X 10-" gm. platinum

lier c.c. caused a measurable decomposition of hydrogen
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TABUS VII

Minimum tloses of hormones anil vitamins that produce responses in

intart animals

I"-"K.

Animal.

EfleCt lllr,lHIIIr,l.

1 i, iw givun .

Author.

(> per kg.).

Arntyl cholino

Cat

Fall in H.I'.

0-OO0.002

Hunt (1918)

UC1

Adrenaline UC1

Cat

VIIHO- dilut ul ion of

o-uuo,uori

Dale and Richard*

donervaUtd limb

(1918)

Cut

Inhibition of

u-ooo.7

l.iiu and Chou

intestine

(1925)

Cat

Rise in U.P.

0-07

Wilkie (1928)

Dog

Km., in B.I'.

o-oi :

Molinelli (1926)

Rat

Inhibition of

0-3

Knaus and Clark

uterus

(1925)

Man

Rise in â€¢ puUn

0-025

('ori and Buchwald

rate, etc.

(per min.)

I930)

Active prinripht

Cat

KiHO of If. !â€¢.

tl-115

AM (tÂ»ati)

of posterior

lube of pitui-

tary (partly

purified)

(Kstrm,' crystal-

Rat

Production of

1-5

D'Amour and Uu>-

lino

u-Htrin)

tavsen (1930)

Insulin, rryntul-

Rabbit

Fall of blood.

10

Abel (1926)

liue

sugar

Thyroxin

Mouse

Rise in metabol-

1'IK1

tiaddum and

ism

per diem

Hetluirington

(1932)

Vitamin A . .

Rat

EIIoct on growth

3 per diem

Moore (1930) .

Vitamin D . .

Rat

Effect on bones

0-02

Coward (1928)

|nir diem

peroxide, and Paal and Amberger (1907) found the same with

osmium sol at a concentration of 9 X 10-10 gm. per c.c.

It also is interesting to note that visible colour can be pro-

duced by concentrations even lower than those recorded in

the case of smell. Newton Harvey (1923) stated that fluores-

cine could be detected at a concentration of one part in 111".

Minimum Quantities of Drugs producing effects on

Isolated Cells and Tissues

Some of the smallest quantities of drugs that can be proved

to produce a measurable action on isolated organs are as

follows. Ehrmann (1905-1906) showed that 0-Oly adrenaline

produced a measurable effect on the isolated frog'tc-'ey^.^
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22 THE LIVING C'ELL CONSIDERED

Fiihner (1918) found that 0-ly physostigmine produced a

demonstrable effect in potentiating the action of acetyl oholine

on the frog's heart. Flcischmann (1911) demonstrated the

effect of o-oi;' atropine on a frog's sinus that had been arrested

with muscarinc.

The author used strips of frog's ventricle suspended in a

moist chamber and applied drug solutions in the form of small

drops; This method permitted the demonstration of 0-002y

acetyl cholinc (Clark, 1926A), of 0-O0y atropine (Clark, 1926B),

and of 0.01}' strophanthin (unpublished results). The same -

technique with strips of frog's stomach gave a positive effect

with (M)U2y adt'etinline. Other experiments were made with

tissues suspended in very small volumes of fluid and pieces â€¢

of guinea-pig uterus responded to O-OOly adrenaline, and to

()-i>'2y of dried pituitary and to 0-Uly histaminc (unpublished

results).â€¢

Various authors have shown that demonstrable effects can

lie produced by very minute quantities of drugs applied locally

to certain tissues. Metzncr (1912) found that a dose of O-Oly

atropine instilled into the human eye produced a just demon-

strable effect, and Joachimoglu (1915) found the same figure

for the minimum dose of hyoscine effective.on the cat's eye.

Koppanyi and Lieberson (1930) found that 0-0.riy atropine

produced an effect when injected into the anterior chamber '

of the cat's eye.

Weiss artd Hatcher (1923) applied drugs to the floor of the

fourth ventricle and found that emesis was produced by. (Hy

aconitine and by 0-2y morphine.

Minimum Quantities of Drugs producing effects on.

Intact Mammals

Table VII shows figures for the minimum quantities of drugs

that produce a recognizable response when administered to a

mammal. The smallest values are those given by Reid Hunt

for acetyl choline and by Dale and Richards for adrenaline,

and, as far as the writer is aware, these two values represent

the smallest quantities of drug that have been proved with

certainty to produce an action on living tissues.

Other workers have shown that these drugs produce effects

when given in very small quantities, but the values obtained

are considerably larger than those mentioned above. Clark
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and White (1927) found that 0 004y acetyl choline per kilo,

just produced a full of blood-pressure in the cat, but this

figure, although small, is nearly 1000 times greater than that

obtained by Reid Hunt. In the case of adrenaline, Dale and

Richards showed that the amount needed to produce vaso-

dilatation in the denervated limb was far smaller than that

required to produce a demonstrable rise of the blood-pressure.

Wilkie (1928) found that the latter effect was produced by

0-07y per kilo, in the cat, and similar figures have been

obtained by many other authors. The following are a few

typical figures for the dose per kilo, of adrenaline needed

to produce a measurable rise of blood-pressure. In the dog,

0-Oly (Molinelli, 1926), 0-08y (Reid Hunt, 1901). In the cat,

ly. (Storm van Lceuwen, 1920), 0-25y (Cannon and Lyman,

1913). In the rabbit, 0-5y (Launoy and Menguy, 1920).

The effects considered above were immediate responses to

injections, but very small doses of hormones and vitamins

. are capable of causing a sustained alteration in function.

Crystalline ocstrin and calciferol appear to be the two most

potent of these substances isolated at the present time.

The figures for the minimum effective dose of oestrin are

as follows: D'Amour and Gustavson (1930) found the rat

unit was equal to 0-38y when the oestrin was given in a single

dose. Laqueur and de Jongh (1929) gave a fairly pure prepar-

ation of oestrin divided in 6 doses, over three days, and obtained

with the purest specimens a value of 0-lyocstrin for the mouse

unit. Allan, Dickens and Dodds (1930) found that oestrin,

when given divided in 6 doses, was about ri0 times more

'active than when given in a single dose. It would' appear

probable therefore that oestrin acts on a rat when the total

amount in the blood at 'any time is not more than 0-0 ly,

which is a concentration of about 1 part in 10*.

Vitamin D or irradiated ergosterol has an activity com-

parable to that of oestrin. Coward (1928) found that a daily

dose of 0-Oly of vitamin D just produced a demonstrable

effect on a rat of 100 gm., and since then purer and more

potent preparations have been prepared. Several hormones

and vitamins therefore produce an action when the amount

present in the body is of the order of 0-01 to 0-ly per kilo.

(i.e. .1 part in 1010 to 1011).
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24 THE LIVING CELL CONSIDERED

In the ease of Boveral of the toxins the lethal dose is not

very much greater than the figures given above. Osborne,

Mendel and Harris (l!to5) found that the M.L.D. of ricin for

a rabbit was ly lier kilo. Koulikolf and Smirnoff (1927) found

that the- M.L.D. of diphtheria toxin for a guinea-pig was also

about I/ |H!r kilogram. Marehmann (1931) found that the

M.L.I), of a purified tetanus toxin for mice was about 3y of

dry substance per kilogram.

Certain Extreme Figures found for Active Drug Dilu-

tions ' '. ' .

. The figures given for minimum doses and concentrations

producing a measurable response are surprisingly small. The

number of molecules in a gramme-molecule is however BO

enormous (6-4 x 10") that these minimum figures represent

huge populations of molecules. For example, a dilution of

1 in 10IS eorres|HMtds to more than 100,000 molecules per c.c.

These dilutions mentioned in this paper bear no relation to

the homeopathic dilutions. Hahncmann, for example, claimed

that drugs at the 30th potency produced reliable effects, and

actions produced by similar dilutions are still occasionally

described (e.g. Kiinig, 1927). A homeopathic potency means

a dilution one hundredfold, and hence the 30th potency corre-

sponds to a concentration of 1 part in 10<0. This works out

at about ono molecule in a sphere with a circumference equal

to the orbit of Venus. Such results may be either believed or

disbelieved, but their acceptance involves discarding the funda-

mental laws of chemistry and physics.

Other results have been published which are almost equally

improbable. For example, botulinus toxin is undoubtedly a

very powerful poison, and several observers agree that the

M.L.D. of a potent solution for a guinea-pig is less than 0-000,1

c.c. per kilo. Hronfenbrenner and Schlesinger (1922), however,

found that the M.L.D. was 10*1 c.c. per guinea-pig, and this

would scarcely sufHce to provide a molecule of toxin per animal.

This fact was pointed out by Newton Harvey (1924), who drew

attention to the extraordinary difficulty in freeing measuring

apparatus from traces of adsorbed drugs. It has been the

writer's custom when working with high dilutions of drugs

to wash out all pipettes with fuming nitric acid at frequent

intervals. Unless some precaution such as this is taken the
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result*i obtained with high dilutions are of little value. The

amount of washing needed to cleanse a pipetto can easily be

Keen by filling a pipette with saturated try pan blue and then

measuring the number of washes needed to cleanse it.

There are other figures which are not absurd but must be

considered doubtful. Ahlgren (l'J26) and Kuler (1930) describe

adrenaline as influencing the oxygen uptake of tissues at a

concentration of 1 part in 10M, and give similar figures for

thyroxin and for insulin. Other workers have failed to conftrm

these dilutions ; for example, Kisch and Lcibwitz (1930) found

that the limit of demonstrable activity was 1 in 10a. Similarly

Krawkow (1923) stated that adrenaline at a dilution of 1 in

1016 produced constriction in the perfused rabbit's ear, but

Kopp and Mancke (1930) found that the limit of demonstrable

activity was 1 in-10s. Schlossmann (1927) concluded that

adrenaline at a dilution of 1 in 10U could produce an effect

on a frog's heart partly poisoned with aconitine.

The Number of Molecules present in Minimum Doses

The minimum effective concentrations and doses described

above arc surprisingly small cvea if doubtful figures be dis-

regarded. In the case of the two lowest figures given in

Table VII, namely, the doses of acetyl eholine and adrenaline,

the drugs were given intravenously and produced an immediate

and transient action. These figures should therefore \xi cal-

culated as the probable concentrations produced in the blood-

stream, rather than as the dose per kilo, of body weight. If

it be assumed that the drug is mixed with half the volume of

the blood, then the minimum cileetivo concentration in these

two cases is of the order of l.in.101*. This is about one-

hundredth of the minimum concentration known to produce

an action on an isolated organ. This dilution of one part in

101* contains, however, about 108 molecules per c.c. and the

actual dose administered, namely about 10-sy,. contains about

10lÂ° molecules. The fact that a dose of this magnitude pro-

duces a pharmacological response does, not therefore involve

any special physico-chemical difficulty.

In the case of vitamins it is possible that the active principle

acts on most of the cells in the body, and therefore it is of

interest to consider the number of molecules available pcr cell.

Parker (1930) estimated the number of cells in the body of
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26 THE LIVING CELL COXSIDEHED

a man weighing 70 kilo, un 26 X 1C1*. This corresponds to

an average size of cell of 2700 cu. /i, or about 3 X 1011 cells

per kilo. If the molecular weight of calciferol be taken as

400, then 0-ly contains 10l* molecules. Hence a daily dose of

even 0-ly per kilo, will supply 100 molecules to every cell in

the body.

Calculations of this nature can only provide very rough

approximations, because on the one hand the active principles

are probably selectively fixed by the tissues on which they

net, and on the other hand they are fairly rapidly broken down

by or excreted from the body. â€¢

, The organs of the special senses can record very small

physical or chemical changes, and hence it is of interest to

consider the smallest number of molecules that can produce

a sensation. The minimum concentrations of drugs that can

Iie detected by smell have already been discussed, and it was

shown that although these concentrations are extremely weak

yet they contain a large number of molecules per cubic centi-

metre. In the case of vision it is believed that the primary

effect produced by light in the retina is to cause a breakdown

of some photosensitive substance (cf. Chapter XII), and the

amount of photosensitive material activated by a minimal

effective light stimulus acting on the human retina must be

extremely small. Snyder (1931) considered this problem and

concluded that the light energy entering the retina from the

feeblest visible Hash was 2-',l X 10-"' ergs, and that this would

activate about (iti molecules. The smallest area that must

be stimulated to give a light perccption he took as two rods,

and calculated their volume as 188 cu. ft. If one-tenth of this

volume were occupied by the solution of photosensitive

material, then the concentration produced by the 0O activated

molecules would be about 5 X 10~u molar. These results

suggest that the product of light activation must be more

potent than any known hormone.

This general consideration of the smallest quantities of drugs

that can produce an effect on body tissues shows that the

minimum effective concentrations and quantities are extra-

ordinarily small. Indeed their expression involves the use of

figures of an unfamiliar order of magnitude. If, however,

these figures uro expressed as the number of molecules
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present, then the result*i show that there is no necessity to

assume special laws of chemistry or physics in order to explain

the effects observed.
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CHAPTER III

THE FIXATION OF DRUGS BY CELLS

Nature of Cell Structure

In most cases the site in the cell at which drugs act is

unknown, but in a certain number of cases there is definite

evidence that they act on the plasmatic membrane. This

makes it necessary to discuss this membrane, and to adopt

some hypothesis regarding the structure of the cell. â€¢

The numerous unsolved problems connected with this subject

are discussed fully in works such as those by Hober (1924)

and Gray (l1t:il). There is, for example, no general agreement

as to whether cell protoplasm is to be regarded as a solid or

a fluid. Gray concludes (p. 07):

Whou wo atteui|>t to |iietuiv ili.- fuctH of cytephiHmtc ditTorcnliution

in phVMeal IennH, titÂ« ditlicultics are uvnuhelminn. ... It MCCIIIH

muie rut'onal to iTi-tanl living nmtrrial as a stair of nuitter whcn' the

I'tinstitiirnt niulet'uleH are organiy.cit in a way quite unknown in'tho

inanimate' world, and uhieh will only bo clueidatnl by nu-thods of

analysis whk'h have yÂ«t to bo discovcrtxl.

These remarks can be applied with equal truth to the pro-

perties of the cell surface. For example, the muscle-cells of

a vertebrate contain much more potassium than sodium, whilst

the reverse is true of the fluids which surround them. The

evidence obtained from the study of the electrical conductivity

of cells indicates definitely that the ions in the cell are in

true solution. This conclusion has lieen fully confirmed by

Hill (1M31), by studies of the osmotic pressure and the vapour

pressure of muscles and other tissues. He concluded from his

work on vapour pressure (p. 53) : " The fundamental point,

therefore, brought out by these experiments is that nearly

the whole of the water of muscle is ' free ' in the sense that it

can dissolve in a normal manner substances added to it."

Micro-injection experiments also have shown that protoplasm

30
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'THE FIXATION OF DRUGS BY CELLS 31

is freely miscible with water, for Chambers and Reznikoff (1920)

have shown that when large volumes of water are injected into

nmieb;e the water immediately diffuses throughout the cell.

The evidence available indicates therefore that the cell

interior contains a solution of salts in water, and that these

salts are in true solution and are not udsorlxHl or combined,

but are capable of conducting electricity and of exert ing osmotic

pressure. Since-this salt solution inside the cell is totally

different in composition from the salt solution iti the tissue

Huids, the cell membrane must form a barrier impermeable

to the passage of many salts. On the other hand, if the tissues

arc perfused with solutions containing rubidium, the potassium

in the cell is partly replaced by this element. The cell surface

must therefore be to some extent |)ermeable to these ions, and

exchange of ions can occur fairly rapidly.

This example is typical of the complexity of the evidence

-. regarding the selective permeability of the cell surface. Some

of the phenomena can be imitated in systems composed of dead

membranes, but our present knowledge of physical chemistry

is inadequate to explain the general behaviour of the surface

of a living cell. Hill (HCH, p. 71)) concluded : " Throughout

we are involved, not with genuine equilibria, but with con-

ditions maintained constant by delicate governors and by a

continual expenditure of energy. How that energy is supplied,

how it is utilized to maintain the structure and the organisation,

is, 1 think, the major problem of biophysics."

The following assumptions regarding cell structure are made

in this volume.

. The protoplasm in the interior of the cell is known to have

a complex structure, it contains a nucleus and may contain

a variety of granules, globules of fat, etc. These complications

can however be ignored Iieeause nothing is known of the manner

in which the internal structure of the cell influences the effect

of drugs after these have entered the cell. The interior of

: the cell can then-fore be treated as a homogeneous protein-

water phase, although it is certain that it is in reality more

complex.

There is a large variety of evidence that indicates that a

/ drug may either act on the surface of the cell, or may enter

the cell and act on the interior, and that the effects produced
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32 MOIJE OF ACTION OF DKUCS ON CELLS

dillcr in tho two cases. Wo must therefore assume that the

activiiy of the cell can be modified by the fixation of u drug on

the cell Hurface. The simplest physico-chemical explanation

for the possibility of such an occurrence is to assume some

form of orientation of the cell protoplasm, although it i--

diflicult to reconcile this view with the conception of the cell

contents as u fluid and freely moving water-protein phase that

has already been outlined. A theory recently put forward

by Cetera (1930) suggests that the cell surface is a more or

less rigid surface film, and that the proteins in the interior of

the cell are orientated on the surface so that they form a

structure but yet are capable of movement.

It must be assumed that the surface membrane possesses

Selective pcrmeability. As regards drugs- this selective per-

meability shows very wide gradations. Some substances enter

very rapidly, other substances enter slowly, whilst the

membrane is completely impermeable to certain drugs.

Relation between Drug Fixation and Action

. The diagrammatic representation of the cell outlined above

is the simplest representation that will permit the explanation

of the facts of drug action. The most important postulate is

that a drug may cither act on the surface of the cell or may

enter the cell interior or may do both, and in the last case its

action on the cell surface may be different from its action in

the cell interior.

This conception is of fundamental importance in the quanti ~

. tative study of drug action. The first step in quantitative

pharmacology is to relate changes in drug concentration with

effects produced on the cell. This, however, is only the first

step, and the next problem is to refate changes in drug con-

centration with the amount of drug fixed by the cell. In some

favourable cases both these relations can be obtained, and the

question then arises whether we can then state that a certain

quantity of drug fixed produces a certain action. Huch a

calculation will however only be significant if it is probable

that all the drug fixed by the cell partakes in producing the

action observed. The evidence available suggests that this is

not the case. The cell is a complex structure and the effect

produced by the drug depends upon the portion of the cell on

which it is fixed. In many cases a drug appears to produce

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

3
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



THE FIXATION OF* DRUGS BY CELLS 33

it*i effect by reacting with the cell surface and nay drug that

enters the cell interior has little action. There is moreover

no reason to suppose that the cell surface is uniform and

probably the effect produced by a molecule depends on the

nature of the receptor-on the cell surface on which it happens

to be adsorbed. . â€¢ . ,

Drugs can be shown to produce different actions according

to whether they act on the cell surface or enter the cells by

the following experimental methods, (i) Micro-injection ex-

periments ; (ii) quantitative estimates of drugs fixed on cell

surface and entering cells ; (iii) measurements of the rate of

action of drugs ; (iv) measurements of the rate of washout

of drugs; (v) experiments showing the existence of active

patches.

Micro-injection Experiments

The technique of micro-injection of drugs into umwhje

developed by Chambers has permitted the comparison betwewi

the action of drugs applied outside the cell and their action 1

when injected into the cell interior. The results show that

the actions frequently are different in the two cases, Reznikofl

and Chambers (1924) studied the effects of salts on auuubie.

They found that NaCl and K(/'l were the more toxic on external

application, whilst CaCla and MgCll were the more toxic-on

micro-injection. The effects produced were moreover different

with external and internal application.. The presence of calcium

in the suspension fluid is essential for the reformation of the

plasma tic membrane of the amwba (Cham hers, 1920, and

Chambers and Rcznikoff, 192(i). The injection of calcium into

;Re-cett~causes, on the other hand, solidification of the surround-

ing protoplasm. Hiller (1927) showed that amulbae were

paralysed by immersion in narcotics but that injection of these

narcotics into the amwba; produced no narcotic effect but

uBe4_a local coagulation of the protoplasm. iirinley (1928, â€¢

A and ii) showed that immersion in hydrogen cyanide paralysed

amutbi.it but that the drug when injected into the amouba

produced no more effect than did the injection of distilled

water. He obtained (1928 a) similar results with solutions of

sulphuretted hydrogen. Keznikoff (.1926) found that soap

solutions caused disappearance of the plasmalemma of amujbic

and that this result was produced more readily by immersing
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34 MO1JE OF ACTION OF DRUGS ON CELLS

the umu'ba in tlu- solutions than by injecting the solution into

the unui'bti.

The case of Valoniu which contains a large internal vacuole

is HOmcwhut different. Jacques and Osterhout (1929) showed

that manganese chloride was more toxic when injected into

the vacuole than when applied externally. It is however

scarcely legitimate to compare the injection into the vacuolu

with an injection into cell protoplasm, and it seems fairer to

regard the cell protoplasm of Vulonia as having two surfaces,

one external and one internal.

These results indicate that.drugs such as ions, narcotics,

cyanides, etc., exert their spccific actions on the surface of

cells such as amoebae, and not upon-the interior of the cells,

for only thus can we explain the fact that the drugs do not

produce their typical effects when injected.

Action of Drugs on Cell Surface and Interier

The action of potassium salts on the isolated frog heart

provides a particularly clear example of the fact that a drug

may produce completely different effects, according to whether

it in outside or inside a cell.

Frogs' muscles, both cardiac and skeletal, appear to con-

tain about 0-3 p.c. KC1, and function normally in a perfusion

fluid containing 0-015 p.c. KC1. The investigations of Hill

(lii.'ll) make it certain that the salt inside the cells is in true

solution.

The frog's heart is in equilibrium when bathed in a fluid

containing 0-015 p.c. KCtl. Increase of this external concen-

tration to 0-09 p.o. causes profound depression of the heart in

half a minute (Do, 1928). On the other hand, decrease of the

|K)tassium content to about 0-004 p.c. KCl produces a typical

change in the heart's action in a few minutes (Clark, 1920).

The excess of potassium inside the heart cannot therefore

com|xtnwate for any sudden deficiency on the outside. The

potitssium' in the cell contents can, however, leak out slowly,

and docs so when the heart is perfused with potassium free

fluid. For example, a heart loses some 30 p.c. of its potassium

content when perfused with potassium-free Ringer fluid for a

few hours ((.tlark,' 1922). If a heart is depressed by perfusion

with potassium-five fluid and is then allowed to remain in

contact with a small volume of fluid, it gradually recovers,
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THE FIXATION OF DRUGS BY CELLS 35

because the potassium leaks out of tho cells and raises the

external concentration. Moreover, a heart depressed by per-

fusion with potassium-free fluid is restored in a few seconds

by porfusion with normal Ringer's fluid. This effect is too

quick to permit of the entrance of potassium into tho cells,

and the probable explanation is that the function of tho heart

is dependent on the concentration of potassium in the fluid

surrounding the cells and is to a certain extent independent

of the amount of potassium within the cells.

All these effects can be easily explained if it be assumed

that the cell membrane prevents any rapid passage of potas-

sium and that the potassium in the per fusion, fluid is in equi-

librium with some easily dissociable compound that is located

on tho outside of the impermeable cell membrane. â€¢ .

Chase and Glaser (1930) studied the action of acids on . i

paramcccia and concluded that these produced a double effect;

firstly o. rapid surface action which caused excitation, and.

secondly a slowly developed inhibition that was produced by

the acid penetrating the cell.

Experiments by Cook (1926) on the action of methyleno j

blue ott the frog's heart show very clearly that this dye acts .

on the cell surface and also enters the cell, but that one of its

pharmacological actions is due entirely to the action of the i

drug on the cell surface. Methylenc blue has a powerful

atropinc-like action on the frog's heart, and a heart perfused

with methylene blue is dyed deeply. No measurable quantity

of dye can be removed from the heart by washing out with

Ringer's solution, but such washing out immediately abolishes

the atropine-like action: Hence the pharmacological action

of the dye can be abolished when the heart is deeply stained

with the dye. On the other hand, the atropine-like action is

produced rapidly whilst the dyeing of the heart proceeds

slowly, and hence the atropine-like action can be demonstrated

before there is any visible dyeing of the heart.

These experiments show clearly that two processes occur

when a frog's heart is exposed to methylene blue. Firstly a

pharmacological action which is probably a surface action,

and secondly an entrance of the dye into the heart cells.

The two processes appear to be completely independent of

each other.
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36 MODE OF ACTION OF DRUGS ON CELLS

In considering this experiment it must Ix; remembered that

dyes when they enter 11 cell frequently do nut mix with the

protoplasm but accumulate into discrete granules ; thin

happens particularly in the case of basic dyes (Chambers,

1928). These granules really represent foreign bodies, for in

the case of indicators their colour does not measure the pH

of the surrounding protoplasm.

The liossibility that a dye or drug after entering a cell may

IHJ encysted as a granule supports however tho general argument

that the amount of action produced by a drug on a tissue is

not necessarily proportional to the amount of drug fixed by

the tissue. ' â€¢

The experiments of Cook show that even when time is

allowed for equilibrium there is no necessary direct relation

between the amount of drug entering the cell and the amount

of cell reslHHtse. This divergence between drug entry and

cell response is much greater in the case of any actions in

which time lor equilibrium is not allowed, for it will he shown

later that the rate of entrance of drug and the rate of cell

response are two independent variables that often differ widely.

The Kate of Action of Drugs

The frog ventricle has a sponge-like structure and hence

drugs normally take a considerable time to diffuse through its.

interstices. If, however, a strip of ventricle be taken and

the drug solution applied as a fairly powerful jet, this lag

due to diffusion is abolished, and since the network of the

sponge-like trabccuhu of the ventricle is very fine, this tissue

is ait exceptionally favourable one on which to estimate the

rate of drug action.

The following figures have been obtained with this method

in the author's laboratory for tho time of half action of various

cardiac depressants.

L.irK of rail-nun . . . 2-3 s.vimcls

Exc.rss of potassium . . 10 seconds

A.-i.l.., (/.ll :i ti) . ... 2-3.minutes (De, 1928)

Eihyl ul.'ohol . . . 1-&-5 arcomln (i'irkford, 1927)

â€¢.. . . HniyI chloral hydrnto . . 2 minutrs

Aretyl rholinu . . . I .-, t w-comls (ll.irk, 1927)

The results fall into two groups : the drugs that act in a few

seconds and those that act in a few minutes. It seems very
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THE FIXATION OF DRUGS BY CELLS Â»7

improbable that the rapid-acting drugs can penetrate the cell

membrane in a few seconds. In the case of potassium cell

penetration certainly dues not occur, Similarly, lack of

calcium does not cause any rapid depiction of the cell calcium,

for the heart recovers immediately after being exposed to

calcium lack for hours, and therefore the effect in this case is

probably exerted on the surface and not on the interior of

the cell. In the ca.se of alcohols and narcotics there is evidence

that equilibrium between the drug in the blood stream and

the drug in the tissues is attained slowly. For example,

Tissot (I (Miii) showed that equilibrium was not fully established

in a dog after it had been exposed to a const ant. concentration

â€¢of chloroform for 8 hours.

Delay in the appearance of the cell response to a drug may

be due to an indefinite nnmber of causes. For example, it

has been shown (Clark, Gtaddio and Stewart, 1932) that the

time required for lack of oxygen to cause arrest of the frog's.

heart depends on two independent. variables,' namely . the.

reaction of the perfusion fluid and the amount of carbohydrate

available, The heart can only obtain energy by the break-

down of carbohydrate to lactic acid. The acid |wisons the

heart unless it can 1x3 excreted, and the excretion depends on

the reaction of the perfusion fluid, for it can occur with alkaline

but not with neutral solutions. Hence the time taken for

lack of oxygen (and probably also for cyanide) to produce

arrest may vary from a few minutes to many hours.

In a few cases it is possible to determine the cause of delay

in drug action. For example, in the case of the cardiac

glucosides it is known that these are rapidly fixed by the

cells and the delay occurs between drug fixation and cell

response. .

The Rate of Washout of Drugs

In the case of drugs that produce a reversible action on

cells, this action disappears when the cells are changed to a

drug-free solution. In the case of any one drug acting on a

particular cell population the rate of recovery presumably

depends on the time taken for the drug to diffuse out from the

cells. If the volume of fluid around the cells is large, the con-

centration of drug washed out is negligible dnd the only

variable is the amount of drug in the cells at the moment
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38 MODE OF ACTION OF DRUGS ON CELLS

that tin; washout comtnenceH. The times taken fur recovery

ought therefore to indicate the relative amounts of drug in

the col IK.

Th'! author (1tKMi) studied the rate of washout of alcohols

from t he frog's heart, and found that when equal effects were

produced by a short exposure to a high concentration, or by

a long exposure to a low concentration, the rate of recovery

was quicker in the former case.

li'or example, a 'J5 p.c. inhibition of the ventricle was pro-

duced by both o-ft min, exposure to a ()-.-i m. molar ootyl

alcohol and by 10 min. exposure to a 0-25 m. molar solution,

On washing out half-recovery occurred in the first case in

l.'t we. and in the second case in 120 see.

. It has lieen already shown that the rate of commencement

of the action of alcohols is so great that it is probable that

their action is exerted on the cell surface. The simplest

explanation of these washout experiments is that alcohols

rapidly set on the cell surface and also enter the cell more

slowly, and that the cell-surface receptors can be filled by the

drug either from solutions surrounding the cell or by drug

contained within the cell. In the case of high concentrations

of alcohol the time of action was too short to permit drug

entry, and hence recovery on washout was rapid. In the

case of weak concentrations there was time for the alcohol

to enter the cells, and hence recovery was a much slower

process and was not complete until the cells had been

cleared of the alcohol.

The Existence of Active Patches on the Cell Surface

Warburg (1929) concluded from experiments on birds' ery-

throcytt's and sea-urchin eggs that oxygen consumption was

dependent on the presence of a minute quantity of iron com-

pound in the cells. His general conception of the process of

oxygen uptake was that it occurred at certain molecules

present in the stroma or on the surface of the cells, and that

cyanides and narcotics inhibited respiration by putting these

molecules out of action.

Warburg's views regarding the importance of iron have

been criticized by Dixon (192'J) and by Kcilin (1929), audit

is probable that other receptors are at least as important as

iron. This problem is discussed in Chapter XI. There is,
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THE FIXATION OF DKUOS BY CKLLS SO

however, general agreement with the conception that oxygen

is fixed by certain specific molecules in the cell, that there are

several different varieties of receptors, and that these consti-

tute a very small proportion of the total cell substance.

Hence respiration can be inhibited by very small quantities

of a drug such as cyanide, which paralyses these receptors.

Quastel (1930) has shown that the oxidations.carried out

by bacteria occur on the cell surfaces and that they are curried

out, on H|X3cilic centres on the cell surface. His evidence /

suggests that at least twelve varieties of specific centres occur (

on the surface of H. coli.

This theory also accords with the results obtained with

powerful drugs, for in many cases the amount of drug required

to produce a strong action on a cell is much too small to form

a monomolecular layer over the whole cell surface.

The cell surface cannot therefore be pictured as a uniform

structure but must be regarded as a mosaic. This introduces

another difficulty into quantitative pharmacology, for even in

the case of drugs that act wholly-on the cell surface it cannot

be assumed that the whole of the drug fixed produces equal

actions. . .

The Nature of the Reaction between Drugs and Cells

The evidence presented in Chapter II showed that oven in

the. case of the most powerful drugs the minimal effective

dose was large enough to provide a considerable number of

molecules for every cell upon which the drug acts. In the

case of a number of powerful drugs with specific actions it

can be shown that the drug probably acts on the surface of

the cell, but that the number of molecules fixed by the cell is

too small to cover more than a fraction of the surface.

In the case of acctyl choline acting on a heart-cell, the

relative sizes of the cell and the molecule are as 101* is to

one. This is about the relation between a large whale and

a small midge. The problem is to form some picture of cell

structure that will explain the fact that a few thousand of

these molecules when they unite with the cell suffice to modify

its functions.

We are practically obliged to postulate active patches on

the cell surface on which such functions as oxygen uptake

and contraction depend. There is a considerable body of
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40 MODE OF ACTION. OF DHUGS ON C'ELLS

evidence in favour of the hypothesis that oxygen uptake is

dcpendent on a variety of active patches that only occupy

a small proportion of the cell surface. As regards contraction

it may In- pointed out that 'most of the well-known depressant

agents produce their action on the mechanical response far

more rapidly than does oxygen lack. Therefore these drugs

must depress the contraction process directly and not second-

arily by interference with the oxygen uptake. This suggests

that the functions of the cell other than those of division are

controlled liy the cell surface.

i'eters (I!KMi) has advanced a theory .of cell structure that

agrees fairly well with the pharmacological evidence. He

pictures the cell as composed of a three-dimensional protein

mosaic, with the molecules in the interior of the cell orientated

on the surface iilm. Since the interior of many cells is known

to be fluid the structure must be regarded as an orientation

rather than as an anatomical skeleton, and this orientation is

assumed to regulate the chemical processes that occur within

the cell. '-.'..

This conception of cell structure makes-it possible to imagine

how a drug by reacting with a few molecules on the cell surface

<)an alter the activities of the cell by changing the surface

pattern and thus affecting'-the orientation of the interior of

the cell. .
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CHAPTER IV

PHYSICO-CHEMICAL LAWS APPLICABLE TO

CELL-DRUG REACTIONS

It has IK-I-M Hhown that a suspension of even the smallest

living cells constitutes a highly complex heterogeneous system.

The ordinary laws of mass action arc based on the chances

of collision between molecules moving at a particular velocity,

and it is obvious from theoretical considerations that these

laws cannot be expected to apply to heterogeneous systems.

This fact was pointed out long ago by Nernst (1910, p. 622),

in the following terms :

" Since, according to this, in chemical reactions which occur

merely at the boundary between two phases, the phenomenon

is essentially one of diffusion, it is useless to try to determine

the order of the reaction from the rate at which they proceed,

us has often been attempted in recent years ; this method of

argument. is only applicable, according to kinetic considera-

tions, to the probability of collisions in homogeneous sys-

tems, and lows its meaning when applied to heterogeneous

wystems."

This fact requires emphasis because Arrhenius (1915) lent

his great authority to the idea that reactions between cells

and drugs could be interpreted by the simple laws of mass

action. Arrhenius performed a great service to. biology by

drawing general attention to the need for quantitative analysis

of data, but his suggestion that reactions in complex hetero-

geneous systems could 1x3 interpreted by the simplest laws

applicable to homogeneous systems had an unfortunate effect

I on the future development of the subject.

Knowledge regarding the physical chemistry of heterogeneous

systems has advanced greatly since 1915, when Arrhenius put

forward his views, and to-day it is scarcely necessary to argue

the point that reactions between drugs and cells must be

interpreted by the laws that are known to be applicable to

42
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CELL-DRUG REACTIONS 43

heterogeneous systems, and that a living cell is unlikely to

behave in a simpler manner than does, for example, a solution

of gelatine. ,

Formulae expressing Adsorption Equilibria

The best-known adsorption formula is that popularized by

- Freundlieh, which has the form KG" == â€” (C = concentration

m

of solute ; x = amount fixed and m =' mass of adsorbent;

K and n are constants ; n is always greater than 1 and usually

is less than 3).

According to Brownlee (1924) this formula has an honour-

able history of highly' varied utility, it was introduced in

18(17 by Harcourt and Esson to express the rate of chemical

reaction between hydrogen peroxide and hydriodic acid. In

1875 Dr. Farr showed that it represented closely the associa-

tion of the death-rate with the density of the population. In

1897 Pareto recommended it as a gradation formula in the

statistics of the distribution of wealth. Unfortunately no

theoretical basis has been supplied for the application of the

formula to adsorption. â€¢ ... ' â€¢

It will be seen that the formula can be transposed to

1 x

the form log K -Iâ€”(log C) = logâ€”, and hence if log C is

n iÂ«

X ' â€¢

plotted against log â€” a linear relation is obtained.

m .

In the true adsorption formula - is less than unity and

n

very frequently has a value near 0-5, but there is a very

similar formula that may be written Ka;"' =- y, which expresses

the differential solubility of a substance between two solvents

a and li, when the substance is in molecular dispersion in

solvent a, but forms aggregates of n' molecules in substance b.

In this case x â€” concentration in Â«, and y â€” concentration

in 6. Similarly this formula would express a polymolecular

reaction in which n' molecules of one substance united with

one molecule of another substance. .

Adsorption and differential solubility can therefore account

for three types of relations between drug concentration and

>ug uptake by cells.
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41 PHYSICO-CHEMICAL LAWS

1. True uJaurlttviu.

The quantity of drug catering the cell varies as some power

of the concentration less than unity.

2. tiimltle differential solubility.

The quantity of drug entering the cell varies as the con-

centration.

3. Differential Holultility atul polymerization.

The quantity of drug entering the cell varies a,s some power

of the concentration greater than unity.

Lungmuir's Theory of Adserption.

Tlic chief objection to Freundlich'H empirical formula is that

it implies that there is no limit to the amount of drug that

can IK- fixed. This is undoubtedly incorrect and in practice

it is usually admitted that the formula does not hold for high

concent rat ions of drugs. Langmuir put, forward a series of

formula.; to interpret certain cases of adsorption, which account

more exactly for many of the phenomena observed in pharma-

cology and are based on a few simple principles. These for-

mula; apply only to freely reversible processes. Although

drugs often produce irreversible eilects on cells, yet in many

such cases there is evidence that the uptake of drug by the

cells is a reversible action and that the irreversible effect

is due to secondary actions, moreover the majority of the

most interesting drug actions are reversible effects. Hence

these formulae can be applied legitimately to a large number

of cases.

The simplest case is when a substance is present in large

excess so that the amount fixed docs not produce a significant

change during the reaction and when one molecule of drug

is fixed by one receptor on the surface. In such a case the

mte of fixation of the drug is directly proportional to its con-

centration and to the number of unoccupied receptors on the

surface. The rate of dissociation is directly proportional to

the amount of drug fixed or to the number of receptors on

the surface that are occupied.

If -JK â€” concentration of drug, A = total number of recep-

tors and y â€” receptors occupied

Then the rate of combination = K,.r(A â€” y) and the rate

of dissociation â€” K.t.y. . .
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APPLICABLE TO CELL-DRUG REACTIONS 45

Ki|iiilibriutH occurs when combination ami dissociation aro

L'i|tial and hence

K,x(A - y) -- K.& or Kr

.

The relation between concentration and ftxation is more .

complex when one molecule of drug .splits into two portions

which occupy two receptors, and the two port ions musi com-

bine before dissociation can occur. Then the rate of com-

bination = K,j-(A â€” y)* and the rate of dissociation = K,y*. â€¢

Hence equilibrium occurs when

Kx^ lÂ»* or Kx' y .

(A - j/)* A -y

Tho chief disadvantage of Langmuir's formula} is that even

the simplest of them provides a curve that can be fitted for

considerable stretches by an embarrassingly large number of

other formulae. In the case of the formula KJC -â€” â€” - â€” .

100 - y

the relation between x and // is nearly linear when // varies

from 0 to nearly :'.o p.c. of its maximum value. Secondly,

there is a nearly linear relation between log x and y between

20 and SO per cent. of the maximum value of y. Finally if

log x be plotted against log y, a . nearly linear relation is

obtained between 5 and 70 p.c. of the maximum value of y.

It is therefore practically impossible to prove that the relation

between concentration and fixation of drug follows Lungmuir'H

formula; unless it is possible to study the whole range of rela-

tions from 0 to 100 p.c. of the possible values of y.

If only a portion of the curve is obtained this may appear

to follow either a simple linear relation (Henryts law), a

logarithmic' relation (Weber-Fechner law) or Freundlichttt

adsorption formula'. Fig. 1 shows how closely the hyperbola

obtained from Langmuir's formula approximates to the last .

.mentioned two formuhe.

The relation between drug concentration and drug action

is likely to be influenced by the ratio Iietween the concentration

that produces maximum action and the concentration that

produces maximum drug fixation. There is no reason why

these two figures should be identical, and in many cases it

can be shown that a maximum physiological action is produced

long before the cell is saturated with the drug. .
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40 PHYSICO-CHEMICAL LAWS

Sumner and Myrbiick (1930) concluded that the ferment

ureiise could fix ten times us much silver as was necessary

to inactivate it, and they suggested that the enzyme was a

large molecule but that its activity depended on a few receptors.

This theory closely resembles the " active patch " hypothesis

develo|x-d in the case of solid catalysts for very similar

reasons. Ponder (1923) found that hitmolytics continued to be

fixed by the debris of erythrocytes long after lysis had been

completed.

It is possible therefore that in two cases in which there is

a similar chemical reaction between drugs and cells the relation

between drug concentration and physiological response may

ap|H-ar to be different. In one case the end-point of the

physiological response may occur long before the chemical

reaction approaches completion, and in the other case the

two end-points may coincide. Some of the differences observed

in the concentration-action curves obtained with narcotics

appear to be duo to differences of this nature. (Cf. curve B,

Fig. 31, and curve A, Fig. 32.)

Finally, it must be remembered that "-no single equation,

other than purely thermodynamic ones, should be expected

to cover all cases of adsorption, any more than a single

equation should represent equilibrium pressures for all chemical

reactions" ((Jarner, 192(i). These remarks were made in

reference to adsorption in simple inorganic systems and apply

with still greater force to adsorption by living cells.

Selective Adsorption

Although the remarkable selective actions produced by

. many drugs and by all toxins cannot be paralleled in inorganic

chemistry, yet selective adsorption is often obtained with

quite simple systems. The following examples quoted from

Me Bain (1932) show the variations that may occur in the

Iichavitntr of a substance such as charcoal, which represents a

system infinitely simpler than the simplest living cell. Barker

(1930) showed that activation of charcoal might increase the

sorption of carbon tetrachloride one hundredfold. Ruff and

Roosner (1927) found that activation increased the sorption

of gases such as CO, and NH3 to fivefold, but it increased

the sorption of phenol as much as fiftyfold. Briggs (1921)

fitudied the sorption of nitrogen and hydrogen by various
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APPLICABLE TO CELL DRUG REACTIONS 47

forms of charcoal, and his figures show that in the case of two

charcoals from different sources one may adsorb hydrogen

better and nitrogen worse than the other.' .

These examples show that the adsorptive activity of a char-

coal surface is altered profoundly by activation by heating.

Not only is the general adsorptive power increased but quali-

tative differences are produced so that the adsorption of one

substance may be increased far more than is the adsorption

of another substance. This provides an interesting inorganic,

model for the selective adsorption of drugs.

Active Patches

Measurements of the quantities of <lrugs that suffice to

produce an action on cells, prove that in the case of powerful

drugs the amount fixed is only sufficient to cover a small

fraction of the cell surface. The speed with which drugs act

and the slowness with which drugs penetrate cells indicates

that many drugs probably act on cell surfaces.

The simplest probable conception of drug action is that

potent drugs occupy certain specific receptors on the cell sur-

faces, and that these specific, receptors only comprise a small

fraction of the total cell surface.

The study of contact catalysis has in recent years provided

evidence that even in simple inorganic systems chemical

reactions may be due to certain active patches on a surface

and that these active patches only constitute a very small

proportion of the total surface. Armstrong and Hilditch

(1922) showed that in some cases the quantity of poison that

sufficed to arrest the activity of a catalyst was much less than

the amount needed to cover the whole surface of the catalyst

with a monomolecular layer. A good example of this fact is

provided by the results of Pease and Stewart (1925), They

found that a certain copper surface could adsorb strongly

5 c.c. of carbon monoxide, but that the adsorption of 0-05 c.c.

of carbon monoxide reduced the catalytic activity of the

surface by 90 p.c. Therefore 90 p.c. of the catalytic activity

of the copper surface was due to certain active patches which

constituted less than 1 p.c. of the total surface. ;

The conception of active patches, which was introduced to

general recognition by Taylor (1925), is now fairly firmly

established. It postulates that the surface of a contact
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48 PHYSICO-CHEMICAL LAWS

catalyst is not uniform but contains certain active molecules

and thai, tho catalytic action is due to these active molecules.

The proportion of the total surface occupied by active patches

vuries in different systems from 1/100 to 1/100,000. For

example, Fromhorz and Menschick (1929) found that fluorescent

substances were adsorbed selectively by imperfections on

crytal surfaces which represent only 1/10,000 to 1/100,000

of the total surface.

There is further a largo volume of evidence that shows

that several different varieties of active patches may be present

on the surface of some simple inorganic catalysts, iiideal

(1926A, p. 141) stated: " In catalytic investigations a still

more marked differentiation in the adsorptive capacities of

various parts of the surface must be-presumed. Thus in the

combination of cthylene and hydrogen on a nickel surface we

find that the fraction of tho surface area which is catalytic-

ally active is of the order of 10-4. There arc thus areas of

highly reactive localized patches which can adsorb and cause

reactions in these gases, there are other less active areas which

can adsorb both gases but fail to bring them into reaction,

and there exist still less active areas which can adsorb only

ethylene but not hydrogen."

Iiideal and Wright (1i126) studied the oxidation of oxalic

acid by blood charcoal. Two types of active centres, Fe-C

and C-C, were found. The former, which was 57 times as

active as the latter, was selectively poisoned by HCN. Poison-

ing experiment indicated that the Fe-C complexes occupied

41-2 p.c. of the charcoal surface. Unlandin (1926) put forward

the conception that different points adsorbed different groups

of the adsorbed molecule and hence the molecule might get

pulled in half, and he suggested that catalysis depended on

this effect.

It appears to the writer that the phenomena observed in

regard to active patches in contact catalysis resemble those

observed in the case of Hpccinu drug actions far more closely

than do any other phenomena in inorganic chemistry.

The following are certain points established as regards the

action of contact catalysts that suggest analogies to the action

of drugs on cells.

1. The activity of the surface depends on the activity of

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

3
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



APPLICABLE TO CELL-DRUG REACTIONS 49

the patches which constitute a minute fraction of the whole

surface.

2. OB a single surface there may be patches showing several

different types of activity. One type of patch selectivity

adsorbs one chemical group and another t>â€¢(s.- of patch adsorbs

a different group.

3. The activity of a surface can be changed or abolished by

minute amounts of poisons inhibiting the activity of some or

all of the active patches.

4. The activity of a surface can be increased enormously

by promoters. These are-substances which are m.t themselves

good catalysts but which â€¢ increase the catalytic activity of

surfaces.

The evidence quoted regarding the existence of active

patches in charcoal is very strong, but in other cases the whole

of the charcoal surface appears to adsorb in a fairly uniform

manner. Ochrent studied the adsorption of organic acids

by powdered charcoal and concluded (1932n) from measure-

ments of the quantities adsorbed that about 1/25 of the total

number of carbon atoms present in the charcoal were concerned

in the adsorption. This result implies that not only is the

total surface of the powdered charcoal enormous in proportion

to its bulk, but also that adsorption occurs On the whole of

the surface. Ochrent (1932A) also concluded that the ad-

sorption of the different organic acids occurred on the same

surface. This work indicates that in some cases the whole

of a charcoal surface adsorbs in a fairly uniform manner. The

conception of the adsorptive activity of charcoal depending on

" active patches " appears therefore to be only true for certain

forms of adsorption.

A contact catalyst such as charcoal may be regarded there-

fore in rrsport of its reactions to drugs as a greatly simplified

model of the living cell. It appears certain that the reactions

that occur in the living cell must be far more complex than

those that occur on a charcoal surface, and if the former appear

to be the simpler the simplicity must be apparent rather than

real, and due to faulty methods of measurement and to

ignorance, The general rule about heterogeneous reactions

appears to be that their known complexity depends almost

entirely upon the care and accuracy with which they have been

M.A.ll. Â£
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50 PHYSICO-CHEMICAL LAWS

Htudied. Colloidal Hietnist.s have usually chosen the simplest

|M.ssil)lc hyhtems fur investigation, hence the more complex

systems have been studied the least and therefore arc in-

terpietrd by .the simplest laws.

In general, it may be assumed that the living cell is such

a complex system that only in the most favourable cases are

we likely to succeed in establishing any certain laws regarding

t he mode of action of drugs.

The Fixation of Chemicals by Cells and Cell

Constituents

The Ferms of Equilibria observed

Most quantitative pharmacological experiments record the

relation between the concentration of a drug and the action

it produces. There is relatively little direct evidence relating

the concentration of drug with the amount fixed by the cells,

and hence such evidence must be supplemented by evidence

regarding the uptake of drugs by such cell constituents as

proteins, etc.

Her/og and I id/el (1911) studied the uptake of various

drugs by yeast-cells and showed that the distribution of drug

lictween solution and plume suggested three main types of

processes.

1. Irreversible chemical reaction.

2. Adsorption.

8. Differential solubility.

The first process which was observed in the case of formal-

dehyde requires little comment. It is the usual result obtained

in a chemical tit rat ion. The whole of the drug added is fixed

until the substrate is exhausted and then any further excess of

drug remains free in solution.

In some cases it can be shown that no reaction occurs until

a certain critical concentration is reached, and then the reaction

is completed at this concentration. For example, Walker and

Appleyard (1890) studied the uptake of picric acid by solid

diphenylamine. No picrate was formed until the concentra-

tion of the acid reached about 0-O6 molar, but the reaction

was completed at this concentration, and hence addition of

picric acid did not raise the concentration in the solution until

the diphenylamine present was saturated.
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APPLICABLE TO CELL-DRUG REACTIONS 51

Adserption. In many cases tin- uptake uf drugs by cells

or proteins has been found to follow a course approximating

x

to Freundlich'a adsorption formula Kf" -- --, which implies a

M

linear relation between the logarithms of the concentration

without and within the cells. The value of usually lies

n

between 0-3 and 0-5. Relations of this t yi*e have been shown

to occur in the case of heavy metals.

It is now recognized that many if not most cases of adsorption

follow the formulao put forward by Langmuir, the simplest

of which is Ice â€” ---- â€” â€” , (y â€” drug fixed expressed as per cent.

loo â€” y

uf the maximum.) This formula is based on the hypothesis

that the adsorbed drug forms an easily reversible combination

with a limited number of receptors on the surface of the

adsorbent. McBain has shown however that in many cases

the initial process of true adsorption is followed by slower

processes and complex chain effects of this character are

unlikely to follow Langmuirts formulae*. accurately. Moreover,

these formulae assume that all the receptors on a surface have

an equal :' Minify for the adsorbed drug. This is very unlikely

to be true for cell surfaces.

The chances. therefore are against any simple formula express-

ing accurately' the relation between drug concentration and

drug fixation by cells. The empirical formula of Frcundlich

â€¢ tends to obscure minor errors and hence it has been very

popular amongst biologists.

.The Combination between Haemoglobin and Gases.

The uptake of oxygen and of carbon monoxide by red blood-

corpuscles may be taken as an exceptionally simple- example

of the fixation of a drug by a cell.

This reaction has been studied with great accuracy by a

large num t'er of workers, and it is interesting to find that the

relation between oxygen concentration and uptake is complex

and varies under different conditions.

The uptake of oxygen by haemoglobin, when the latter is

dissolved in water in the absence of salts, follows accurately

a right-angled hyperbola. This is the expected theoretical

result. The oxygen is present in excess and the combination
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52 PHYSICO-CHEMICAL LAWS

funned is freely reversible. Hence the rate of fixation varies

UH the oxygen concentration und the amount of reduced

h&tuoglobin, whilst the dissociation varies UN the amount of

oxyhu'moglobin. Hence the reaction is expressed by the formula

Ka) â€” â€”. â€¢' â€”â€” where x â€” concentration of oxygen and y = p.c.

of total hemoglobin con veiled into oxy haemoglobin. This

formula also expresses the uptake of carbon monoxide by

hx'moglohin.

: When, however, tite haemoglobin is dissolved in a salt solution

the uptake of oxygen follows the formula Ka;" â€”

100 - y

and the value of n is usually about 2-5. Hill (1910) explained

this on the assumption that in the presence of salts the haemo-

globin molecules are aggregated and that the value n indicates

the average number of molecules per aggregate. The fact

of chief importance for the present discussion is that the

characteristic curve of this extremely simple system can be

altered by a very slight change in the condition of the

hemoglobin.

Differential Solubility. If the uptake of a drug is deter-

mined by differential solubility then, according to Henry's law,

the cell/water distribution coefficient should remain constant,

unless the drug forms aggregates of molecules in one of the

solvents. If in the latter ease the molecular weight of the

drug in the cell (concentration. â€”- x) is n times greater than

that of the 'drug in the solution (concentration -â€¢ c), then the

distribution will follow the formula Kc" â€” x.

If, therefore, the drug uptake varies as some power of the

concentration less than unity the process is probably adsorption,

if the drug uptake varies directly as concentration we have a

simple example of Henry's law, and if the drug uptake varies

as some power of the concentration greater than unity, an

aggregation of molecules is probably occurring.

In actual practice it is often very difficult to decide the

factors regulating drug uptake. This is well shown by the

example of the narcotics.

The Uptake of Aliphatic Narcotics. The alcohols and

aliphatic narcotics constitute a group of chemically inert

substances which are more soluble in lipoid solvents than in
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APPLICABLE TO CELL-DRUG REACTIONS 53

water. The well-known Overton-Mcyer theory of narcotic

action was based on the fact that as a general rule the narcotics

with the strongest action had the highest oil/water distribution

coefficient; this theory assumed that the uptake of narcotics

by the cells depended on differential solubility.

Traube pointed out that the activity of narcotics varied as

did their power of lowering the air/water surface tension, and

this suggested that the activity of the group was dependent

on the degree to which they were adsorbed in the cells. War-

burg has produced a large mass of evidence in support of the

theory that narcotics are adsorbed on surfaces in the cells.

This dispute has led to the careful investigation of the

distribution of narcotics between solutions and cells. This

evidence has been summarized by Winterstein (1926, pp.

248-53), who concludes that the evidence is doubtful whether

the relation between concentration outside and inside cells is

linear (Le. follows Henry's law) or is an adsorption isotherm.

In most cases the curves obtained have not deviated greatly

from the linear, but have nevertheless shown a distinct

curvature.

It is interesting to note that Bubanovic (1913) found that

tMe benzole/water distribution coefficient for alcohol and

â€¢chloral hydrate was not constant but fell from 11 to 8 and

from 13 to 7 respectively as the concentration was increased.

He explained this by assuming that these substances formed.

complex molecules in benzole.

The adsorption of alcohols by charcoal has been studied

carefully and it is interesting to note the variety of results

that have been obtained with this simple system.

Garner, McKio and Knight (1926) found that there was a

linear relation between the concentration of amyl alcohol and

the amount adsorbed by charcoal, but that at a certain con-

centration there was an abrupt change. Rideal and Wright

(1926) found the same relation between the concentration of

amyl alcohol and the extent of the inhibition it produced on

the power of charcoal to oxidize organic acids. There was a

linear relation up to 80 per cent, inhibition, and at this point

there was an abrupt change in the relation between concen-

tration and action. Garner and Kingman (1929) in a later

work with improved methods found, however, that the rela-
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M PHYSICO-CHEMICAL LAWS

tion between concentration and adsorption watt not diacon-

- x'

â€¢tinuous nor'linear, but followed the formula KCn â€¢) . This

m

is the usual adsorption formula, but in this case - equals 2,

which is u value quite atypical of ordinary adsorption and

suggests that the drug is polymerized on the surface.

Warburg (1921) measured the power of various urethanes

to inhibit the oxidation of cystin by blood-charcoal, and his

concentration-action curves have an exponential form, although

these same drugs show a linear relation bctween concentration

and the inhibition of oxygen consumption by birds' erythrocytes.

These examples show how diflicult it is to establish with

certainty the relation between concentration of narcotic and

its adsorption by such a relatively simple adsorbent as charcoal,

and then-ion- it is not surprising that conflicting results have

been obtained as regards the uptake of narcotics by cells.

The Overton-Meyer theory that narcotic uptake was deter-

mined by the differential solubility of the drug in water and

in lipoids explained so many pharmacological facts that for

a long time it received general acceptance. This theory is

however definitely disproved by certain experiments.

Dorncr (1910) found that the cell/water distribution

coefficient of octyl alcohol was about 0O in the case of htked

red blood-corpuscles of birds, but that after the stromata had

Ix-CII defatted the distribution coefficient was still 26. In

the latter case the alcohol fixation could scarcely have been

due to differential solubility and was probably due to

adsorption.

Usui (1912) studied the uptake of thymol by intact birds'

erythrocytes, by the stromata after hikmg, and by the defatted

stromata. He concluded that the fixation of thymol was

due to three factors, namely, differential solubility between

the watery cell phase and the external solution, fixation by

the soluble cell. constituents and ftxation by the insoluble

non-lipoid cell constituents. These results indicate the com-

plexity of the factors regulating the uptake of a narcotic by

such a simple system as erythrocytes.

Moose and Roaf (1904 and 1906) studied the uptake of

chloroform by serum and by tissue emulsions. They found
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that the serum/vapour distribution coefficient was constant

at low concentrations, but that at a certain concentration .

opalesoence and precipitation of proteins occurred and the

distribution coefficient rose.

Herzog and Betzel (1911) obtained a similar result with

yeast, for their figures show that the amount of chloroform

fixed by the cells varies as (cone.)1-15.

The uptake of chloroform by serum and by yeast-cells does

not follow Henry's law, nor is it a case of simple adsorption.

The distribution appears to depend on differential solubility

until a certain concentration is attained, but above this point

the distribution coefficient rises, and this change appeal's to â€¢

be associated with the fact that chloroform begins to cause

an alteration in' the colloidal condition of the scrum or the

cells. .

Lpewe and Moljawko-Wyssotzki (1926) studied the uptake,

of narcotics by muscle- and nerve-pulp. They noted thai ^H

narcotics caused.a swelling of the tissues and that -it^iivJ^

necessary to correct this source of error. Their results indicate

an adsorption process in the case of chloral hydrate, and the

figures agree with the adsorption formula with a value for â€”

of about 0-5. In the case of brumal hydrate their figures

approximate to a simple differential solubility.

These examples show that the factors regulating the uptake

of narcotics by cells or cell constituents are evidently complex.

The Uptake of Phenol by Cells. The relation between

concentration and uptake of phenol has been measured by

several workers. Herzog and Betzel (1911) found that the

distribution coefficient of phenol between solution and cells

was approximately constant up to a certain concentration and

then rose rapidly (cf. Fig. 2). This conclusion was confirmed

by Cooper and his co-workers (1912,1923,1927). They studied

the uptake of phenol by gelatine, egg albumen and casein,

and found (1927) that the gelatine/water distribution coefficient

of phenol had a constant value of about 3 for low concentrations

but rose to 12 at higher concentrations.

Reichel (1909) found that the bacteria/saline distribution

coefficient of phenol was about 10. Cooper (1912) concluded

that the uptake of phenol by proteins was determined by
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differential solubility until the concentration of phenol in the

.protein phase reached a certain critical figure when the phenol

reacted with and precipitated the protein, and a sharp rise

in the differential distribution occurred.

The figures of Herzog and Betzel and of Cooper show an

approximately linear relation between log x and log y (x â€”..

concentration in solution and y ~~ concentration in protein or

cells). They are fitted approximately by the formula Ka;s â€” y,

and might Ix; explained on the assumption that the phenol

molecules were aggregated in the protein phase. The explana-

tion offered by Coolwr appears however to be more reasonable.

Cooper and Mason (1i128) measured the protein/water dis-

tribution coefficient of crcsol and o- and p-chlor-phenol and

found that in these cases it increased as the external concentra-

tion was increased.

The cases of narcotics and of the coal tar disinfectants are

of interest because the distribution of these drugs has been

investigated with particular care, but nevertheless the laws

determining the fixation of these drugs by proteins or by cells

arc hot known with any certainty.

There diH;s not appear to lH> much evidence for the assump-

tion that the distribution of drugs of either of these classes

is regulated simply by differential solubility, but it would

appear that the distribution is affected by differential solubility,

by adsorption and also by chemical reactions that only com-

mence when a certain concentration has been attainetl in the

cells.

The Uptake of llsemolytics by Erythrocytes. The

action of ha;molytics has been studied extensively. In many

cases authors have assumed that the extent of haemolysis

indicated the amount of drug fixed, but this assumption appears

to be unjustifiable. .

Eisenberg (1913) showed that erythrocytes could combine

with 400 times as much potassium permanganate as was

required for their haemolysis. Klinke, Knauer and Kramer

(1926) concluded that the amount of haemolysis of sheep's

corpuscles produced by pig's serum did not give a direct measure

of the amount of lysin fixed ; Ponder (1932) showed that in

saponin haemolysis a portion of the saponin was fixed by the

laked corpuscles. . .
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A certain number of authors have made more or less direct

estimates of the amount of ha-molytics disappearing from solu-

tions, and in most cases they have found that the relation

between concentration and ftxation follows the usual adsorption

/ 1 x\

formula (kc" = â€”I, and have obtained normal values for n

(i.e. n = 2 to 3). Morawitz (1910) found this relation in the

case of mercuric chloride acting on washed corpuscles. Stadler

and Kleemann (1911) measured the uptake of ammonia and

of acetic acid and found that it followed the adsorption formula,

with a value- for n of 2-5.

Eisenberg (1913) studied the fixation of mercuric chloride,

potassium thiosulphate and potassium permanganate by

crythrocytes. He found that when the concentration was

increased the fraction of drug fixed decreased (i.e. an adsorption

effect). Ponder measured the fixation of sodium taurocholate

(1923A) and saponin (1925) by serum and found that these

processes followed the adsorption formula and that the value

of w was respectively 2-00 and 1-9. On the other hand, Piettre

and Chretien (1927) concluded that the fixation of various

hiemolytic agents by the stromata of corpuscles was an ordinary

chemical reaction and was not an adsorption process.

The evidence obtained in this field is therefore somewhat

indecisive. This is not surprising because erythrocytes are

obviously an unsatisfactory material upon which to study drug

fixation, because the occurrence of haemolysis alters the physical

condition of the adsorbent so profoundly.

Summary

Our knowledge regarding the fixation of drugs by proteins

and by cells has not advanced greatly beyond the original

conclusions of Herzog and Betr.el, who described the three chief

types of relation between concentration and drug fixation,

' namely a steep sigmoid curve, a simple linear relation and a

linear relation between the logarithms of the quantities of

free and fixed drug. â€¢

The complexity of the results obtained with simpler systems

such as charcoal, suggests that the factors determining drug

fixation by cells are extremely complex and that any relations

found are likely to be only first approximations.
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CHAPTER V

KINETICS OF CELL-DRUG REACTIONS

General Theery

The chief fundamental difficulty of quantitative phar-

macology which has already been pointed out in Chapter III

is that although the concentration of a drug applied to cells

artd the consequent biological response can both be measured

accurately, yet there is no means of determining the quantity

of drug that IIaH produced this response;. There is indeed

very little direct evidence that the biological response is pro-

duced by a chemical reaction between the drug and the cell

constituents. This assumption is chiefly justified by the facts ' !VX"

that it is supported by much indirect evidence, and that ; ..

there is no alternative hypothesis which has stronger evidence \

in its support. If we assume that there is some simple â€¢ '

relation between the amount of drug entering into combina- '

lion and the extent of the biological response, then the

following consideration must apply. : -. ...

If the fundamental chemical reaction consists in fixation .

of the drug by some particular constituent of the cell, then this *'

must result in a reduction both of the free drug and of the

free receptors in the cell. The relative amounts of drug solu- ,

tion and cells can however be varied at will, and hence the

concentration of the drug can always be kept constant by â€¢

providing a suflicient excess of drug solution ; indeed, in many

cases the quantity of drug fixed is so minute that it is difficult

to reduce the drug solution to a volume small enough to show

changes of concentration.

There arc indeed four possibilities regarding the variations

in the amount of free drug and in the number of free cell

receptors. : .

Firstly, both drug receptors may be reduced by a signiftcant /

quantity ; secondly, the drug may be in such excess that it

00 . â€¢
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KINETICS OF CELL-DRUG REACTIONS 61

undergoes no significant change ; thirdly, a full action may

be produced when only a small fraction of the available cell

receptors has been occupied, and in this last case there are

two alternatives, because the free drug may or may not be

reduced by a significant quantity. â€¢ .

If no significant change of concentration occurs in cither

drug or receptors, then the rate of reaction will be constant;

if only one component changes by a significant amount, then

the rate of reaction will vary as the concentration of this

component (monomolecular reaction); if both free drug and

cell receptors change significantly, then the rate of reaction

will 110 expressed by the bimolecular formula. The formula

expressing the rate of progress of a monomolecular reaction is :

K< = log ; where I â€” time, a = original concentration and

n ~â€” x

-â€¢amount combined. The corresponding formula for'a

x

bimolecular reaction is : Kt â€” r. It has been pointed

u(u â€” x)

out previously that these fundamental laws of mass action

express the course of reactions which occur in homogeneous

solutions, and in the case of drugs and cells the rates of reaction

iu-n very unlikely to be expressed by the simple formulae

mentioned above, Even in simple heterogeneous systems

there is a tendency for the rate of reactions to be regulated by

the rate of diffusion, and the probability of this is greatly

increased in the case of complex heterogeneous systems such

as living cells.

Another point is that the equations mentioned apply to

irreversible processes, whereas the majority of the more im-

portant and interesting actions produced by drugs are freely

reversible The possible errors due to other causes are, how-

ever, so great that it appears to the writer that kinetic studies

are only likely on rare occasions to express the progress of a single

chemical reaction and hence it is unnecessary to argue regarding

the exact form of reaction they may be expected to express.

Kinetic studies of drug action have been a very popular

type of experiment because it is easy to measure the time

interval between the addition of a drug and the appearance

. of some particular response, and the results can usually he

c"Â°d by some fairly simple formula. Difficulties arise, how-'
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62 MODE OF ACTION OF DRUGS ON CELLS

ever, when 1 he results are analysed in the light of the knowledge

gained regarding simpler heterogeneous systems.

The addition of a drug to a population of cells causes the

following events : (i) fixation of drug by cells, (ii) secondary

chemical reactions between drug and cell constituents, and

(iii) biological response to injury.

The rate of fixation of drugs by cells can only be measured

by chemical estimations. The quantity of drug fixed is usually

small and hence such estimations are difficult, and it is only

in exceptional cases that this evidence is available.

Fixation of the drug is followed by the production of changes

in the cell. In many cases these occur slowly and appear to

indicate alterations in colloidal aggregation. The time taken

for some biological response! to appear is usually the easiest

of all time measurements and therefore the commonest. For

example, in the case of disinfection the progress of such changes

is estimated by removing samples of the cell population and

determining whether they have or have not suffered irreversible

injury. â€¢ .

The time measured in kinetic studies is very frequently of

a very different nature in different systems. In the case of

kinetic studies on disinfectants " time " is assumed to measure

the time taken for some irreversible- and lethal change to be

produced in the cells. In the case of homiolytic studies the

time measured is the time required for some chemical change

to be produced plus the time required for this change to cause

rupture of the cell. The time taken by different drugs to

produce their action varies over a remarkably wide range, as

18 shown by the following examples. In the case of specific

drugs such as acetyl choline acting on a sensitive tissue

such as the frog's heart, equilibrium is attained in a few

seconds and this period covers the time taken for the drug to

Iie fixed by the cell and to cause a biological response. In

the case of cardiac glucosides acting on the frog's heart the

full effect may only be produced after more than an hour,

although the drug is fixed in a few minutes.

It is often assumed that measurements of the time of

occurrence of a biological response measure the rate of progress

of a chemical reaction. This assumption is unjustifiable, and

in every case it is necessary to determine the probable nature

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

3
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



KINETICS OF CELL-DRUG REACTIONS 63

of the " time " measured. In must cases it can be shown that

the time measured is not the measure of any simple chemical

reaction, and only in a minority of cases is it possible that this

may be the case.

Kinetic studies unfortunately are profoundly affected by

experimental conditions, and therefore it is necessary to con-

sider certain gross experimental errora.

Gross Errors due to Diffusion

No reaction can occur between a drug and a cell before the

drug has reached the cell, and hence efficiency of mixing is of

priuie importance in kinetic studies. In the case of free cells

it is possible to mix the cells nnd the drug rapidly so that

delay in the drug reaching the cell is not a serious error. In

some cases, however, the cells arc covered with a thick protec-

tive coating, e.g. anthrax spores, and such a coating will hinder

and may even prevent a drug from acting on the cell. In

such cases the rate of action of drugs must measure the rate

of diffusion through the capsule rather than the rate of any

chemical reaction.

The most favourable systems on which to study drug kinetics

are therefore free cells devoid of any protective covering (e.g.

red blood-corpuscles, spermatozoa, sea-urchin eggs, etc.). In

the case of isolated tissues there is the possibility of an indefinite

delay due to the time required by the drug to diffuse through

the tissue to reach the cells. An isolated medullated nerve

represents an extremely unfavourable system, for it consists

of closely packed nerve-fibres each of which is surrounded by

a protective layer of fat. Isolated skeletal muscles vary greatly

in the ease with which diffusion occurs, but the extent of the

delay that can be caused by diffusion in this case is illustrated

by experiments by Ing and Wright (1932). The following

figures show the times taken for 2 m. molar octyl trimethyl

ammonium iodide to produce 50 p.c. reduction in the response

of frogs' muscles.

TIMK IN MINUTES BEFOHK PABALY.SIS

Immersed Perfused

GuHtroenemiuB . . . .13 0-2.ri

Sartoriua 1-6 1-(J

"inire for the perfused gastroenemius shows that the drug

concentration employed can combine with the cell
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CM MODE OF ACTION OF DRUGS ON CELLS

receptors on which it acts in less than 15 seconds. When the

gastrocnemius is immersed in solution without perfusion the

drug actn fifty titues more slowly, and this delay must be due

to diffusion. The figures for the sartorius considered alone

nuggest that they are not influenced by diffusion, but the fact

that the perfused sartorius reacts to the drug six times more

nlowly than does the perfused gastroencmius raises doubts as

to the exact significance of the time measurements.

The frog's heart is an exceptionally favourable muscle on

which to study the rate of action of drugs, because it has a

Hponge-like structure which facilitates the exposure of all its

cells to drugs, but even in this caso'the writer found that the

raUi of action of drugs depended very largely on the mechanical

conditions of the experiment. For example, the time taken

by acetyl choline to produce half action was about 30 seconds

in the case of a ventricular strip immersed in a bath that

was stirred vigorously, but when the drug solution was applied

Us a strong jet of fluid playing on the ventricular slip this time

was reduced to less than 5 seconds.

These examples show that in many cases the time taken by

drugs to produce an action on cells expresses the time taken

by the drug to diffuse up to the cells or through the protective

covering that surrounds free cells. Time measurements of

drug, action can only be assumed to express the progress of

a chemical reaction when gross errors due to delay caused by

diffusion have been excluded.

The evidence obtained from inorganic heterogeneous systems

proves however that, even when gross errors due to delay in

mixing are excluded, the rate of reactions proceeding in such

systems is more likely to lw governed by diffusion than by the

ordinary laws of mass action.

Noyes and Whitney (1897) studied the rate of solution of

small cylinders of solids rotated rapidly in fluids. They con-

cluded that the solid was always surrounded by a thin layer

of saturated solution and that the rate at which the substance

dissolved was determined by the rate of diflusion away from

this layer, Itrunner (1904) concluded that when solids were

stirred about l.rio times a minute the Noyes-Whitney layer was

between 20 and 50 micra in thickness.

â€¢In these cases the delay in the solution of the solids waa
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KINETICS OF CELL-DRUG REACTIONS 05

due to a layer of saturated solution. In the case of drugs

acting on cells a similar delay may be exacted if the cells

carry with them a layer of water, for the fixation of the drug

by the cells will deplete the layer of solution immediately

surrounding them and the depleted layer will have to be refilled

by diffusion. Brunner's experiments indicate that such a layer

is likely to occur even when free eells are stirred vigorously

in a solution.

Lag Inherent in Biological Response

The difliculty of obtaining mechanical records free from

instrumental lag is very well known, but Jar greater errors

may be imposed on kinetic measurements by the simple fact

that the tissue studied is incapable of a rapid response.

The contructure of plain muscle in general, or of the rectus

abdomiuis of the frog, is a simple example of this fact. Acetyl

choline produces its full action on the frog's heart in less

than half a minute, but the contracture this drug produces in

the rectus ubdominis may take more than half an hour to bo

completed. Most of this delay is due, however, to the sluggish .

response of the tissue, for the muscle may take 20 minutes

or more to attain equilibrium when subjected to some simple

instantaneous change such us an alteration of its load.

Hill (1900) found that the rate of contraction of a rectus

abdominis produced by nicotine followed a logarithmic curve :

and was fitted by the formula h â€” K(l â€” e~at) where 7* is

height of contraction and K and a are constants, but this

curve cannot be assumed to measure the rate of the reaction

between nicotine and the muscle because an instantaneous

stimulus, such as changing the load on the muscle, produces

a similar curve.

The following general rule may be formulated. The measure-

ment of the interval between application of drug and biological j

response measures the time taken by at least two separate f\

processes, namely a chemical reaction and the biological'

response to this stimulus. Unless it can be proved that the

interval between the chemical reaction and the biological

response is much shorter than the total time measured, the

latter cannot be assumed to be a measure of the time occupied

by the chemical reaction.

The influence of lag in biological response on the rate of

M.A.I). . â€¢ K
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CO MODE OF ACTION OF DRUGS ON CELLS

action of drugs frequently can be demonstrated by measuring

the rate of action of u single drug on a number of different

tissues. .' â€¢. .

The rate of action of ergotamine has been studied on a

number of tissues and the results appear to indicate that the

drug initiates changes that proceed at a very different rate

in different tissues. The drug renders isolated tissues insensi-

tive to adrenaline. Braun (1925) found that in the case of

the rabbit's uterus the effect of ergotamine was produced very

slowly and he concluded that the amount of effect was directly

proportional to the exposure. CJaddum (192fi) obtained results

consistent with this hypothesis, but Mendez (1928) found that

the reaction probably was completed after one or two hours'

exposure. Ht atm believed that the action produced was

irreversible, but Mendez found that a slight reversal was

obtained after prolonged washout. Issckutz and Leinzinger

(1928), Hothlin (192'J) and Nanda (1931) all found that â€¢ergo-,

tamine produced its full action on the isolated rabbit's intestine

in a few minutes and that the action could be rapidly reversed

by washing out.

These differences in time relations cannot be explained by

delays due to diffusion, for tho uterus is not thicker than the

intestine, and the vas deferens of .the guinea-pig, which behaves

like the rabbit's uterus, is much thinner than the intestine.

The uterus is more sensitive to the action of ergotamine than

is tho intcstitie, and tho action is much more difficult to

reverse in tho former case. Both these differences would, in

the case of an ordinary chemical reaction, cause the com-

bination to proceed to completion quicker in the uterus than

in tho intestine, whereas the reverse is what happens.

. The results suggest that ergotamine causes some slow change

in the cells on which it acts and that the times of action

required for action measures the rate at which these biological

changes occur rather than the rate at which the drug combines

with tho tissue.

Measurements of the rate of action of lethal agents on

bacteria or larger organisms avoid errors due to lag in the

biological response, since the action of the drug is stopped

at a particular time and the cells are tested to determine

whether or no they are still capable of life or of reproduction.
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KINETICS OF CELL-DRUG REACTIONS 07

On the other hand, this source of error is imjwrtant in the

case of most experiments with isolated tissues including the

haemolysis of red blood-corpuscles. .

Kinetics of Heterogeneous Systems

The cell-drug system is a complex heterogeneous system

and therefore it is necessary to consider the facts known

about kinetics of simple heterogeneous systems, for it is

irrational to expect kinetic laws applicable to homogeneous

systems to apply. A study of non-living heterogeneous

systems shows that even when the gross errors already con-

sidered have been eliminated there are a large number of

factors that may influence the rate at which a reaction

occurs.

: (i) Sorption. The term sorption was introduced by McBain

in 1909 to express the composite processes that occur in hetero-

. geneous systems. In a simple case such as the fixation of gases

by charcoal there is, for example, a rapid reversible process

(true adsorption), but this is followed by slow irreversible

â€¢ chemical changes which may still be incomplete after several

years. McBain (1932) does not claim that all cases of sorption .

are of composite type, but considers that until any particular

case has received adequate investigation it should be referred

to as sorption and should not be given the more definite names

such as adsorption or chemical reaction.

In the case of drugs acting on living material,irevidence

regarding the nature of the process of drug fixation is at the

best scanty and usually is non-existent. In a few cases the

effects produced are so rapid that it is probable that the

fixation of a drug on a cell surface produces an immediate

change in the biological condition of the cell, e.g. alcohol,

acctyl cholinc, etc. In the case of drugs producing lethal

effects there is in many cases evidence of two processes, namely

a rapid fixation of the drug which is followed by much slower

irreversible chemical changes. . .

True adsorption appears usually to be a rapid process. It

can, for example, be studied in the case of substances that

reduce the air/water surface tension. Freundlich (1926, p. 51)

states that the adsorption of amyl alcohol on an air/water

surface is completed in a few hundredths of a second. On
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68 MODE OF ACTION OF DRUGS ON CELLS

tho other hand, composite sorptiou effects uro usually much

blower uiid may be extremely slow. For exantplo, Soth (1923)

found that the sorption of heavy metalH by cascinogen was

not completed after 3 hours, and Lockemann and Picher (1928)

found that tho adsorption of mercuric chloride and silver

nitrate by wool was only completed after 24 hours.

Tho complexity of the sorption processes in such a simple

cu.si! UH the sorption of oxygen by charcoal in indicated by the

fact that Garner (1926) found that at 1000Â° ('. the adsorption

of oxygen by charcoal was practically instantaneous but that

tho resultant heat was liberated over periods varying from

1 to 2 minutes. Hence tho rate of heat liberation in this

case does not measure tho rate of fixation of the gas by the

Holid. The fact that difliculties of this typo arise in such a

simple system as charcoal and oxygen is a good indication of

the degree of inevitable uncertainty regarding tho significance

of time measurements made on living systems.

Licpatof! (1924, 1925 and 1926) found that the rate of

adsorption could be expressed by tho formula kt = In.

Â« â€” yx

(a = original amount of drug, x â€” amount fixed and y = con-

stant). He found that this formula expressed the rate of

both adsorption and imbibition and concluded that the reason

for this was that tho rate of both these processes was deter-

mined by diffusion. These results confirm the general con-

clusion of Nornst that the rate of all reactions in heterogeneous

systems is regulated by diffusion, and hence the kinetics of

such reactions always resemble those of a monomolecular

reaction.

(ii) Depletion. Drugs that act in high dilutions are of

particular interest in pharmacology, and in such cases true

adsorption may be delayed by the depiction of the layer of

solution adjoining the surface. Freundlich (1926, pp. 169-70)

states : " The simpler the conditions chosen and the smaller

the dillicultly accessible inner surface, the quicker is the

adsorption. We again have a strong depletion in a layer

directly adjoining tho surface layer, and a diffusion into it

from more distant parts of the solution. In the case of well-

powtlered atlsorbents the equilibrium is mostly reached in

seconds or minutes."
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KINETICS OF CELL-DRUG REACTIONS 69

The rate of surface adsorption of substances of a high

molecular weight which act in high dilutions may however be

very slow. Johlin (1925A) found that a solution of (H per

cunt. gelatine took 13 mih. to produce its full effect on surface

tension. He also found (1925u) that the rate of fall of surface

tension produced by various proteins followed the formula

a=~ (a = surface tension, t = time and a and n are con-

stants). This formula gives a linear relation between log a

and log t, a relation which is very frequently found when the

rate of action of drugs on cells is measured.

Bigelow and Washburn (1928) found that with dilute solu-

tions of sodium oleatc equilibrium of surface tension was only

attained after 300 minutes. Du Noiiy (1920 and 1930) showed

delays of from 30 minutes upwards in the attainment of

equilibrium of surface tension with serum and saponin. Gaddum

(1931) found that saponins even in strong solutions took more

than 10 minutes to produce their full effect on surface tension.

One probable reason for the delay in these cases is depiction

of the area adjoining the surface. In the case of cell-drug

solution systems in which vigorous stirring is possible such

delay ought to be reduced. It is however necessary to remem-

ber that particles above a certain size carry with them a layer

of water several micra thick, even when they are stirred

thoroughly. Hence even in cases where such stirring is

possible the delay due to depletion cannot be ignored. In

all cases where stirring is not possible the delay due to

depletion is likely to occupy a considerable time, when the

action of drugs in dilute solution is studied.

Table VIII shows the rates of action of various alcohols

as measured by the writer. The drug solution was applied

as a jet to strips of frog's ventricle, and the delay duo to

diffusion was thus reduced to a minimum. It seems probable

that the alcohols produce their action by forming a mono-

molecular layer over the surface of the heart-cells, but the

alcohols that act in dilute solution take much longer to pro-

duce their action than do those that act in concentrated solution.

Ponder (1926) discussed this question of depletion and

concluded (1927) that the volume of the zone of action was

proportional to the resistance of the red blood-corpuscles to
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70 MODE OF ACTION OF DRUGS ON CELLS

TABUS VIII

Tin- rulI- of action of alcohol* on tho Uolutod frog's heart (A. J. Clark,

unpublished results)

Molar concentration

Time in aecomla

â€¢ required for aequi.

active solutions to

produce half action.

Alcohol.

which tirinbuTH 50 per

cent, inhibition.

Ethyl . . . . . . .

0-65

1-3

Octyl . . . . . . .

0-000,2

8

Docyl ... . .

0-0011,03

30

0-000,006

500

the lysin. In the case of the resistant corpuscles of sheep

ho calculated that the zone of action of saponin had a radius

of 9-5/Â«, whereas with the sensitive corpuscles of the rabbit

tho radius was about half of this.

Ponder (1930) found that a red blood-corpuscle was haemo-

lysed when about one million molecules of sodium oleate

were fixed by each square micron of surface, and this corre-

sponds to about 10s molecules per corpuscle. A solution of

1 in 100,000 sodium oleate contains 10,000 molecules per cubic

micron, and hence 10" molecules are contained in a sphere

with a diameter of 25 micra. The fixation of the amount

of sodium oleate necessary for haemolysis must therefore

involve depletion to a distance of more than 10 micra from

the cell surface. It is interesting to note that when the

concentration of the solution is doubled, the depth of depletion

is reduced and the rate of diffusion into the depleted area is

increased, and hence tho delay due to depletion will vary

inversely as (cone.)", and n will be greater than unity.

Some of the figures for the relation between time and con-

centration in suponin haemolysis given by Ponder and Yeager

(1931) approximate to the relation CH = constant. The

delay due to depletion appears to be a possible and even

probable reason for a relation of this type between concen-

tration and time of action.

(iii) Diffusion. A process such as haemolysis may possibly

be of the same order of complexity as the adsorption of drugs

by powdered charcoal. A process such as the destruction of
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KINETICS OF CELL-DRUG REACTIONS 71

bacteria by disinfectants must however be more complex, for

in this case it is probable that the drug must penetrate the

cell interior before it produces its action.

For the sake of simplicity the cell may be regarded as a

protein gel surrounded by a semi-permeable layer. Stella

(1928) calculated that the amount of drug (x) that diffused

/Ki

from a solution into a solid of unlimited depth was x â€” 2Cfj â€”.

The relation between variations of concentration (C) and time

(/) that cause the entry of a certain fixed amount of drug

is therefore C varies as --/=. or C* varies as -.

Vt <

Bigwood (1930) found that the penetration of ions into

gelatine was expressed by the following formula. Distance

of penetration = JtiV'j.c*, (i'i and kt = constants). The time

required to produce equal penetration, and hence an equal

biological effect, will therefore probably vary as some power

of the concentration. Diffusion can therefore account for the

relation cn.t = constant, when the times required for the

production of an equal biological effect by various concen-

trations are measured.

Calculations of this type do not however make allowance

for the changes in the condition of a gel that may be caused

by diffusion into it of a substance. Jordan Lloyd (1930)

concluded that the simple process of absorption of water by

gelatine was regulated by three separate factors, namely

imbibition or restoration of water to a preformed structure,

osmotic pressure due to an unequal solvent pressure in the

solution and in the jelly, and swelling of hydration.

Diffusion into a living cell of substances such as disinfect-

ants that produce extensive changes in its colloidal structure,

is likely to be affected by a very large number of variables.

I rwin (192.5) found that the rate of diffusion of brilliant cresyl

green into Nitella was expressed approximately by the formula

dx

-.- = K(a â€” a;). This process cannot however have been one of

simple diffusion, because when equilibrium occurred the concen-

tration of the dye in the water of the central vacuole of Nitella

was about ten times as great as the outside concentration.

The evidence regarding the uptake of drugs by cells indicates
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72 MODE OF ACTION OF DRUGS ON CELLS

that in most cases it is a very complex process and cannot be

interpreted as a simple diffusion from a solution into a gel.

The example of Nitelki shows however that the general rate

of a chain of processes of unknown complexity may resemble

a very simple diffusion process.

Time-Action and Time-Concentration Measurements

The rate of action of drugs can be measured in two ways,

firstly by measuring the rate at which a particular concen-

tration produces a series of actions varying from 0 to 100

lier cent. of the maximum effect which it can produce (time-

action curves), and secondly by measuring the times taken by

a scries of concentrations to produce some particular selected

elicet (time-concentration curves).

Time-Action Curves. A curve of this typo measures the

rate at which a particular concentration of drug produces an

effect in a population of cells. It has already been shown

that the time measured does not necessarily indicate the time

taken by a chemical reaction, and indeed it frequently can

bu proved to measure a rate of diffusion, or some lag in a

biological response Tho nature of the action measured in

curves of this typo is also uncertain. The usual conception

of the mode of action of drugs on cells is that thousands of

molecules react with a single cell and their combination with

the cell produces a cumulative effect until finally some par-

ticular action such as death is produced. There is a mass of

evidence in support of this view, e.g. relative size of cells

and molecules, number of molecules shown to react with cells,

etc. If a drug in a concentration sufiicient to produce death

acted in this way on a population of cells that were absolutely

uniform, then all the cells would die simultaneously. This

result is never obtained, but time-action curves vary from

sigmoid to logarithmic or die-away curves. Tho writer believes

that these curves are chiefly a measure of the individual

variation of the population observed.

Arrhenius however supported the hypothesis that drugs

produced death of cells by a single event or at most by a few

events, and hence that the reaction between drugs and cells

resembled a monomolecular chemical reaction. This hypo-

thesis involves a number of assumptions that appear obviously
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KINETICS OF CELL-DRUG REACTIONS 73

to pharmacologists, but controversy regarding its

truth has continued since the commencement of this century,

and since this controversy involves the question of individual

variation its discussion is deferred to Chapter VIII. The

existence of this unsettled controversy indicates however the

difliculty of interpreting the nature of time-action curves and

suggests that they are unlikely to provide a satisfactory

foundation for any theory of drug action.

Time-Concentration Curves. In this case the time taken

to produce some definite action is measured with a series of

concentrations. Errors due to cell variation are thus avoided

provided that the samples of cell population taken are suffi-

ciently large and are uniform.

Henderson Smith (1923) has pointed out one avoidable

source of error in the construction of those curves. The

obvious method is to measure the time at which equal actions

are produced. Sometimes, however, comparisons are made

by comparing the amounts of action produced at a given time.

The latter method is erroneous unless there happens to be a

linear relation between action and time, a relation which is

extremely rare, because time-action curves usually 'are cither

sigmoid or logarithmic in shape. If the rate of action is

logarithmic and action A proceeds at twice the rate of action

B, then the ratio between the amount of action A and the

amount of action B will vary with every time taken; at first

it will be nearly 2, but as time proceeds it will approach

nearer and nearer to unity. This error appears obvious, but

it is encountered fairly frequently.

Another difficulty regarding the construction of time-'

concentration curves is that the ratio between the times taken

by different concentrations to produce a given effect, differs

according to the effect measured. Henderson Smith (1921)

measured time-action curves for the killing of botrytis spores

by phenol (Fig. 3). A comparison of the times taken by

0-7 and 0-4 p.c. phenol to kill varying proportions of the

populations gives the following figures. The ratio of times

for 25 p.c. action is 1/35, for 50 p.c. action 1/25 and for

75 p.c. action 1/19. In the majority of cases the rate of

action is greatest round about 50 p.c. action, and since most

populations show the greatest uniformity in their rate of
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74 MODE OF ACTION OF DRUGS ON CELLS

response at about 50 p.e. action this is the most favourable

end-point for measurement of rates of action..

The very existence of this variation in the ratio indicates,

however, the inherent uncertainty regarding measurements of

the times taken for actions to be produced.

Survivors

100

0 Minnie* 30 60 90 120 150

3. â€” Tin- rato of destruction of Batrytis spores by concentrations

of phenol of 0-7, 0-6, 0-5, uml 0-4 por cent.

limn of oHiHMuro to ilrug in minutoH. OBDINATiC : per cent.

mortality. (HondurHun Smith. 1921.)

l by the kind |Hirmiimicm of the Editor of the Annulâ€¢

of Apltlied

The General Form of Time-Concentration Curves

The literature regarding time-concentration relations is ex-

tensive and varied, and perusal of it shows that authors have

used a very wide variety of formula}, but that in most cases

no attempt has been made to explain the significance of the

formula? employed.

In a number of cases the relation is expressed by the

formula CV = constant, and most curves can be interpreted

by one of the following formula! : (C â€” C,J< = constant

(where Cm i.s the concentration that just fails to produce an

action in infinite time) ; or C"/ - constant (where n is a

constant that may vary from 0-3 to 7-0) ; or finally (C â€” COT)"<
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KINETICS OF CELL-DRUG KEACTIONS 75

-: constant. The formulae are of a type that can be adjusted

to fit a wide variety of results, and hence the fact that they

fit experimental results proves very little. In many cases a

set of results can be fitted by two formula', and hence it is

necessary to consider what type of formula is most likely to

provide information regarding the nature of the drug action

that is being measured. In the first place it must be remem-

bered that the action of any drug on cells probably depends

on a chain of events and that the rate of action will be deter-

mined by the slowest process. When one event proceeds

much more slowly than the rest a simple rek'tion between

concentration and time of action may result, but in most

cases the relation is likely to be too complex to interpret.

Several authors have tried to determine the nature of drug

actions by study of time-concentration curves ; their theories

will be considered later, but in the writer's opinion all these

interpretations are very doubtful, and hence it seems most

profitable to consider first the tylies of time-concentration

curves obtained in a few simple cases.

No drug produces an effect at infinite dilution, for the liying

cell possesses powers of resistance and repair, and hence there

is always a certain threshold concentration necessary for the

production of any given effect. All time-concentration curves

will therefore start from a certain threshold concentration at.

which the effect measured is only produced after a delay

so long that time may be regarded as equal to infinity. At

the other extreme conditions may vary, for in some cases a

sufficiently high concentration of drug may produce instan-

taneous action, whereas in other cases a certain minimum

time is needed for the production of an action, however high

be the concentration.

Some figures obtained by Jenkins (1926) for the action of

alkalies on the protozoa Spiroslomum ambiguum provide a

simple example of the general nature of time-concentration

curves. Her figures for the duration of life of the protozoa

in tap water buffered with carbonate art; as follows :

pU . , 7-35 7-65 7-9a 8-37 8-57 8-78 8'98 9-13 9-29 9'39

Cuu X 10' . 2-2 â€¢!â€¢:, 8'9 23 37 60 9(1 135 195 240

Duration of life

in hours (I) oo 20 13 64 2| 1] 1 \ I

(Cuu X 10')* oo 90 116 138 148 135 167 135 65 62
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MODE OF ACTION OF DRUGS ON CELLS

With regard to these figures the purpose of changing the

]il\ nomenclature to values of (',,â€ž was to make the results

more readily comparable with those obtained with drugs.

The figures cover a very wido range of concentration, more-

over the concentration measured is that of the hydroxyl ion,

which is the active lethal agent. The figures are therefore

exceptionally favourable. In the first place they cover a wide

range and in the second place the concentration of the active

30 Time in

hours

Fig. 4.â€”Tin1 rolution bctwuen tho concentration of hydroxyl iolis and

thn duration uf life of iS'pmwtomum antbiyttum.

ABNOHHA : tiiiui in hours. OIIDINATB : Cuu x 10'.

Inaet. Tho rolution bntwooa C'uu anil tho reciprocal of tho timo.

(l'oneloiio M. Jenkins. 1926.)

â€¢ â€¢ â€¢ . I '

ion is measured, whereas in most cases only the total con-

centration of a drug can be measured.

The figures in the last line of tho table show that the product

c.t is constant over a range of value of COH X 101 from 23 to

135, but that it is not constant outside these limits. These

results when plotted in various ways furnish attractive curves.

When timo is plotted against concentration a nearly sym-

metrical hyperbola is obtained (Fig. 4). When tho reciprocal

of tho timo is plotted against concentration a linear relation

is obtained over a considerable stretch (Fig. 4 inset). When
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KINETICS OF CELL-DRUG REACTIONS 77

the logarithm of the time is plotted against the logarithm of

the concentration (Fig. 5 A) a sigmoid curve is obtained, which

is linear over a considerable range.

Unfortunately these curves do not establish any results of

theoretical significance, beyond the fact, which was shown

in the original figures, that c.t is constant over a considerable

range.

The formula c.t - constant, cannot however be modified

readily to cover the extremes of concentration. Time becomes

2 Log. 100/T

Fig. 5.â€”The relation between thp logarithu i of CUB and the logarithm

of the reciprocal of the duration of life in liours of Spiroatomum

. ambigujtm.

CUIIVE A. Organism in tap water coutuiuinK CO,.

CURVE B. Organwm in borax-boric acid Holution. (Ponelo|xi M. Jenkins.

1926.)

infinite when C0u - 2-2 X 10~~T, but if this figure be taken

as the threshold concentration and be subtracted from the

other values, then the divergence of the product c.t in the

case of values of pH less than 8 is increased considerably.

These latter ftgures could be fitted accurately if the threshold

concentration were taken as ydl 0-5, but there is no justifica-

tion for this assumption, and it would not correct the divergence

in the product c.t observed when the pH is greater than !).

The linear portion of curve A in Fig. 5 can be fitted by

the formula iâ€¢â€ž..,.* = constant, but this does not express the
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78 MODE OF ACTION OF DRUGS ON CELLS

extremities of the curve. Moreover, a curve with a different

slope WIIH obtained when similar experiments were made in

fluids buffered with borax and boric acid (Fig. 5 curve B).

Attempts at the interpretation of the time-concentration

curves obtained in this case show that a variety of approximate

relation* can be obtained, but that no formula expresses more

than a portion of the results. Moreover, the study of these

curves gives extremely little'information regarding the mode

of action of hydroxyl ions on protozoa. This is really not

surprising because enough is known of the buffering powers

of living cells to make it certain that the relation between

the p\l of the fluid in which the organisms are immersed and

the pH of the cell interior is extremely complex. If it so

lmppened that a simple relation did obtain between C01I and

time of survival it would be fairly certain that the simplicity

was accidental.

These results have been considered in some detail because

they appear at first sight to offer a peculiarly favourable

opportunity of establishing the relation between time and

concentration of a lethal agent and the time required for it

to produce its action. The lethal agent is a simple ion whose

concentration can be measured accurately, and the system

on which it acts is a monocellular organism without any

protective covering. The cells were killed practically instan-

taneously when put in a solution at pH 9-4 and therefore

there was no unavoidable lag due to delay in biological response

in this case.

In most cases the data relating the concentration of drugs

and the times required for their action cover a much smaller

range of concentration and the number of variables is much

greater than in the case just considered.

As a general rule, the narrower the range of the data and

the greater the number of the possible variables, the easier

it is to obtain a satisfactory fit with some simple formula.

The example studied above suggests that the theoretical

Hignificance of such agreements is likely to be extremely small.

The most profitable method of treating time-concentration

curves appears to be to plot the logarithm of the concentration

against the logarithm of the reciprocal of the time and to

estimate the general slope of the curve obtained.
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KINETICS OF CELL-DRUG REACTIONS 79

The results just considered show that it is perfectly use-

less to consider cases in which there is not a reasonably wide

range of time and concentration, but even in such cases

the results can often be fttted by two or three different formulae

and often they are fitted best by formulae that ii|>|x.;ir devoid

of any significance. Finally,. it is desirable to choose examples

in which there is-evidence regarding the nature of the time

measured, i.e. whether.it expresses a rate of adsorption, a

rate of colloidal change or the interval between chemical change

and biological response.

Various Time-Concentration Relations

(i) Disinfectant Action of Phenol. Measurements in the

case of disinfectants do not measure the time of biological

response (i.e. time of death of the bacteria) but measure the

â€¢time at which the bacteria has taken up so much drug that

it will subsequently die. Cooper (1912) showed, however,

that the toxic action of phenol on bacteria was a complex

process. He studied the action of phenol on proteins and

found that the drug was fixed rapidly by the proteins, and

that this fixation was followed by a slower process of protein

precipitation. Cooper and Haines (1928) found that at 20Â° C.

the precipitation of egg albumen by 1 per cent. phenol

was only half completed in 50 minutes, and that at least

5 hours were required for the completion of the process.

Cooper concluded that .the absorption of phenols by bacteria

was only the initial stage in the process of disinfection and

that the germicidal action was due to the phenol altering the

colloidal condition of the cell proteins. This conclusion is

confirmed by the results of Kiister and Rothaub (1913), who

found that when phenol acted on anthrax spores and on yeast

the fixation of the drug by the cells was nearly completed in

24 hours, but that the cells were not killed until 5 days and

12 days respectively. :

Chick (1908) has given figures for the time of destruction

of B. paratyphosua at 20Â° C. by phenol (loc. cit., Table Itt)

and Disinfectant A (loc. cit., Table 18). She interpreted her

results by the empirical formula C< = Kc. The figures show,

however, a fairly exact linear relation when concentration is

plotted against the logarithm of the time, as is shown in Fig. 0,
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80 MODE OF ACTION OF DRUGS ON CELLS

and tho same is true of the figures given by Henderson

Smith (1923) for the destruction of iiutryti* spores by phenol.

These figures also give an approximately linear relation

when the logarithm of the concentration is plotted against the

logarithm of the time, as is shown in Fig. 7. The reason

why both concentration and the logarithm of the concen-

tration give an approximately linear relation when plotted

against the logarithm of the time is that the figures cover

only a small range of concentrations, and small changes

os 10 is ^o ^â€¢5 3-0

Fig. 6.â€”Time-concentration curves of disinfectants.

ABHCISSA : logarithm of limit in minuUm. OIUHNATK : concentration.

CUHVE A. I'honol (parts per 1000) and Staph. pyog. aureua. (Harriette

Chick. 1908. Table XVII.)

CUHVE It. Coal-tar disinfectant (parts per 10,000) anil II. jiaratyphoaui,

(Harriutto Chick. 1908. Table XVIII.)

in concentration cause enormous differences in the time of

action. The figures follow the relation Ctt 1< = constant. This

is a very surprising relation, but the same method of calcula-

tion gives similar values from the figures obtained by other

workers who have studied tho disinfectant action of phenol,

e.g. Henderson Smith (1923), using Botrytis spores, found

C420< = constant; Reichel (1909A), using B. paratyphosua,

found (C â€” Cm)V = constant. As far as the writer can

determine it is not possible to obtain any simple relation-
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ship between C and t by subtraction of constants, and the

evidence definitely shows that the time taken for phenol to

produce disinfection varies inversely as the fifth power or

more of the concentration;

Log.

Cone

10

OS

0-6

0 t 2 LyIOOOfT

Fig. 7.â€”Time-concentration curve of phonol acting on U. para-

â€¢ ' . â€¢ typtwxuu.

ABSCISSA : logarittun of the reciprocal of the time ii\ minutes. ORIUNATH: :.

logari thm of concentration In parto DM 1000. (Harriette Chick. l9iw. Table

XVI.)

Shackell (1922) studied the action of phenol on LimnoriH

lignorum. His figures for the rate of paralysis approximate

to the formula cÂ°3< = constant. He also studied the rate of

recovery by removing the animals to pure water as soon as

they were paralysed, and measuring the time before move-

ment was restored. His results are shown in Table IX.

Animals paralysed by strong solutions took much longer to

TABUS IX

Tho rate of paralysis and recovery of Limnoria exposed to phenol

(Shackell. 1922)

Concentration of

phenol (per cent.).

Time in minutes.

Paralyaia.

Ueco very after .

purutyuiu.

0-125

10

7-42

0-25

8-34

15

0-375

7-54

20-55

0-5

0-82

31-78

M.A.U. 0
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82 MODE OF ACTION OF DRUGS ON CELLS

recover than those paralysed by weak solutions. The only

reasonable explanation for this difference is that at the moment

of paralysis the animals exposed to strong solutions had taken

up more phenol than had those exposed to weak solutions.

In this case therefore there is direct evidence that the produc-

tion of an equal biological effect did not indicate an equal

-3

0 OS I

Fig. 8.â€”Tinui-cuncontrutien curves for the destruction of Leuciaeti

H

phaxinun by luiul nit rui n (enrvo A), and by mercuric chloride

(curvo B).

ABHCISHA : logarithm uf tho reciprocal of the time in minutos. (Curve

A = log. 1000/T ; curve H =â€¢ log. 10O/T.) OIUUNATK : logarithm of molar

concentration. (Kuthloou K. C'ttrpentor. 1927.)

uptake of drug. This is a striking example of the uncertainty of

the significance of measurements of the rate of action of drugs,

(ii) Disinfectant Action of Heavy Metals. The action

of heavy metals forms ati interesting contrast to that of

phenol, for in the former case the time of action usually varies

inversely as some power of the concentration between 0-3 and

0-5. The results obtained by Carpenter (1927) on a small fish

cover a wide range of concentration and are shown in Fig. 8.

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

3
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



KINETICS OF CELL-DRUG REACTIONS 83

The relation between the logarithm of the concentration and

log. - is not linear, but the tangent of the central portion of the

curves in the case of lead nitrate correspond)i to 0Â° 4J = con-

stant and in the case of mercuric chloride to C" "< â€” constant.

The metals probably act by precipitating mucus and covering

the gills of the iish and hence the times represent in part the

time needed for asphyxia to occur. Several authors have,

however, measured the disinfectant action of mercuric chloride

and in most cases their figures show a fairly accurate linear

relation between the logarithm of the concentration and the

logarithm of the time, and are fitted by the formula

C"< = constant when n ia cither less than or equal to

unity.

The following values for n have been found with mercuric

chloride : Kronig and Paul (1897) anthrax snores on gamete

â€¢ n = 0-8. Chick (1908) suspension of It. parutypltoautin â€” 0-9.

(ircgerson (1915) staphylococci and bacilli on gurnets n -~ 1-0.

Gegenbauer (1921) staphylococci in suspension, n = 0-5.

Hartmann (1918) gives figures for the rate of destruction of

plankton by mercuric chloride which approximate to (./t"'â€¢'Â« .--

constant. Cook (1926u) measured the time taken by copper

chloride to produce an equal efl'ect in reducing the respiration

of \ilclla and found a linear relation between the logarithm

of the concentration and the logarithm of the time; n had

a value of between 0-22 and (K!fi.

There is therefore a very general agreement that the rate

of action of heavy metals on organisms varies as some power

of the concentration less than unity. There is also direct

evidence that the rate of action of mercuric chloride on the

cells does not measure the rate at which the drug is fixed.by

the cells. Chick (1908) noted that mercuric chloride was

rapidly adsorbed by bacteria but that it took some minutes to

penetrate the cell wall. Cook (1920A) concluded that copper

chloride entered the cells of Nitella almost immediately, but

that there was a latent period of some fifteen minutes before

a measurable depression of respiration was produced. Jowett

and Brooks (1928) concluded that the diffusion of mercuric

chloride into tissues was rapid as compared with the rate at

which the drug acted on cellular enzymes.
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MODE OF ACTION OF DRUGS ON CELLS

(iii) Various Delayed Actions. In the case of some

drugs it can Ia; shown experimentally that they combine rapidly

with the tissues but that there is a considerable delay before

they produce any pharmacological action. This is true of the

action of struphanthin and digitoxin on the vertebrate heart

(Ktraub, 1931). The relations between the concentration and

time of action of these substances have been measured by

0 20 40 KO 80 lOOtJnMm

Fig. 9.â€”Time-concentration curves for the arrest of the frog's isolated

heart by cardiac glucosulcs.

AIIHCIHHA : tiinii in minnloH until systolic urruHt. OHDINATK : concentra-

tion.

(,'IIRVE A. (Irutus Htruphunthin. Cono. â€¢â€” parts per 10,000,000. Curve

drawn to formula (C â€”0-5)(i â€” 20) â€” 30. (Holste. 1912.)

CritvK H. Digitoxiu. Cone. = partB per 100,000. Curve drawn to formula

(C - 0-2)(i - 3-3) â€¢ â€¢ 5-2. (Oppeuheimor. 1913.)

Boveral workers and two of the more complete seta of figures

are shown in Fig. 9. These figures only cover a narrow range

of concentration and they can be fitted by several different

formula*. ' : :

It is an undoubted fact that there is a minimum period

within wlu'ch an action cannot be produced and that there

is a minimum concentration below which an action is not

produced in infinite time. There is therefore a practical

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



KINETICS OF. CELL.DIU'U REACTIONS

85

justification for the use of the formula (C â€” Cw) (< â€” tm) =

constant. The results obtained in this class of experiment

can be fitted fairly well by such formulae as U shown in Fig. 9.

The results shown in this ftgure can, on the other hand, be

fitted almost equally well by the formula (C â€” Cii.)"( = con-

stant. In the case of Oppenheimer's figures a good fit is

obtained by the formula (!"'"< -â€¢ constant and in the case

of Holste's figures by the formula (C â€”- 0-3)Â°'tt< â€” constant..

On the other hand, figures given by Sollmann, Mendenhall

"0 10 2O 30 Minutes

Fig. 10.â€”Time-concentration curves for tho action of quaternary

ammonium iodides upon nerve-muoclo preparations of tho frog.

ABSCISSA i time in minuttm. OBDINATK : millimolar concentration.

Points: o - amyl trimothyl ammonium iodide ; \- â€” heHyl t.m.u.i. ;

X - octyl t.m.a.i. Curve drawn to the formula c(( â€” 2-5) â€” 2-2.

Iraet. ABSCISSA : logarithm of 100/T. OHDINATK : logarithm of

m.molar concentration. Continuous line and crosses . nttmlU olxorvod.

Dotted lino drawn to tho formula k(e - ()â€¢!)"â€¢' - 100/T. (lug and Wright.

1932.)

and Stingel (1914) for the relation between concentration

of ouabain and time of arrest of the isolated frog heart

approximate to the formula C1'3< = constant.

These curves can be compared with the time-concentration

curves obtained by Ing and Wright (1931) for the rate of

paralysis of isolated nerve-muscle preparations of the frog's

sartorius by quaternary ammonium iodides. In this case also

the drug was proved to be fixed rapidly by the tissues, and

this rapid fixation was followed by some slower secondary

urocess. Fig. 10 shows that the times observed can be fitted
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80 MODE OF ACTION OF DRUGS ON CELLS

fairly accurately by the formula C(< â€” 2-5) â€” constant, whilst

tho inset HhowH an equally good fit with the alternative formula

(0 â€”0-1 )UIIB< â€”constant.

(iv) Alcohol Paralysis. The action of alcohols on cells

in fairly certainly of a physical rather than of a chemical nature.

Moreover, they probably act on tho surface of cells and their

rate of action on exposed cells such as the frog's heart is very

rapid. Hence it may be assumed that the narcotics act quickly

once they reach the cell surface, and that delay in action in this

case is due chiefly to diffusion.

(Several observers have studied tho action of alcohols on a

variety of preparations and the results indicate the extra-

ordinary diversity that may IKJ obtained with drugs of a single

typo that act in a simple manner. .Hartmann (1918) measured

the influence of concentration on the time required for ethyl

alcohol to kill plankton organisms. His figures approximate

to tho relation Ct â€” constant and are fitted more exactly by

tho formula C1'*/â€” constant. This is the type of relation

to be expected from an eflect due to diffusion. Kuuisto,

Suominen and Renqvist (1204) measured tho rate at which

various alcohols paralysed tho frog's gastroenemius and for all

tho alcohols (methyl-octyi) the results approximate to the

formula IV = constant.

Blume (1925) measured tho rate of paralysis of both the

nerve-endings and muscles of tho frog. In the case of heptyl

alcohol ho obtained graded effects over a range of concentration

from 0-000 to 0-04 per cent. and the figures approximate to

tho formula CÂ°'8< = constant, which is in fair agreement with

tho results already quoted. In the case of ethyl alcohol he

obtained tho following peculiar results in the case of both muscle

and nerve-endings : 5 p.c. (by wt.) paralysed in 2 hours, 4-5 p.c.

in 4 hours, 3-5 p.c. in 12 hours, whilst less than 3 p.c. did not

produce paralysis. These figures would correspond to a

formula C'< â€” constant. An alternative method is to subtract

the threshold concentration of 3 p.c. and then (C â€” 3)< gives

an approximately constant figure.

Similarly Cole and Allison (1930) studied tho stimulant action

of alcohols on organisms. Their figures for the time required

by alcohols (methyl-amyl) to stimulate planaria are the

fullest. These can be fitted approximately by the formula
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CÂ»< = constant or alternatively by (0 â€” Cm)< =.constant,

where Cm is the threshold concentration that produces an

action. It will be seen from these examples that the inter-

pretation of the time-concentration curves of alcohols depends

entirely on the mode of treatment of the figures. The majority

of the results appear to approximate to the formula Ct =

constant.

The examples discussed above illustrate certain striking

variations in the relations between concentration and time.

The literature of this subject is too extensive to permit any

general review in this volume, but a few other examples of

special interest deserve mention. .

. (v) Haemolysis. Ponder has made an extensive study of

the kinetics of saponin haemolysis. His arguments are mostly

based -on the assumption that the rate of production of haemo-

lysis measures the rate of some form of chemical combination

and he has advanced evidence in support of this belief as regards

saponin haemolysis.

In the case of many haemolytics it is certain that the measure-

ment of the rate of appearance of haemolysis measures not the

rate of combination of drug with the red blood-corpuscle, but

the time taken by the red blood-corpuscle to swell after it has

taken up the drug. Christophers (1929) showed this was the

case with haemolysis produced by acid and alkalies, for these

substances in weak concentrations reacted with the corpuscles

in less than 5 minutes, but haemolysis did not commence for

an hour. Fig. 11 gives an example of the results obtained by

Ponder and Yeager (1931). The figures show the relation

between saponin concentration and the time at which 80 p.c.

haemolysis occurs. The figures approximate fairly closely to

the relation GH â€” constant, as is shown in Fig. 11, but Ponder

interprets them by a much more complex formula. He found

(1932) that the time-concentration curve of hmmolysis could

dx

be interpreted by the formula -j- â€” K (C â€” y â€” x)n. (C =

original cone, of saponin, x = saponin fixed by erythrocytes

and y = saponin inactivated by the haemoglobin released into

the solution.) A correction also was necessary for delays due

to the initial mixing process. Haemolysis appears at first sight

to be a process particularly suitable for the study of drug
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88 MODE OF ACTION OF DRUGS ON CELLS

kinetics, but Ponder's results show that the system is much

more complex than it appears and that the interpretation of

tho results is extremely difficult. i

The relation between concentration and time of action of

Buponinx is necessarily complex because a large proportion

of the'Htipimm present in the solution is fixed by the cells

or by the Inked haemoglobin. In the case of such drugs as

ammonia, no significant change in drug concentration is likely

05

10

1-2

14

1 6

I8

Kg. 1 1. â€” Timo-concontration curve for tho hu-iuolytic action of saponin.

AUHCIMMA : logarithm of the reciprocal of the time in muiutOH. OiiDiNATE :

logarithm of microgranw of su|'oniu added, (fonder and Yeagor. 1931.)

to occur during tho action. In such cases most observers have

found an approximation to the formula Ct = constant. If

this formula be written (,t"/ ---- constant, then the values of n

found by various observers for various simple hwmolytics are

as follows :

Ammonia :".n = 0-71 (Gros, 1910); n = 1-077 (Stadler and

Klceman, 1911); Â« 1 (Arrhenius, 1915, p. 63).

Sodium hydrate : n = 1-3 (Gros, 1910) ; n = 1 (Arrhenius,

1915).

Sodium carbonate : n â€” 0-68 (Gros, 1910).
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(vi) Various Disinfectants. The results obtained with

phenol and with heavy metals have already been considered.

Chick (1930) has collected and tabulated the evidence available

on this subject and has worked out the following values of n

in the formula ('"< -.- constant from the figures given by various

authors.

As already mentioned n = 0-5 to 1-0 in the case of meruurib

chloride, and the same is true of silver nitrate. With hydrogen

peroxide n â€” 0-5 (Reichel, 1908, 1909B). In the case of iodine

and formaldehyde n â€” 1-0 (Gregerson, 1915). Values of u

from 0-5 to 2-0 have been found with acids. HC1 n â€” 0-5

(Paul, Birstein and Rcuss, 1910) â€¢ nâ€¢= 1-0 (Gregerson, 1915);

n =.1-5 (Gegenbauor and Reichel, 1913); acetic acid n â€” 1-0

and w-butyric acid n â€” 2 (Paul, Birstein and Reuss, 1910).

High values of w have been obtained for phenol (n â€” 4-0-6-25)

as already mentioned ; for coal-tar disinfectants (n -â€” 8-3

(Chick, 1908)); thymol and chloral hydrate (n ^=4 (Gregerson,

1915)).

(vii) Lethal Agents on Small Organisms. The relation

between concentration and.time of death of small organisms

has been measured for a large number of drugs. .The author

has estimated the general slope of the curves obtained when

log. concentration is plotted against loj;. time. The results

arc shown in Table X. These results differ from thosetjbtained

with disinfectants in that the time measured is the time at

which the organisms are paralysed and hence is the sum of

TA1ILK X

Thno-concentration relations obtained with small organisma,

of n in the formula C"( . constant

Values

Aeiils.

Drug.

Heuige of molar

concentration.

OrganimnH.

Value of n.

Observer.

HCl. . . .

0-1-0-01

C'lu(lix'ura

1-2

Hurtmunn

UNO, . . .

ti

(ire.)

â€¢3

(1!i18)

H,S04. . .

Â»

â€¢04

' Acotic . . ,

Formic.

ii

-12

Alkali.

ii

,2

0-1-0-01

-1

NttOH . . .

pH7-5-B-2

BpiroHtomum

0-0

JunkinH

arabiguura

and 0-83

(1926) G
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TABLE Xâ€”continued

Heaey Metala.

Drug.

Hwige of molar

concentration.

Orgauiuna.

'ttlllll of n.

Obwrver.

KoCI, ...

0-1-0-01 .

'lulilicrnt

1-0

Hartmann

(1918)

CuSO, . . .

it

It

0-7

" â€¢

HgCI, . . .

,,

tl

0-55

ii

OOO01-0-01

LouciHL-ua

o-ie

Jurpenter

phoxinua

(1927)

l'b(NO,), . .

H

â€¢ â€ž

0-32

M

CuCI, . . .

0-0001-0-1

Nitolla

0-22-0-34

Cook

Alkaloid*.

(IKto)

iSlryrlmiun. ' .

Fundulua

0-35

Sollmann

I'lif.nul .and De-

rieatieea.

(1908)

Phenol . .

0-125-0-3

Limnoria

0-3

Shm-koll

iMir cent.

(1922)

CIVBOU . . .

0-125-0-25

ii

0-25

M

por rent.

Itosorcinol

0-25-0-5

ii

1-0

n

por cent.

Narcotica.

I'yrorati'rhm .

it

ii

1-0

tt

Chloral hyil. .

1-0-0-1 molar

Cladocera

0-75

Hartmano

(1918)

Varioua organic

Ethyl ulcohol

3-0-03 â€ž

.11

Â»'-'

ii

agenta.

Cilycoriito .

3-0-0-3 M.

Cladocora

1-3

Hartmann

Saline changea.

(1918)

Hrit wutor .

Uummani

H

3-1

Ostwul.t

(1907)

Daphnia

S-0

Dumosoheok

. . â€¢

(1911)

Neutral aalta.

Liuiuoriu

4-0

White (1929)

KNO,. KBr.

Clatlocera

0-7-M

Jlurtinunn

CuCI,. NaCl

(1918)

(iiuinuuriu

0-83

Ostwald

(1907)

ii

1-4

Pawlow

(1925)

the delays due to chemical reactions, diffusion and lag in the

biological response. In most cases the figures appear to
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KINETICS OF CELL-DRUG REACTIONS 91

approximate to (Y - constant, but the heavy metals show a

value for Â« lower than unity in nearly all cases.

(viii) Inhaled Gases. The relation between concentration

and rate of uptake of narcotics has been studied by Henderson

and Haggard (1927). In this case the rate of action depends

on the rate of excretion as well as on the rate of uptake of the

drug, and hence the conditions are very complex.

The poisoning of vertebrates by hydrocyanic acid is a some-

what simpler process because most of the drug inhaled is fixed

0 OS 1-0 Log. Time in Mm

Fig. 12.â€”Time-concentration curves for tho action of hydrocyanic

acid vapour upon gouts (curve A) and upon rabbits (curve H).

ABSCISSA : logarithm of time in minutes. ORDINATE : logarithm of the

concentration of HCN in mg. per litro of air. (Burcroft. 1932.)

by the tissues. This has been studied by Barcroft (1931), who

has shown that there are several variables. For example, the

cat is killed more rapidly than the rabbit, and this is due chiefly

to the fact that hydrocyanic acid acts as a stimulant to the

respiratory centre of the cat but not to the rabbit. The figures

for goats and rabbits are the fullest, and Fig. 12 shows that

in these cases relation between log. concentration and log. time

is nearly linear, and the rate of poisoning varies as C1'7 in the

case of rabbits, and as CI'4 in the case of goats.

The approximate agreement in this case is interesting because

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



92 MODE OF ACTION OF DRUGS ON CELLS

it is obvious thut the time measured must depend on a number

of independent variables such as rate of ventilation, minute

volume of blood, etc., and cannot |xissibly express the rate

of any chemical reaction.

Discussion

The evidence presented in this chapter shows that the

relation between concentration and time of action of drugs

can be expressed by the formula (.t"< = constant. This formula

usually gives an approximate but not an exact fit, but an

approximate lit is often obtained in systems in which it is

certain that the time measured is the sum of a large number

of processes.

The effects studied can be divided into two main groups of

which disinfection and haemolysis are examples. The time

measured in disinfection is the time required for a drug to cause

some irreparable injury to the organism, and no account is

taken of the time at which the effects of this injury are mani-

fested. The time measured in haemolysis is the time at which

the biological response appcars.

Curiously enough both groups of effects are fttted by the same

general formula, a fact which suggests that the formula has

little theoretical significance.

In those rases in which the time of appearance of a biological

response is measured it appeals to the writer that the most

probable processes that are likely to be expressed by the time

arc, firstly, time of diffusion and, secondly, time of diffusion

plus time spent in alteration of the colloids inside the

cells.

Ostwald (1907) suggested that since the fixation of drugs

by organisms was an adsorption effect, and since adsorption

x

equilibrium was expressed by the formula KG" =â€” (0 = cone.

of solution, .r amount adsorbed by mass tn), therefore the

formula KC" â€” - ought to express the time relations of fixation.

The theoretical justification for this argument is not clear,

but there is a more direct objection, namely that adsorption

itself is a relatively rapid process, and that delays in the uptake

of drugs from solution in sorption processes are believed to

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



KINETICS OF CELL-DRUG REACTIONS 93

be due either to diffusion, consequent on depletion, or to slow

secondary processes that follow the initial fixation.

Watson (1908) interpreted the formula C"t â€” K. as a proof

of the occurrence of polymolecular reactions. This theory is

subject to Nernst's objection that the probability of the

simultaneous collision of several molecules is extremely small,

and hence the velocity of polymolecular reactions can only

be appreciable under quite exceptional conditions.

The fact that the value of n can vary from 0-3 to 8 appears

surprising, but such variations can be paralleled in non-

living colloidal systems. (Jann (1916) studied the rate of

precipitation of an aluminium hydrate sol by various in-

organic salts and found that the rate of precipitation varied

as a very high power of the concentration of the coagulator ;

in some cases as the seventh power. Frcundlich and Gann

in a discussion of these results pointed out their remarkable

similarity to certain biological phenomena. On the other hand,

Moravek (1929) found that the rate of diffusion of lead nitrate

into gelatine containing chromate was highly complex and that

over certain ranges of concentration the rate of penetration

might decrease as the concentration rose. It seems possible

that the very low values of n found with heavy metals may be

due to these altering the permeability of the cell surfaces.

Stiles (1920) gives figures for the rate of penetration of gelatine

by sodium chloride, and the times needed to penetrate an equal

depth indicate that the rate of penetration varies as the square

root of the concentration, or even as some lower power.

The relations between concentration and rate of action that

are obtained with living cells can therefore be paralleled by

results obtained with fairly simple colloidal systems. The

information regarding the kinetics of colloidal changes is some-

what meagre because colloidal systems have been found

inconveniently complex for such studies, and this fact is the

best indication of the difficulties attending kinetic studies on

living organisms.

The outstanding facts about the relations between concentra-

tion and time taken for a biological response appear to the

writer to be as follows. The rate of action usually varies

approximately as some power of the concentration and this

power may vary from 0-2 to 8. Usually the time-concentration
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94 MODE. OF ACTION OF DRUGS ON CELLS

relations of a drug are similar when it la tested on different

organisms, but when the active concentration is much lower

in one organism than another, then the time-concentration

relations may be totally different. It seems doubtful if the

time taken by an organism to show some response to a drug

is ever a simple measure of the rate at which a single chemical

reaction is proceeding.

I'orodko (1926) found that the relation between the intensity

(x) of a stimulus and the time (//) necessary to provoke reactions

in plants could bo expressed by the formula y â€” k/xm. In

this case the time must be a measure of the lag in the biological

reslHlnse.

Since the relation between the strength of stimulus and the

duration of the latent period is the same as that between the

concentration of drug and the duration of the latent period it

ap|H'nrs most probable that the delay in both cases is of a

similar nature and expresses the time taken for the occurrence

in the cells of secondary processes which are initiated by the

stimulus or by the combination of the drug with the cell.

Anhrnias, S. (IJI15) Quantitatiee Lows in Biology, Hull und Sons,

London.

Ham-oft, J. (1931) J. //./!/., 31, 1.

Higulow. S. L., unit U'ushbum, K. K. (1928) J. Physical Ghem., 32,

321.

Higwootl, E. J. (1930) Trans, Farad. Soc., 26, 704.

Bhnnr, \V. (1925) Arch. exp. Path. PharnoiL:, 110, 46.

Bruun, A. (1925) i/Â«./., 108, 94).

B.innHT, E. (1904) Z. Physik. Chem., 47, 56.

CariH-ntor, Kuthh-cn K. (1927) Brit. J. Exp. Biol., 4, 378.

('lurk, llim-i.au-. (1908) J. lli/g., 8, 92.

(1930) tiystem o/ Bacleriology, Mod. Ros. Council, Vol. I, Chapter v,

p. 179.

Christ. iph.-is, S. K. (1929) I ml. J. Med. Rea., 17, 544.

Col.-. W. II., un.1 Allison, J. I!, (lli30) J. (Ien. Physiol., 14, 71.

Cook, S. F. (1926A) J. Wen. Physiol., 9, 631.

(1926u) ibid., 9, 735.

Cooler. E. A. (1912) Biochem. J., 6, 362.

Co.inrr, E. A., un.1 Haines, K. 13. (1928) J. Hyg., 28, 163.

Drmosrlu-k, A. (1911) Pjiuegera Arch., 143, 303.

Kroundliuh, H. (1926) Colloid and CapUlury Chemiatry. Engl. Tran*.

of 3rd (Jrriiinn c.l. Mothuen it Co., London.

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



KINETICS OF CELL-DRUG REACTIONS 95

Goddum, J. H. (1020) J. Phyaiol., 61, 141.

(1931) Proc. Roy. Soc. B. 109, 114.

Qann, J. A. (1916) Kolloidchem. Ueihef., 8, 04.

Garner. W. E. (1920) Trans, Farad. Soc., 22, 461.

G.-genbauor, V. (1921) Arch. Hyg., 90, 23.

Ogcnlmuer. V., and Roichol, H. (1913) An-h. Hyg., 78, 1.

Gregonwn, J. P. (1915) Centralbl. Hakt. Abt. 1. Orig., 77, 108.

Gros, O. (1910) Hiochem. Z., 29, 350.

Hartmaiui, .O. (1918) Pfluegers Arcli., 170, 583.

Henderson, Yandell and Haggard, 11. W. (1927) Noxious Qasei.

Amer. Chom. Soc. Monogr. . . . .

Hill, A. V. (1909) J. Phyaiol., 39, 361.

Holste, A. (1912) Arch. exp. Path. Phartnak., 70, 433.

Ing, H. R., and Wright, W. M. (1932) Proc. Roy. Soc., B, 109, 337.

Irwin, M. (1925) J. den. Phytriol., 8, 147.

lasokutz, B. V., and Loinzingor, M. V. (1928) Arch. eitp. Path. Phar-

mak., 128, 165.

Jenkins, Penelope M. (1920) Brit. J. Exp. Biol., 4, 365.

Johlin, J. M. (1925A) J. Phyaical Cliem., 29, 270.

(1925ii) ibid., 29, 897.

Jowott, M., and Brooks, J. (1928) Biochem. J., 22, 720.

Kronig and Paul, T. (1897) Zett. Hyg., 25, 1.

Kiister, E., and Kotlmub. (1913) Z. Hyg., 73, 205.

Kuuisto, P., Suuminon, Y. K., and Ronqvist, Y. (1925) Skand. Arch.

Phyaiol., 46, 76.

Liopatow, S. (1924) KM. Z., 36, 148.

(1925) ibid., 37, 112, 146.

(1920) ibid., 39, 9, 127.

Lloyd, 1). Jordan. (1930) Biochem. J., 24, 1460. '

Lockumunn, G., and Pichur, H. (1928) Z. Hyg., 108, 124.

McBuin, J. W. (1932)The Sorption of tlases and Vapours by Solids.

Routlodgo & Co., London.

Mcndez, R. (1928; J. Pharin. Exp. Therap., 32, 451.

Moravck, V. (1929) Koll. Z., 49, 39.

Nando, T. C. (1931) J. Pharm. Exp. Therap., 42, 9.

du Noiiy, P. Locomto. (1920) Surface Egnilibriu of Biological and

Organic Colloids. Amor. Chom. .Soc. Monogr.

(1930) Trana. Farad. Soc., 26, 794.

Noyos, A. A., and Whitney, W. R. (1897) Z. Physik. Chen*., 23, 689.

Oppcnhoirnor, E. (1913) Hiochem. Z., 55, 134.

Otttwuld, Wo. (1907) Pflvegera Arch., 120, 19.

Paul, T., Birstein, G., and RCUBS, A. (1910) Hiochem. Z., 25, 367.

Pawlow, P. N. (1925) Koll. Z., 37, 105.

Ponder, E. (1920) Proc. Roy. Atoc., B, 100, 199.

(1927) Hiochem. J., 21, 119.

(1930) Proc. Roy. Soc., B, 106, 543. :

(1932) Proc. Roy. Soc., B, 110, 1.

Ponder, E., and Yoager, J. F. (1931) Proc. Roy. Soc., B, 106, 506.

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



96 MODE OF ACTION OF DRUGS ON CELLS

I'urixlke, Th. M. (1926) Ber. Ueut. Bot. Oes., 44, 71.

KÂ«ichrl, 11. (1908) Z. II;/i1., 61, 49.

(I909A) Bioi-lirm. Z., 22, 149.

(l9OUn) Biochem. Z., 22, 201.

Kothlia, E. (1929) J. Pharm. Exp. Therap., 36, 657.

Seth, T. N. (1923) Biochem. J., 17, 613.

Slutckell, L. F. (1922) J. (Ien. Physiol., 5, 783.

Smith, J. Hrndrison. (\iJ2\) Ann. Ajipl. Biol, 8, 27.

(1923) Mil., 10, 335.

Sollmann, T. (1906) Ainer. J. Physiol., 16, 1.

Sollmumi, T., Mi-nd.-nlmll, W. L., and Stingul, J. L. (1914) J. Pharm.

Exp. Ther., 6, 5X3.

Stadlor, E., and Kloomunn, H. (1911) Biochem. Z.. 36, 301, 321.

Stella, 0. (1928) J. Physiol., 66, 19.

Stih-H, W. (1920) Biochcm. J., 14, 58. .

tjtruub, W. (1931) Lane Lectures in Pharmacology. Stanford Univ.

WaUon, H. E. (1908) J. Hyg., 8, 536.

While, V. IÂ». (1929) Studies from Biol. Statiana, Canada. Vol. IV,

No. 2. . â€¢ â€¢' â€¢â€¢

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



CHAPTER VI

INDIVIDUAL VARIATION IN POPULATIONS

The Measurement of Individual Variation

A simple example of the individual variation of the response

of animals to drugs is shown in Fig. 13. The frequency polygon

expresses the results obtained with 573 cats, on each of which

-40 -20 0 +20

p.c. Deviation from Mean

Fig. 13,â€”The distribution of the variation in susceptibility of caU to

digitalis. â€¢ ..

ABSCISSA : Deviation of lethal dose of tincture of digitalis from iue*u

lethal dose, expressed as per cent. of the mean. OKHINATK : number of

oats (total number 573). (Lind van Wijngaarden. 1924.)

the minimal lethal dose of a standard preparation of digitalis

was measured. The drug was given as an intravenous injection

to anaesthetized animals and was run in slowly so that the

exact dose needed to arrest the heart could be measured in

each animal. (Land van Wijngaarden, 1924.) The percentage

M.A.D. 97 H
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98 MODE OF ACTION OF DRUGS ON CELLS

of a population of cats that will be killed by any particular

dose of digitalis can be calculated by integrating these figures,

and the curve relating dosage and percentage of deaths is

shown in Fig. 14. This type of curve is termed a " char-

acteristic curve." In the particular example chosen it was

possible to measure the individual lethal dose in a large popula-

tion and thus obtain directly a frequency polygon from which

a characteristic curve could be constructed.

In most cases the measurement of the lethal dose for each

individual is impossible and it is necessary to give each member

100

Dtaltr

to

70

SO 90 100 110 120 130 140

Dose cu % of Mian

Fig. 14.â€”Characteristic curve of the lethal action of digitalis on a

population of cats constructed from the results shown in Fig. 13.

ABSCISSA : Int hul doae expressed aa per cent, of mean. OHDIKATK : per

cent, of population killed by correspondmg dose.

. . (

of a group of animals the same dose and note the number of

survivors. The repetition of this procedure with a range of

doses finally provides a characteristic curve. For example,

Fig. 15 shows the results obtained by injecting 8 groups, each

comprising about 200 frogs, with 8 different doses of ouabain

(Chapman and Mort-ell, 1931).

A characteristic curve Can be analysed, and from the analysis

a frequency polygon can be constructed. From the frequency

polygon it is possible to calculate the standard deviation of the

population. This is the most scientific method of describing
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INDIVIDUAL VARIATION IN POPULATIONS 99

variation and this technique has been described in detail by

Trevan (1927). This method is unnecessarily laborious for

the purposes of the present discussion. It is however desirable

to have some method for describing the shape and spread of

characteristic curves. This can be done most simply by

measuring the median (50 p.c. action) and the lower and upper

quartiles (25 and 75 p.c. action). The semi-interquartile range

expressed as the percentage of the median provides a simple

measure of the spread of the curve. This measurement also

25 30 OoseyperlOOgm 40

Fig. .15.â€”Characteristic curve of the lethal action of ouabain on frogs.

ABSCISSA : dose in y per 100 gra. OHIGINATE: per cent, of death*. (Chap-

man and Morrell, 1931.)

gives the probable variation because there is an exactly even

chance of any individual falling within or without the inter-

quartile range. The point of steepest rise of the curve indicates

the mode. In cases of symmetrical variation the median and

mode are identical, but in skew curves they are not identical

and the difference between the median and the mode provides

a standard of comparison regarding the degree of skew in

curves expressing biological variation.

In the case of a population which shows a " normal " bell-

shaped distribution of variation, the proportion which is
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100 MODE OF ACTION OF DRUGiS ON CELLS

included within any given multiple of the standard deviation

or of the probable variation can I HI calculated exactly, and

some of these figures are given in Table XI.

TABLE XI

Limii of variation.

I'cr I'i'hl of ;

Limit of variation.

Par rent, of

(* - Dtl,liilnul

j input iit inn inrl lii Ii'll

within limit.

(F.V. - probable

variation.)

pepulation included

within limit.

duvialion.)

Â± Iff

68-5

Â±1 P.V.

50

Â±2a

95-5

Â± 2 P.V.

83-4

Â± 30

99-73

Â± 3 P.V.

95-6

Â±4*

99-992

Â± 4 P.V.

99-3

The normal bell-sha{ied distribution of variation is however

a mathematical rather than a biological conception. For

example, it expresses accurately the distribution of numbers

obtained when perfectly true dice are cast a sufficient number

of timeH. In this case the chances of positive and negative

variations are exactly equal and the range of variation possible

is exactly equal in the two directions. GJalton (1879) pointed

out that in biological material the variation often showed a

geometrical rather than an arithmetical distribution. For

example, if the mean wore 10, then there was an equal chance

of a variation of â€” 5 or of -)- 10, and not an equal chance

of â€” 5 and -)- fl. Inspection of the shape of the characteristic

curves obtained with drugs shows that this type of distribu-

tion of variation occurs frequently.

Another important point is that if one Characteristic A has

a symmetrical distribution of variation, than a second char-

acteristic H can only have a symmetrical distribution of

variation if B varies directly as A. For example, if the

variation of length of an organism is distributed in a sym-

metrical manner, then its area or volume are likely to be

distributed asymmetrically. It is rare in pharmacology to find

hi m I ilc linear relations between the amount of drug and the

amount of action produced, and it is much commoner to find

logarithmic relations. It is indeed somewhat surprising that

symmetrical distributions of variation in response to drugs

should occur as frequently as they do.
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INDIVIDUAL VARIATION IN POPULATIONS 101

Types of Characteristic Curves obtained

Curves relating the dosage of drugs and the incidence of

some effect are usually termed characteristic curves. Figs.

14 and 15 are examples of steep and nearly symmetrical

characteristic curves. The probable variations are about 8 p.c.

of the mean, which is an unusually low figure to obtain with

drug responses. Usually the probable variation is more than

10 p.c. of the median and frequently is more than 20 p.o.

100

%

80

60

40

eo

0-2

0-4

00

0-8

1-0 Lig. Ext Ergot c c p. kilo.

Fig. 16.â€”Clmroc.trriutic curvo of the action of liquid extract of ergot

in producing eyunosifl in cocks' cbmbB.

AB.SCIHSA : tioxo in c.c. |H)r kilo. OUDINATM : per cent, of population

altowing msputwo. (Uittingur and Munch. I1I27.)

For example, the British Pharmacopoeia 1932 gives figures

for action of digitalis in killing frogs, and these show a probable

variation of 17 p.c. of the median. This is equivalent to a

standard deviation of about 25 p.c. of the mean.

The probable variation can be reduced to a minimum by

working with as uniform a population as possible, under

strictly uniform conditions and by choosing as sharp an end-

point as is possible. Very frequently the characteristic curves

show a considerable amount of skew and Fig. 10 shows a shape

of curve that is frequently obtained. This curve is asym-
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102 MODE OF ACTION OF DRUGS ON CELLS

metrical with a long tail running out to the right and the

probable variation is 18 p.c. of the median.

Slightly skewed curves of this type are met with frequently

in biological data and are of interest because a nearly linear

relation is obtained if the dosage in plotted against the logarithm

of the " surviving " population (i.e. the proportion that fails

to respond). This fact was pointed out by Peters (1920) and

it has an important bearing on the theoretical significance of

the logarithmic relationships that -are frequently observed in

0 0002 0 004 0 006 OOO8 001 Dose in mgm.

Fig. 17.â€”Characteristic curve of tho lethal action of dysentery toxin

on mice.

AUSCIHSA : itiwo of toxin iu mg. por 20 gm. OHDINATU : per cent. mor-

tality.

hut I. Ix>garithm of tho dose plotted against the per uent. mortality.

(Trevan. 1Â»2U.)

the case of time-action curves. Curves of the type shown in

Fig. 16 express approximately the geometric distribution of

variation described by Galton.

In the cases considered hitherto the organisms were large

enough to permit the measurement of the dose administered

to each individual. In such cases the characteristic curves

are usually cither symmetrical or else slightly skewed.

Occasionally very skew curves are obtained. For example,

Fig. 17 shows the characteristic curve of the destruction of

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



INDIVIDUAL VARIATION IN POPULATIONS 103

mice with dysentery toxin (Trevan, 1929). The curve has a

general exponential form and the inset in Fig. 17 shows that

there is a nearly linear relation between action and log. dose.

Table XII shows the probable variations of the characteristic

curves of a number of drugs. These values were in most cases

estimated by the writer from the data given by the various

authors.

TABLE XII ' ' > '

Probable

variation

Drug,

Animal.

Hprcoaod aa

Author.

mr cent, ot

(i) Lethal doses :

,'. ' â€¢

median.

Digitalis .

Frogs

13

Trevan (1926)

i/ â€¢ â€¢

Frogs

12-5

Bohrens (1929)

Cats

7-25

van Wijngaarden

ii i â€¢

Frogs

(1026)

. Ouabain

Rats

8-3

Chapman and Mor-

rell (1931)

Squills ...

Rats

19

Win ton (1927)

Aconitine . .

Rats

21

Munch and Gittingcr

(1929)

Cocaine. . ,

Mice

16

Truvan (1927)

Kchitmnine

Mice

25

Trevan (1927)

Neosalvaraan .

Mice

12

Durham Â«t al (1929)

Thallium sul-

Rats

17

Munch (1931)

phate

Adrenaline. .

Mice

71

Schultz (1909)

Diphtheria toxin

Guinea-pigs

9

.Suihnrinen and

Glenny (1910)

Dysentery toxin

Mice

27

SudnnTHen, Rungo

ami O'Brien (1924)

it ii

Mice

88

Trevan (1929)

(ii) Various effects:

Insulin convul-

Mice

46

HommingHen and

,dions

Krogh (1926)

â€¢ Insulin convul-

1 Mice

29

Trevan and Ituouk

(1926)

sions

I. Rabbita

45

Marks (1926)

Ergot cyanosis

Cockerels

12

Gittingor and Munch

(1927)

Salicylism .

Male patient

24

Uanzlik (1913)
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104 MODE OF ACTION OF DRUGS ON CELLS

Factors causing Individual Variation in Response to

Drugs

Variation may be regarded as one of the fundamental

characteristicH of living matter, and it is always found when

the individuals of any population are measured in any way.

The occurrence of variation in the response to drugs is therefore

not a matter for surprise, moreover certain variables are known

to occur which are likely to cause variation in response to

drugs.

In the first place there is an extensive individual variation

in the ratios between the weights of organs and the body weight.

Brown, 1'earce and van Allen (1926) measured the organ and

body weights of 645 rabbits and found that the coefficient of

variation (i.e. standard deviation expressed as the percentage

of the mean) varied from 12 in the case of the heart ratio to

61 in the case of the thyroid ratio. The author found that the

coeflicient of variation of the heart ratios of 120 cats was

about 15, and Sato (1931) found the same figure in dogs.

Variations of a similar or greater extent have been shown in

the case of human organs. Variations in the heart ratio are

obviously likely to cause variation in the M.L.D. per kilo,

of the cardiac glurosides.

A considerable range of individual variation in biochemical

factors has been demonstrated in several cases. For example,

dough, Allen and Hoot (1923) found a coefficient of variation

of 1(i in the blood-sugar of 100 normal rabbits. Estimations

of the total reducing substance in the hearts of 72 normal frogs

were made in the writer's laboratory and showed a coefficient

of variation of 31. Variations such as these in the normal

carbohydrate content of the blood and other organs might

bo expccted to cause a considerable variation in the response

to insulin. In the case of small organisms the number of factors

that can be measured is limited, but all the evidence available

indicates an extensive variation both in form and in chemical

properties (cf. p. 115). The occurrence of a considerable

individual variation in the response given to drugs by unicellular

or tmtlticellular organisms docs not therefore call for any special

explanation.

The extent of the individual variation is likely to depend

on the uniformity of the population, and this has indeed been
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INDIVIDUAL VARIATION IN POPULATIONS 105

found to be the case. Winton (1927) measured the lethal

action of ml squills on rats, when given by mouth, and found

that female rats were twice as susceptible as males. He

compared the action of the drug on ordinary stock rats and

on inbred rats and found that the standard deviation in the

former case was 07 p.c. of the mean am' in the latter case

only 21 p.c. This difference implies that ten times as many

animals of a mixed stock as of rats of a genetically standardized

stock would be needed to achieve the same degree of accuracy.

A similar difference, which is shown in Fig. 18, was found by

0-2 03 0-4 OS mgm p.gm.

Fig. 18.â€”Characteristic curve of the lethal action upon mice of intra-

venous injections of nooarephcnamino (noosalvarsan).

ABSCISSA : dose in mg. por gm. OBDINATE : [KT cent. mortality. . . .

CIIKVE A. Mice from inbred stock (9O.'t uHod).

CURVE B. Ordinary stock mice (370 iiatnl). (Durham, Otulduia and

Marehal. 1929.)

Durham, Gaddum and Marehal (1929), who measured the

lethal dose of neosalvarsan for mice.

Static and Dynamic Variation

Gray (1931) has pointed out the importance of distinguishing

between static and dynamic variations. In the case of static

variation any particular cell shows a fairly constant deviation

from the mean. For example, if one cell is larger than the

average and another smaller they will tend to show the same

characteristics on repeated examination. On the other hand,

in the case of dynamic variation a single organism will at one

time rise above and at another time fall below the average.

There are many cyclic functions in living cells and individuals
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106 MODE OF ACTION OF DRUGS ON CELLS

will show dynamic variation as regard* any characteristic that

depends on such a function. ;-

An important distinction between static and dynamic varia-

tion is that in the former case there is a likelihood that the

distribution of variation will approximate to the normal or

bell-shapcd typo, whereas any form of distribution may occur

in the case of dynamic variation. The wstrous changes.in

female rodents are a simple example of dynamic variation.

In this case a count of the percentage of cornilied cells present

in a number of vaginal smears from a population of rats would

show a U-shaped distribution of variation. The animals in

outrus would show a high percentage, the animals in dioestrous

a low porcentugc and only a few animals would show inter-

mediate figures.

Variation in age is the commonest dynamic variation that

influences the response to drugs ; this variable is of particular

importance in the case of rapidly growing populations of

micro-organisms. Variations in age may however be of con-

siderable importance in larger animals as is shown by quanti-

tative results obtained by Janisch (1927, p. 309) on the meal

moth. The time of exposure to carbon dioxide needed to

kill newly hatched moths was 25 sec. and this fell to 10 sec.

seven days after hatching. Similar results were obtained with

carbon disulphide.

In most cases it is possible to use populations of uniform age,

but in the case of bacteria the variation in the age of the

population constitutes a serious complication in the interpreta-

tion of the response of such populations to drugs.

Curves relating Drug Concentration and the Incidence of

Effects

The data considered hitherto have shown the individual

variation in the dose of drugs required to produce a certain

selected effect. The characteristic curves obtained have been

in nearly all cases sigmoid curves showing a greater or less

degree of asymmetry. Measurements of the relation between

drug concentration and the incidence of effects in a population

result in curves of a much greater variety. In some cases

simple sigmoid curves are obtained, but very frequently the

curves approximate more nearly to a hyperbola than to a

aigmoid form.
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INDIVIDUAL VARIATION IN POPULATIONS 107

For example, Dr. C. P. Percival has measured the minimum

concentrations of certain irritant drugs that were needed to

produce nkiu irritation in each of a number of individuals. He

has kindly permitted me to quote certain of his results which

are shown in Fig. 19. The curves which relate the concentra-

tions of chrysarobin and of mercuric chloride and the percent-

age incidence of skin irritation cannot be described as sigmoid

curves and indeed resemble hyperbolae. Sigmoid curves are

20 40 60 80 100 Cone

Fig, 19.â€”Characteristic curve of the production of rcaponse in 35

patients by skin irritants.

AB-WI.S.HA ; ooucontntion. OHDINATK : pur cout. of population rmponil-

ing. ('nntinuouH lino â€” drugs in vonolino. Cone, in parU per 10,000.

â€¢f .- chryHurobin ; 0 = murcuric chloride, Brokon liim and X â€” nmr-

ouric iodide in water. Cone, in parta iÂ»r 100,000.

Inaet. ABHCIHHA : logarithm of tho concentration pur cent, of chrysarobin

( + ) and of mercuric, chloride ((â€¢-)) in vaaoline. OHIUNATK : |Hir cent, inci-

dence of akin nmlHinHit. (O. H. Pereival.)

however obtained if the incidence of response be plotted against

the logarithm of the concentration as is shown in the inset

in Fig. lit.

In other cases the relation between drug concentration and

incidence of skin irritation approximates more nearly to the

usual form of characteristic curves, as for instance in the case

of the effects produced by a watery solution of mercuric iodide,

which also is shown in Fig. 19. The curious form of these
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108 MODK OF ACTION OF DRUGS ON CELLS

characteristic curves is surprising for the following reasons.

The sigmoid characteristic curves relating dosage and drug

action can Iie explained on the assumption that the population

shows a normal or bell-shaped distribution of variation as

regards some function that regulates the effect produced by

the drug. The effect of a drug administered to an intact

animal must depend upon a chain of processes, but must be

regulated to a large extent by the relation between the con-

centration of the drug in the blood-stream and the effect

produced upon some susceptible tissue. The action upon the

epidermis of a drug solution applied directly would appear to

be a far simpler process, and therefore it might reasonably be

ex|H)cted that the relation between concentration and incidence

of irritation in the latter case would lie much simpler than the

relation between dosage and percentage mortality.

The reverse, however, is the case, for the simpler system

shows the more complex relations. The writer suspects that

the reason for this is that the simplicity of the characteristic

curves that relate dosage and mortality is apparent rather than

real and is due to the fact that they express the sum of a large

number of variables. It will be shown below that the relation

between drug concentration and the incidence of effects in

relatively simple systems such as isolated organs or small

organisms is in general more complex than is the relation

lietween dosage and per cent. mortality of large organisms.

Hypersensitiveness to Drugs

The remarkable relations found between drug concentration

and incidence of action show that care is needed in defining

the terms idiosyncrasy and immunity. For example, in the

case of the action of nicotine on aphis the following figures

were obtained by Tattersfield and Gimingham (v, 1927):

Mols prr 100 litivs. . .. . . . 0-01 0-25 1-2

IVr eÂ«ut. population moribund or tlrud. . .2 48 98

Two per cent, of the population arc therefore so susceptible

that they arc killed by 1/25 of the median lethal concentration,

whilst 2 p.c. are so resistant that they are not destroyed by

five times the median lethal concentration, and the ratio

between the concentrations needed to kill the 2 p.c. at each

extreme is no less than 120/1.
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INDIVIDUAL VARIATION IN POPULATIONS 109

Dr. O. H. Percival's figures for skin irritation show a similar

scatter. In the case of chrysarobiu the following figures were

obtained: .

Parts por 10,000 . . . . . . . 4 23 300

Pur cent, of population showing skin irritiUion 5 SO 05

The figures obtained with it^hi* and with the human skin show

a similar scatter, and in both cases continuous curves were

obtained expressing the variation in individual susceptibility.

It seems unreasonable to draw lines through such curves

and say that all individuals outside certain limits show hyper-

sensitiveness or immunity. On the other hand, any person

who made a few observations on a population and found that

some individuals were affected by 1/100 of the concentration

of drug needed to affect others would probably ascribe these

effects to some form of specific immunity or hypersensitiveness.

This remarkable spread of individual variation is also of

interest in another respect, namely, the problem of the factor

of safety required in the use of drugs.

In the case of the action of digitalis on cats (Fig. 13) it will

be seen that a dose equal to half the mean dose did not produce

death in a single animal in 573 experiments. The standard

deviation (a) in this case was 12-15 p.c. of the mean and

Table XI shows that a dose equal to 100 â€” 4a = 100 â€” 48-0

â€” 51 p.c. of the mean would only kill one animal in 10,000.

In the case of dysentery toxin, on the other hand, Fig. 17

indicates that a dose equal to 10 p.c. of the median lethal

dose would kill at least 5 p.c. of a population of mice, whilst

in the case of contact insecticides a concentration of nicotine

which was only 4 p.c. of the median lethal dose killed 2 p.c.

of aphis.

These results suggest that the factor of safety probably

varies enormously in the case of different drugs, and that the

term hypersensitiveness in many cases only means that there

is a wide scatter as regards the individual variation in response

to the drug employed.

Characteristic Curves obtained with Isolated Organs

Curves of this type can be obtained by determining the

concentration of drug needed to produce a certain selected

effect in each of a sufficient number of experiments. The
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110 MODE OF ACTION OP DRUGS ON CELLS

method is extremely laborious because about 100 experiments

are needed to establish the shape of a curve. The amount

of evidence available is very limited, but is sufficient to show

that the shape of the characteristic curves varies very widely.

In certain cases simple mgmoid curves are obtained. For

example, Takahashi (1925) measured the response of isolated

sartorii of frogs to varying concentrations of caffeine and

obtained the following figures :

Concentration of C'afftnuu

in partH per 1(1,000 . 0-25 0-280 0-33 0-4 3-3 4 56-7

Porccntugo of iiiusclrs

(a) HiHtnloKieal' chunx" 0 14 78 100 â€” â€” â€” â€”

(b) Dostniclion of cells â€” . â€” â€” â€” 0 47 80 100

In the case of both the changes measured the concentration

producing a loo p.c. effect is less than twice the lowest con-

centration that produces any effect, and therefore the range

of individual variation is unusually small. .

In certain other cases the relation between the concentration

of the drug and the percentage of isolated organs showing a

selected response is of an exponential rather than a sigmoid

character. Curves of this type, which suggest a widely

scattered skew variation, have been obtained with acetyl

choline acting on the frog's isolated heart (Fig. 34), and adrena-

line acting on the isolated uterus of the rabbit (Fig. 37).

Characteristic Curves obtained with Small Organisms

and Cells

Curves of this type can easily be obtained by measuring the

pcrcentage mortality produced by a series of concentrations.

The amount of drug taken up by each organism is unknown

and hence there are two variables, namely the individual

variation in the uptake of the drug and the individual variation

in the amount of drug needed to produce the effect measured.

The curves relating concentration and percentage effect

vary from the steep and symmetrical sigmoid form to the

exponential form. Fig. 29 provides an example of a

symmetrical sigmoid curve. This expresses the relation

between the concentration of ethyl urethane and the percentage

of sea-urchin eggs paralysed. An almost identical curve was
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INDIVIDUAL VARIATION IN POPULATIONS 111

obtained by Shackell (1925) for the paralysis of Limnoria by

ethyl alcohol. In this case the probable variation was 9 p.c.

of the median. White (1920) obtained a similar curve for the

destruction of this organism by changes in salinity. In this

case the probable variation was 18 p.c. of the median. The

haemolysis of red blood-corpuscles by various simple agents

shows a similar sigmoid relation between concentration and

5 45 4

Fig. 20.â€”Characteristic curvo of the haemolysis produced by hypotonio

35 Atm.Osmottc

Pressure

ABSCISSA : saline concentration expressed as fetmoapheros of osmotic pres-

sure. OuuitfAVB : per cent, heemolysis. â€¢

InaeI. The distribution of variation in the resistance of the rod blood-

corpusclei. (Mond. 1927.)

percentage of haemolysis. This relation was found by Handow-

sky (1912) for haemolysis by alkalies, and by Snapper (1912)

and by Mond (1927) for haemolysis by hypotonic solutions

(cf. Fig. 20).

Other haemolytic agents such as saponins show much more

complex relations between concentration and effect. Ponder

i(1930) measured the percentage haemolysis produced by sapo-

nins when sufficient time was permitted for equilibrium to

be established (time = 7 hours). He found that there was

an extreme variability in the frequency distribution of the

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



112 MODE OF ACTION OF DRUGS ON CELLS

of the cells. Tho frequency polygon varied between

two extremes, namely :

(1) a very skew hump with a long tail to the right, and

(2) a very flat curve with less skewness but a considerable

tail.

The lir.st of these distributions if integrated would show a

hyperbola as the relation between dose of saponin and amount

of action.

Similar variations in the shape of the curves relating concen-

tration and effect have been found with many other systems.

Tuttersficld and his co-workers (1925-27) carried out an

extensive series of investigations on the relation between the

concentration of large numbers of insecticides and the percentage

mortality in populations of insects and insect eggs. The chief

material used was Aphis rumicia, which was obtained from

inbred stocks ; other materials were silkworms, cheese mites

and the cggH of Selenia tetralunaria. The drugs were dissolved

in benzole and applied in the form of a fine spray. The solvent

exerted no lethal action and great care was taken to ensure

uniform spraying. Sufficient time was allowed for the drugs

to exert their full action and the numbers used were sufficiently

large to exclude random variation.

The results obtained were very complex, for in some cases

the same drug gave different-shaped curves with different

populations, whilst a single population gave curves of a wide

Variety of shapes with different drugs. For example, the

characteristic curve of the action of pyridine vapour on cheese

mites (Jewson and Tattersfield, 1922) was the steep sigmoid

curve shown in Fig. 21, which has a probable variation 22 p.c.

of the median, and a similar curve was obtained with Asper-

gillus niger immersed in pyridine solution (Jewson and Tatters-

field, 1922). On the other hand, the characteristic curve of

pyridine applied in a benzene spray to aphis (cf. Fig. 21)

was nearly linear, a shape which suggests a very widely

scattered variation. (Tattersfield et al, V, 1927.)

A few representative curves are shown in Fig. 22. It will

be seen that the characteristic curve of di-nitro-o-cresol is

sigmoid and symmetrical in the case of aphis (Tuttersfield et

al, tn, 1925), but markedly skew in the case of insect eggs

(Tattersfield et al, ill, 1925, and Gimingham, Massee and
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INDIVIDUAL VARIATION IN POPULATIONS 113

Tatterafield, 1020). Variations of this kind make it difficult

to generalize, but the results taken as a whole indicate that

insecticides of feeble intensity such as phenol show fairly steep

sigmoid characteristic curves, and the same is true of the fatty

acids and their soaps, of which a long series ranging from acetic

to oleio acid were tested. (Tatterefield et al, vi, 1927.)

0 O2 0-4 06 08 tO 12 /â€¢*

Fig. 21.â€”Characteristic curves of the destruction of insects by pyridino.

ABSCISSA : concentration. ORDINATU ; |K.ir cent. mortality.

CUBVE A. Pyridine ilisuolvod in benzene (cone. in gm. moU )ier litre)

and sprayed upon A phia rumicis. Inaet A. Distribution of variation.

(Tattersfield, Qimingham et al. v, 1927.)

CURVE 11. Pyridine vapour (cone, in gm. mob per 10* litres of air) acting

on cheese mites. Inset It. Distribution of variation. (Jewson and Tatters-

field. 1922.)

Powerful insecticides show exponential characteristic curves

more frequently than sigmoid. The characteristic curve of

nicotine that is shown in Fig. 22 is of particular interest because

the ftgures are the average of a large number of experiments.

It will be seen that its shape shows more resemblance to an

exponential curve or to a hyperbola than it does to a sigmoid

curve. A similar curve was obtained for the poisoning of

silkworms by the toxic resin of Derris ellipticu (Tatterafield et

al, v, 1927), and for the poisoning of aphis by tephrosin

; (Tatterafield et al, n, 1925) and by pyrethrum (Fryer, Tattere-

field and Giminghara, 1928).

M.A.D. i
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MODE OF ACTION OF DRUGS ON CELLS

Thin extensive series of experiments proves conclusively

that the curves relating the concentrations of various drugs

and the percentage of deaths in a population of a single type

may vary in shape from a steep sigmoid curve to a form that

approximates to a hyperbola. The populations of aphis were

of uniform age and came from an inbred stock and therefore

were probably more uniform than most populations of verte-

brates available for experimental purposes.

000?

0-00*

0006

0006

OOI Moles p.L

Fig. 22.â€”Clmracteristic curves of the destruction of inancta and their

oggs by inHocticidea.

AaaciHHA : concentration in gm. mols por litre bouzono (solutions upplied

BH a Hpray). OHIXNATK : |Â«T eont, mortality.

C'uiivK A. Di-nitru-u-iTtiHol acting on the eggs of Trtrahniaria. (Tattera-

field, Gimingham et al. m, 1925.)

Ct'HVH U. Ui-nitro-o-oreaol acting on Aphis rumicia. (TattonfielU, Uim-

ingluun et al. ill, 1925.)

I'uiivE C. Nicotine acting on Ajihin rumicia. (Tattersfield, Gimiugluun

et al. v, 1927.)

The insetH Hbuw the distribution of variation in the correaponding curves.

Theexperiments on insects described above are exceptionally

oom|ilete and extensive, but results that are similar although

not so complete have been obtained with other systems.

.Baker (1932) studied the lethal action of a large number of

drugs on spermatozoa, and found that the range of variation

of the resistance of the population differed greatly in the case
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INDIVIDUAL VARIATION IN POPULATIONS US

of different drugs. This range oi' variation can lie expressed

/i

by the ratio .,", where (', is the highest concentration that

**t

produces no effect and (J, is the concentration that just produces

a 1OO p.c. mortality. In the ease of hydroquinone this ratio

was as low as 2, in a large number of cases the ratio was 4 or

8, whilst in the case of zinc sulphocarbolate the ratio was

more than 250. The low ratios indicate a steep sigmoid curve,

whilst the higher ratios indicate an exponential form of curve

relating concentration and action.

The examples quoted show that the relations between drug

concentration and incidence of effects upon small organisms

are distinctly more complex than are the relations between

dosage and incidence of effects upon vertebrates. This fact

raises the question as to the extent of individual variation in

small organisms.

Individual Variation in Unicellular Organisms

It would be obviously absurd to suggest that any population

of vertebrates was absolutely uniform in size or indeed in

any quality. Unicellular organisms are, however, too small

for their individual variation to be easily susceptible of measure-

ment. One popular theory of drug action which is discussed

in Chapter VIII assumes that the reaction between drugs and

cells follows the course of a nionomolccular reaction, and that

there is no extensive static variation in the susceptibility of

cells to drugs. It therefore is necessary to consider the evidence

regarding the extent of the individual variation known to occur

in cells.

In actual practice the obtaining of a sufficiently uniform

population is. recognized as one of the chief experimental diffi-

culties in protozoology and bacteriology, for in order to obtain

uniform results it is necessary to work with inbred populations

that have been reared under carefully controlled conditions.

Adolph (1931, Table 5) has collected figures for the coefficient

of the variation of certain characters in a number of micro-

organisms. The most uniform population measured was a

clone of Trypunotsomu lewisi obtained at the same time from

one host; in this ca*e the coefficient of variation of the length

was only 3, but the same figure for the breadth was 15. Other

populations of protozoa (one clone and one culture) showed
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llfl MODE OF ACTION OF DRUGS ON CELLS

coefficient*i of variation of length of about 15. In the case

of certain bacteria (B. eoli and H. megatherium) this figure

was UK high as :!5. These figures were all taken from popula-

tion* in which special care had been taken to ensure uniformity,

and under ordinary conditions the variations in form are much

greater than those mentioned. Age is the most important

variable in unicellular populations. In the case of populations

that do not multiply in numbers (e.g. red blood-corpuscles,

bacterial spores or eggs) the age distribution is likely to show

symmetrical variation. In the case of a population of bacteria

which divides by fission the age distribution must be highly

skewed.

Variability of Age in Bacterial Populations

The rate of growth of B. enterltules Gaertner was studied

by Latn; Clayton (1909), who found that after an initial lag

the rate of multiplication remained constant for about 10 hours,

after which it decreased rapidly. Reichenbach (1911) made

similar measurements for B. paratypkaana at 37Â° C. He found

that from 2.ji to O.I hours the population increased about sixfold

|M-r hour, after which the rate declined rapidly, and the popula-

tion became stationary at 12 hours and subsequently declined.

Hence in a young culture growing at its maximum rate the

age distribution must be of the extreme skew type. The

proportion more than an hour old must biâ€¢ much less than

1 li, and more than half must be less than 20 min. old.

In the case of the older populations in which the population

is either stationary or declining, the proportion of young cells

cannot be so great, but in any population that reproduces

by asexual division the age distribution is extremely unlikely

to show symmetrical variation, and as long as active division

is occurring there will be a preponderance of young forms.

Variations in Bacteria cerrelated with Age

A considerable number of properties of bacteria are known

tw vary with age. Adolf (1931) quotes measurements made

by Dawson (1919) which show that the water content of B.

coll falls steadily with the age of culture. After implantation

for 24 hours the bacilli contain 97 p.c. of water, and this falls

steadily until the figure of 74 p.c. has been reached on the

10th day. Other observations quoted by Adolf show that
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INDIVIDUAL VARIATION IN POPULATIONS 117

the size of bacteria in a culture changes rapidly as the age

of the culture increases. Clark and Ruehl (1919) found that

when B. aubtilia was implanted into new broth the average

body length increased from 2 micra to 4 micra in 2 hours, and

decreased to 1-2 micra after 12 hours. Henrici (1923) obtained

similar variations in lengths of B. coli when implanted in agar.

Henrici showed that the size was largest when the rate of

multiplication was most rapid. These observations show that

a bacterial population is likely to show wide variations of a

skew type.

The Influence of Age on the Resistance to Drugs

Rcichenbach (1911) studied the relation between the age of

cultures of B. pamtyphosus and the rate at which this organism

was killed by heating to 49Â° C. His figures show that 5

minutes' exposure to this heat kill 85 p.c. of a 5.1 hours culture,

57 p.c. Of a 13 hours culture and 5 p.c. of a 28 hours culture.

The fact that cultures of different ages show great variations

in their resistance to drugs is well known. For example, Chick

(1908) found in the case of 0-C p.c. phenol acting on B, jmra-

typhoaus that the time needed for 90 p.c. destruction was about

2 min. with a 24 hours culture and about 15 min. with a 3 hours

culture.

Similar variations in resistance have been found with

stationary populations of varying ages; for â€¢ instance,

Henderson Smith (1921) found that 0-day-old botrytis spores

were killed about twice as rapidly as were 9-day-old spores.

Handowsky (1912) concluded that young erythrocytes were

more resistant than old to saponin haemolysis.

It is evident that a skew distribution of variation of response

to drugs is very likely to occur in the case of freely growing

micro-organisms. Such populations will contain an excess of

young forms, and since these are more susceptible to drugs

than are older forms, there is bound to be a skew distribution

of variation in the response to drugs.

Unfortunately it is almost impossible to obtain curves relat-

ing drug concentration and percentage of destruction of bacteria

by disinfectants because the lowest effective concentration of

a disinfectant will, if allowed sufficient time, ultimately produce

complete destruction. The skew distribution in the age and

in the resistance of bacteria is however of great importance
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118 MODE OF ACTION OF DRUGS ON CELLS

in the interpretation of time-concentration curves, a problem

that is discussed in Chapter VIII.

There is, however, a tendency to assume that the proper

distribution of variation in a population is of the " normal "

bell-shaped type, and it is of interest to note that one of the .

commonest variables in populations and one which influences

profoundly their response to drugs is likely to be frequently,

if not usually, distributed in a markedly skew fashion.

Skew distributions of variations in age will not, however,

provide a general explanation for skew distribution of varia-

tions in res|Kinse to drugs because in many cases these are

obtained with populations of uniform age (e.g. Figs. 21 and 22).

Variations in the Resistance of Bacteria to Heat

Williams (1921)) observed that the heat resistance of spores

of h. aubtilis varied extensively. Desiccated spores were

more resistant than young moist spores. The resistance of

H|Hire populations could be increased by selective breeding

from resistant culls. Variation in the nutritive substratum

also altered the resistance profoundly.

The capacity for variation in bacteria is well illustrated by

the results that have been obtained by the selection of heat

resitdant forms through several generations. Magoon (1926A)

found that the resistance of spores of B. mttcoides to heat

was not a ftxed property but increased with age ; for example,

spores 1 day old were killed three times as quickly as spores

30 days old. He also found (1926n) that by selecting the

resistant survivors from a series of experiments he could

obtain a strain whose spores showed a resistance to heat at

least twenty-five times that of the original spores.

The Significance of Sigmoid Characteristic Curves

Characteristic curves such as those shown in Figs. 14 and

lft are remarkable for their steepness and symmetry. There

is, moreover, a general agreement that these characters are

most likely to be obtained when care is taken to use as uniform

a |topulation an possible (cf. Fig. 18).

On the other hand, it is interesting to note that a reduction

in the number of variables docs not necessarily alter the shape

of a characteristic curve. For example, the characteristic

curve relating insulin dosage and incidence of convulsions in
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INDIVIDUAL VARIATION IN POPULATIONS 119

mice (Trevan and Boock, l1)2ti) resembles tho curve relating

insulin dosage and the extent of tho fall in blood-sugar in

rabbits shown in Fig. 49 (Marks, 11120). There is, however,

an extensive individual variation as regards the amount of

fall in blood-sugar necessary to produce convulsions, and

therefore the second method which eliminates this variable

ought to show a steeper characteristic curve than does tho

former method. The steepness and symmetry of the char-

acteristic curves obtained with Homo drugs is indeed very

different to explain, because the measurement of most morpho-.

logical or functional variables shows a wider and less sym-

metrical variation. '. : ' .

Tho normal " probability." curve or Gaussian curve of error

is obtained when each measurement is affected by a consider-

able number of independent factors. The curve then expresses

the chances of the occurrence of the various possible combina-

tions of these factors. The curve does not show that all tho

factors have a symmetrical action (i.e. are capable of influenc-

ing tho measurement equally in a positive or negative manner),

but a symmetrical curve is unlikely to be obtained if a few of

the factors are of greater weight than the remainder and have

un asymmetrical action. The shape of curve B in Fig. 18

would. appear to be due to the introduction of some factors

that vary extensively in an asymmetrical manner. The shape

of the curves in Fig. 19 suggests that the whole of the factors

influencing the measurements have their variation distributed

in a geometrical manner, and tho possiblr, reasons for this are

discussed below.

According to this hypothesis the symmetrical characteristic

curves occurring with mammals or other large organisms

should approximate to the "normal" probability curve.

This can be tested by plotting results on probability pa|ier.

This paper, which was described by Whipple (1910), has the

ordinates so adjusted that the characteristic sigmoid curve

obtained by integration of a normal bell-shaped frequency

distribution is converted into a straight line. Fig. 23 shows

some results obtained with this method. The characteristic

curve of frogs poisoned with ouabain is exactly linear, whilst

that of cats poisoned with digitalis shows a symmetrical

deviation. On the other hand, the characteristic curves of
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120 MODE OF ACTION OF DRUGS ON CELLS

cocks poisoned with ergot and aphis poisoned with nicotine

deviate markedly from the linear.

The Interpretation of Skewed Characteristic Curves

The evidence already presented in this chapter shows that

the curves relating concentration of drugs and the incidence

of responHc in a population are frequently of an exponential

rather than of a sigmoid shape. Such a curve suggests a skew

-30% -zo

â€¢30 X

Fig. 23.â€”ChuractoriHtio curves plotted on " probability " paper.

AiisriHMA : amount of variation in effective dose expressed as per cent,

of Ha' mmlmn. OHDINATE : per cent, responseB.

(YiivK A. Digitalis on eats (Fig. 14).

(Ynvi: H. Oiutlmin on frogs (Fig. 16). .

CIIHVE ('. Ergot on cocka (Fig. 16).

CI'HVK O. Nicotinn on apbii (Kig. 21).

In curvs 1Â» ilm deviation observed has been divided by 2.

type of variation with a high proportion of susceptible indi-

viduals and a tail of resistant individuals spreading out over

a wide range of variation.

The occurrence of skew variations appears probable in the

ease of micro-organisms dividing by fission, but it appears

improbable In the case of insects of uniform age or in the case

of isolated organs. Exponential characteristic curves have,

however, been found in both of the last-mentioned cases. It is
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INDIVIDUAL VARIATION IN POPULATIONS 121

therefore necessary to find other reasons than variation in

age for these exponential characteristic curves. â€¢ '

The interpretation of exponential characteristic curves must

depend upon probability rather than upon direct proof, and

therefore it is of interest to consider the conditions that result

in skew variations in non-living systems.

Extreme skew or J-shaped distributions of variations have

been shown to occur frequently in emulsions. Sibree (1930)

Log area in ft'

Fig. 84.â€”Characteristic curve of the area of particles in a silver halide

emulsion. â€¢ â€¢ â€¢ . â€¢ .] . 'â€¢'..'â€¢

ABSOHMA : logarithm of the area of particles (in sq. 1t). â€¢

OKIUNATE : per cent, of particles with un area equal to or loss than any

particular value.

. The inset shows the distribution of particles as regards their area in sq. ft.

The broken line is drawn to the formula kx = " â€”.

â€¢... (Wightman and Sheppard. 1921.)

found this type of distribution of particle size in an emulsion

of paraffin in a solution of soap, a similar distribution was

found by Smith and Grinling (1930) in an old emulsion of

cod-liver oil, and it also has been found in silver halido

emulsions (of. Fig. 24). (Wightman et al, 1921, 1923 and 1924.)

A skew distribution of catalytic activity also has been demon-

strated in the molecules on the surface of adsorbing agents.
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122 MODE OF ACTION OF DHUGS ON CELLS

Various authors have studied the adsorption of oxygen by

charcoal (Blench and Garner, 1924 ; Garner and McKie, 1927 ;

McKie, 1928 ; Keyes and Marshall, 1921 ; Cameron, 1930).

The results suggest that the distribution of activity amongst

the molecules on a charcoal surface is somewhat as follows.

About 1 pcr cent, are highly active, another 20 p.c. show a

rapidly decreasing activity and the remaining 80 p.c. show a

very slowly decreasing activity.

There are therefore two lines of explanation for the relation

Iwtween concentration and amount of adsorption even in the

case of such a simple system as the adsorption of a gas by

charcoal or metal. I^angmuir's theory regards the surface as

uniform and explains adsorption as expressing the equilibrium

of a reversible process whilst the alternative theory postulates

a very wide variation, with a skew distribution, in the activity

of the surface receptors.

Similar difficulties have been encountered in explaining the

response of silver halide emulsions to light and to chemical

â€¢agencies. For example, Sheppard and Wightman (1923)

showed that the hydrogen peroxide produced a graded action

on a photographic plate that extended over a range of con-

centration of more than 10,000 fold (Fig. 25). They calculated

that the number of grains per sq. cm. (about 10*) was very

much less than the number of molecules of hydrogen peroxide

(10U â€” 10*1) and that either the grains had a very wide

range of individual variation or else that only very small

proportions of the molecules of peroxide were capable of pro-

ducing a reaction.

There is also an unsettled controversy as to how the indi-

vidual variation of emulsion grains affects the response to light

of halide emulsions. (Sheppard, Trivelli and Loveland, 1925.)

Since physical chemists are not yet in agreement regarding

the phenomena observed in the simple systems with which

they work, it is unnecessary to apologize for an even greater

uncertainty in the case of drugs acting on living cells. It is .

possible to explain any curve by individual variation, and the

very facility of this form of explanation makes it unsatisfactory.

The following argument appears important to the writer. If

concentration-action curves are an expression of individual

variation in a system, then the tendency should be for any
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INDIVIDUAL VARIATION IN POPULATIONS 123

particular cell system to show similar concentration-action

curves with a variety of drugs. If, however, concentration-

action curves owe their form to some relation between drug

concentration and fixation, then the same drug tested over a

series of preparations should show similar characteristic curves.

The evidence appears to be definitely in favour of the latter

hypothesis.

The examples of haemolysis, injury to sea-urchin eggs and

'IB

13 Log mols. H10, 21

Fig. 25.â€”Tho relation between the concentration of hydrogon peroxide

and the effect produced on a silver halide emulsion.

ABSCISSA : logarithcn of the number of molwnlim of H,O, present per cm*.

ORIGINATE : amount of chemical change in emuUion. (Sheppard and Wight-

1923.)

destruction of aphis all show that both sigmoid and exponential

characteristic curves can be obtained with different drugs from

a single population. On.the other hand, drugs that show

exponential curves relating concentration and percentage

incidence of response in a population often provide curves of

similar shape when concentration is plotted against graded

action and even when the progress of an action is measured

(time-action curves). The writer believes that the exponential

type of characteristic curve does not really indicate an extreme
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124 MODE OF ACTION OF DKUGS ON CELLS

skew distribution of variation but is due to the distortion of a.

more or less symmetrical variation by the conditions of the

experiment. This may occur in the following manner.

All populations of living organisms vary, and hence we

may assume that all relations between dosage and effect are

distorted by this variation. Individuals exposed to a drug

solution may, moreover, vary in two respects : (1) as regards

the amount of drug they fix, and (2) as regards the amount of

action produced by a given quantity of drug after it has been

fixed.

It is not possible to measure the amount of drug fixed by an

individual cell and hence we do not know the extent of the

variation of cellular response to a given dose of drug. On

the other hand, in the case of organisms large enough to

permit measurement of the individual dose we know that a

considerable individual variation occurs. In Chapter V it

was shown that the probable variation in such cases ranged

from 8 to over 20 per cent, of the median. In these cases the

variation is seldom distributed in an accurately symmetrical

manner, but extreme skew variation is rarely observed.

The least improbable hypothesis is to assume that individual

cells vary in their response to a given quantity of drug fixed,

in a manner similar to that shown by larger organisms to a

measured dose. The extreme skew types of variation are

observed in those cases where isolated organs or organisms

are immersed in solutions of drugs, and the concentration-

action curves indicate that the relation between drug con-

centration and drug fixation follows a hyperbola. In the case

of acetyl choline, for example, it will be shown in Chapter VII

â€¢ that concentration (x) and the amount of graded action (y)

are related by the formula Kx = â€” (cf. p. 146). If we

100 â€” y

assume that the action is a measure of drug fixation, then the

relation between concentration (x) and drug fixed (y) will

follow the same formula. '

Dr. A. C. White has kindly communicated to the author

unpublished measurements of the individual variation of mice

to acetyl cholinc. These results (cf. Fig. 26) show a probable

variation of 21, which corresponds to a standard deviation of 31.

For the purposes of the present argument it will be assumed
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INDIVIDUAL VARIATION IN POPULATIONS 125

that this indicates the range of individual variation to acetyl

choline. .

The problem therefore is as follows. If the relation between

concentration (x) and uptake of acetyl choline (y) by the frog's

20

lOmg.

Fig. 26. â€” Characteristic curve of the lethal action of ucotyl choline

when injected intravenously into mice.

ABSCISSA : dose in mg. par 20 gm. mouse. OHDINATK : per rent, mor-

tality. About thirty mice were used to determine each point, and the total

number used was 450. (A. C. White. Unpubl.

heart follows the formula Ka; = â€” â€” , and if the hearts

show an individual variation in respect to y which is distributed

with a standard deviation of 30, then what will be the individual

variation of the hearts in respect of the concentration of acetyl
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INDIVIDUAL VARIATION IN POPULATIONS 127

response will be as shown in curve (.'â€ž Fig. 27, and in

Table XIII, line (t. The relation between drug concentration

nnd drug fixation is, however, a hyperbola, and hence the

relation. between drug concentration and incidence of response

differs greatly from the relation between the amount of drug

fixed and theTifcidence of response. These two relations are

shown respectively in curves (J, and 0, in Fig. 27. It will be

seen that curve C,, which relates concentration and incidence

of effect, shows more resemblance to an exponential curve than

to a symmetrical sigmoid curve.

The argument applied in the case of acetyl cholino will

TABLE XIII

A. Drug concentration (j) . 1 3 5 7-5 . 10 15 20

U. Drug fixed (y) (per cent. of

maximum) ...... 9 23 34 43 SO 00 60

C. Per cent, of population j

showing Homo selected responue â€” 0 4 14 32 50 75

A. Drug concentration (*) . 30 40 50 75 100 200 300

74 70 83 88 92 05 07

85 04 07 08 100 â€” .â€”

B. Drug fixed (i/) (put cont. of

maximum)

; C. Pur cont, of population

showing Homo selected response

also apply to any case where the relation between drug con-

centration and drug fixation is not linear, for in all such cases

the relation between concentration and incidence of a response

is likely to follow an exponential curve.

For example, in the case of haemolysis by ammonia, Stadler

and Kleeman (1911) found that the adsorption of ammonia

by red blood-corpuscles followed the formula Jt.c,Â°.4 = c,,

where ci = concentration in solution and c, â€” concentration

inside the corpuscles. This formula gives a nearly linear

relation between the amount of drug fixed and log. concentra-

tion over most of the experimental range of concentration.

If we assume that the cells show a symmetrical variation

with a standard deviation of 20 p.c, of the mean as regards

the amount of drug fixed (y) that is required to produce
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128 MODE OF ACTION OF DRUGS ON CELLS

riis, and the value of </, needed to produce 50 p.o.

haemolysis be taken as 2, then the following figures are obtained :

Concentration of drug

in sotation (i)) . 1 1-8 2-7 39 5-5 7 9 12 IB

Amount of dniK fixed

(Â»a) ... I 1 --iri la 1-75 2 2-25 2-5 2-75 3

Per cent. of colls ...-â€¢/'â€¢

hu-molymxl â€¢ . .1 4 11 28 50 73 88 97 99

Fig. 28.â€”The relations between drug fixation and the incidence of

haemolysifl, and between drug concentration and the incidence of

. hu'molysin. - â€¢ .

UrPKn ABSCISSA : concentration of haemolytic (x). LOWKH ABHCIHSA :

amount of hemolytio fixed by cells (y). OHDINATE : per cent, hemolysia.

CUHVE C,. Characteristic curve of htemolysU with varying quantities of

drug fixed when the standard deviation is 30 per cent, of the mean.

CuuvK C,. Characteristic curve of incidence of haemolysis and drug con-

centration when the relation between concentration and fixation of drug

follows an adaorption formula. '. .

The curves in Fig. 28 show the way in which a symmetrical

distribution of variation as regards the dose of drug needed, to

produce ha;molysis would be distorted into a skew relation

between concentration and percentage haemolysis.

The chief objection to the explanation outlined above is

the following. 11Â° the characteristic curve of a drug expresses

chiefly some reaction between the drug and cells, then the same
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INDIVIDUAL VARIATION IN POPULATIONS 129

curve should be obtained with any one drug, whatever the

nature of the population used. A comparison of the charac-

teristic curves obtained with acetyl choline acting on mice

(Fig. 20) and on frogs' hearts (Fig. 33) shows that this assump-

tion is untrue. The fact that the characteristic curve of the

more complex system (the mice) approximates to the simple

curve of error, suggests that in this case there are so many

independent variables that the influence of the fundamental

chemical reaction is obscured.

Conclusion

In the case of organisms sufficiently large to permit the

measurement of individual dosage, the characteristic curves

relating dosage and incidence of effect are usually sigmoid,

and can be assumed to express the individual variation

of the population. In many cases the uniformity of the

population as regards its response to drugs is very remarkable.

Indeed, the variation in this respect is less than the variation

found for many morphological and biochemical factors.

The curves relating drug concentration and incidence of

response, on the other hand, show a remarkable variation in

shapes. In many cases exponential curves are obtained which

at first sight suggest that there is an extreme skew distribution

in the susceptibility of the population to drugs. The alterna-

tive explanation suggested is that the relation between con-

centration and action expresses two relations : firstly, the

relation between concentration and drug ftxation, and secondly,

the variability of the organisms as regards the amount of drug

that must be fixed in order to produce a given effect. This

explanation permits the interpretation of the exponential

curves relating concentration and incidence of action without

the assumption of any extreme skew distribution of variation.

According to this theory the relation between concentration

and incidence of any selected effect in a population will differ

in the ease of different drugs. In those cases where there is a

linear relation between drug concentration and amount of drug

fixed by the cells, the characteristic curves will approximate

to the symmetrical sigmoid type. Such curves are obtained

for haemolysis produced by hypotonic saline (Fig. 20), for

ethyl urethane acting on sea-urchin eggs (Fig. 29), and pyridine

acting on cheese mites (Fig. 21).

M.A.D. X
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130 MODE OF ACTION OF DRUGS ON CELLS

In the first case there is probably a linear relation between

the reduction of the osmotic pressure and the amount of water

entering the corpuscles, and in the second case the relation

between concentration of narcotics and the amount entering

cells is known to approximate to the linear. On the other

hand, extreme skew characteristic curves have been obtained

with acetyl choline acting on frogs' isolated hearts (Fig. 33),

with adrenaline acting on rabbits' uteri (Fig. 36), and with

nicotine and other powerful insecticides acting on aphis. In

the first two cases there is reason to believe that the drugs are

fixed by adsorption, and the relations between concentration

aitd graded action would be almost impossible to explain if

there were a simple linear relation between drug concentration

and drug fixation.

The theory put forward therefore agrees fairly well with

the facts observed, and explains many of them without

involving any improbable assumptions.
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CHAPTER VII

EQUILIBRIA BETWEEN DRUGS AND CELLS

In a largo proportion of oases it is possible to determine

the action produced by a drug on cells after sufficient time has

been allowed for equilibrium to be established. The measure-

ment of such effects produced by a series of concentrations

permits the construction of a concentration-action curve.

This method eliminates many of the uncertainties and errors

associated with measurements of rate of action, but a number

of possible sources of error remain which require careful

consideration.

1. It is easy to measure the action produced by a drug but

it is much more difficult to measure the quantity of drug

fixed by the cells. Unfortunately, even if this latter measure-

ment is obtained, its significance is doubtful, because, as was

explained in Chapter II, the cell is a complex structure and

probably the action produced by the drug is due to only a

portion of the total quantity that is. fixed. In many cases

the shapes of the curves obtained can be interpreted rationally

on the assumption that the drug reacts with receptors, and

that the action produced is directly proportional to the number

of receptors occupied. Direct proof cannot however be obtained

for such a hypothesis. Hence we must be content with

balancing probabilities and cannot hope for formal proof.

2. The chief difficulty in interpreting concentration-action

curves is to decide whether the curve obtained expresses some

form of chemical equilibrium or some form of individual

variation. This difficulty varies in different systems. In

some cases it is possible to say at once that the results produced

must depend wholly or in part on individual variation. This

is true when the effect measured is of an " all or none "

character as regards the individual cell or organism. Examples

of such effects are production of death, inhibition of fertiliza-
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MODE OF ACTION OF DRUGS ON CELLS

tion, paralysis of nerve-fibres. In other cases the effect pro-

duced may be measured either as an all-or-none or as a graded

effect. The experiments of Herzog and Bertzel, shown in

Fig. 2, provide an extreme example of the difference in the

relations between concentration and action that can be obtained

in a single system by different methods of measurement.

Those authors measured first tho uptake of phenol by the

yeast-cells and obtained a relation that was approximately

001 002 0-03 Molar

Fig. 29.â€”Concentration action curves of ethyl urethane acting on sea-

urchin egga.

AB8C1H8A : molar concentration. OBDINATB : per .cent, mortality.

CUHVK A. The inhibition of division. (AU-or-nono effect.) (Scott.

Unpubl. niHults.)

Cl'HVE B. The inhibition of respiration. (Qradod action.) (Meyerhof.

10I4A.i

linear over a considerable range of concentration. On the

other hand, when the action produced by phenol on the cells

was estimated by measuring the percentage of deaths in the

population, a steep sigmoid curve was obtained. A concen-

tration of 0-5 p.c. killed 5 p.o., whilst 86 p.o. of the cells

were killed by 0-6 pic. phenol. Fig. 29 shows another example

of the differences in concentration-action curves that may be

produced by measuring two different activities of the cell.

The curves show the action of ethyl urethane on sea-urchin
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EQUILIBKIA BETWEEN DRUGS AND CELLS 135

eggs. In one case (A) the effect was measured by measuring

the percentage of the population in which fertilization was

inhibited. This is a typical all-or-none effect and a sigmoid

curve is obtained. In the other case (B) the effect of, the

drug in reducing oxygen consumption was measured and a

linear relation was obtained between concentration and action.

This linear relation is the typical concentration-action curve

obtained whenever the action of narcotics in producing a

graded effect is measured (e.g. response of muscles, etc.).

Any graded action may be used to measure individual

variation by measuring for each individual the concentration

needed to produce some particular action, e.g. 50 p.c. inhibi-

tion of some function. On the other hand, the problem arises

whether all graded actions do not express some form of

individual variation. This is a difficult problem to settle

because any curve can be explained as an expression of

individual variation provided we are allowed to assume any

distribution of variation that is convenient. A partial answer

to this question is given in Fig. 29, for it is not reasonable

to assume more than one form of distribution of variation

in a single drug-cell system. In this case curve A undoubtedly

. expresses individual variation, and hence curve B, which

shows a completely different relation between concentration

and action cannot be an expression of individual variation.

A complete proof of this would be afforded by the measure-

ment of the effect of urethane on the oxygen consumption

of a single cell. This measurement is not available, although

it is probable that it would show a graded action similar to

that shown in curve B.

Systems suitable for the Measurement of Graded Actions

Measurements of graded actions can be made much more

accurately upon some systems than upon others. The effect

of a drug upon the oxygen consumption of cells or upon the

mechanical response of a muscle are examples of favourable

systems. On the other hand, the action of drugs upon the

conduction in nerves or indeed upon conduction in general iÂ»

an example of an unfavourable system, because the effect

measured is of an all-or-none character, namely whether or

not the drug has destroyed the power of the tissue to conduct
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impulses, and there is very little gradation between full con-

duction and complete obstruction. The systems of choice

fur this t\r|H' of measurement are those in which the widest

possible range of graded effects can be most easily and

accurately meaHured.

These properties are in marked contrast to those required

when it is desired to measure the incidence of a certain response

in a |Ht|nilation, for in this case it is desirable to select some

sharp all-or-nonc effect so that all responses can be easily

classified as either positive or negative.

In the second place graded responses can be measured

much more easily when they are reversible than when they

arc irreversible. In the former case a series of experiments

can be made upon a single preparation, and errors due to

individual variation of preparations can thus be excluded.

In the cam; of irreversible actions each point in a curve must

be determined by performing a sufficient number of experi-

ments to get averages, the standard deviation of which is not

too high.

Measurement of Irreversible Actions

The difficulties attending the study of irreversible actions

upon isolated tissues are illustrated by the following experi-

ments which were iierformed by the writer in order to deter-

mine the relation between the concentration of caffeine and

TABLE XIV

Tim retation between concentration of caffeine and the contraction

produced in isolated frogs' muscles. In each experiment the

isometric tensions produced by a pair of muscles wÂ«s measured,

and the aub-mnximum response was expressed as the percentago

of the maxiuium response. (Clark. Unpublished results.)

CcmetMit ration

of ratleino.

Sartoriua.
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, â€”
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the amount of contraction produced in the isolated muscles

of the frog. Pairs of muscles wero taken and one member

was immersed in a solution of caffeine sufficiently strong to

produce a maximum contraction, whilst the other member

was immersed in some weaker solution. The contraction

100

%

60

60

20

0-04 0-06 0-08 Cone. %

Fig, 30.â€”The concentration-action ourvu of the isometric ruspoiuui to

caffeine shown by isolated frogst muscles. ( .< Bartorius j

o â€” Rectua abdominis.)

ABSCISSA : caffeine concentration per cent. ORDINATB : isoiuotrio response

expressed as the )iercentago of the maximum response. (Clark. Unpubl.

results.)

produced by the sub-maximum concentration was expressed

as the percentage of the maximum contraction.

This method of control partly eliminated errors due to

individual variation, and the results which are shown in

Table XIV and Fig. 30 appear to give a fairly smooth curve.

The number of experiments made was 73, but statistical
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138 MODE OF ACTION OF DRUGS ON CELLS

analysis showed that this number was quite insufficient to

provide reliable results. For example, 22 experiments were

made to determine the effect.of 0-08 p.c. caffeine on the

sartorhiH. The average response was 89 p.c. of the maximum,

and the standard deviation of this mean was *Â± 0. This

figure, although not very satisfactory, is permissible, but in

the case of the 8 experiments made with 0-00 p.c. caffeine

the titandard deviation of the average (52 p.c.) was as much

us ' 11. It is clear that HO uncertain an average has but

little (significance. The writer calculated that in order to

obtain the eight averages shown in Table XIV with a standard

deviation for each average of not more than ::!: 5, it would

be necessary to make about 200 experiments, instead of the

73 that had actually been made.

In the case of a drug such as acetyl choline, which produces

a'freely reversible contracture, a greater accuracy could have

been obtained with 10 experiments.

Graded Responses in Single Cells

It was shown in Chapter VI that all organisms show indi-

vidual variation, and that this was true not only in the case

of larger organisms but also in the case of monocellular

organisms,

In the eu.se of striated muscle the individual fibre is believed

to give a response that is nearly if not completely all-or-none

in character, and the gradations of response to nerve stimula-

tion shown by striated muscles are believed to be due chiefly

to variation in the number of ftbres contracting.

It is therefore conceivable that all graded responses given

by isolated muscles, to drugs are due not to variations in the

extent of the response of individual cells but to variation in

the number of cells responding to the effect produced by the

drug. The possibility of such a hypothesis makes it important

to determine whether single cells are capable of giving graded

responses to drugs or to other stimuli. The accurate measure-

ment of the response of a single cell is always a matter of

difficulty and in many cases is impossible, and hence the

evidence on this point is limited.

In the case of protozoa it is practically certain that these

must bo capable of giving graded responses to stimuli and

there is also direct evidence for this conclusion.
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Pantin (1924) studied the effect of varying the reaction of

fluids upon the movements of individual amoebte, and found

that the speed was maximum at Iill 8-0, that arrest was

produced by pll 7-0, and that intermediate reactions caused

a reduction of speed. Pantin (1925) found, however, that

other ionic changes such as excess of magnesium or potassium,

or lack of calcium, produced an all-or-none action on amoeba*,

for they continued to move well until sudden arrest occurred.

Chase and Glaser (1930) studied the effect of acidity on the

movement of paramo3cia and noted that a gradual decrease

in rate of movement could occur.

In some cases it is possible to study the individual activity

of the cells in isolated organs. Gray (1930) measured the

movements of individual cilia of Mytilus by means of cine-

matography.- He found that alterations of temperature caused

graded changes in the activity of individual cilia.

Matthews (1931) measured the response to stimulation of

single receptors in frogs' muscles, and showed that by varying

the intensity of stimulus a series of graded responses could

be obtained. Moreover, various ionic changes could produce

graded alterations in the response.

Even in the case of striated muscle recent evidence indicates

that single fibres can give graded responses. Pratt (1930),

Gelfan (1930), and Brown and Sichel (1930) studied the

responses of striated muscle by various micro-methods and

all concluded that the responses of individual fibres showed

a progressive increase with increasing strengths of stimuli.

These examples show that it is possible for single cells to

give graded responses to stimuli and that drugs can produce

graded effects on a single cell. This fact can only be proved

in a certain number of cases. In other cases there is a strong

probability that it is true, but the point cannot be proved.

For example, if a drug reduces the respiration of a tissue by

50 p.c. it is almost certain that this is due to a general depres-

sion of all the cells, and not to a selective paralysis of half the

population. This point could only be proved by measuring

the oxygen consumption of a single cell, and this is a matter

of great technical difficulty. In such cases the probabilities are

so strongly in favour of the occurrence of graded effects being

produced that it seems permissible to assume that they occur.
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140 MODE OF ACTION OF DRUGS ON CELLS

Ferms of Concentration-Action Curves

Storm van Lceuwen and le Heux (1919) studied the action

of a HtTics of drugs on the reflexes of decerebrate rabbits.

They found three different types of relations between drug

concentration and the amount of action produced.

1. A linear relation in the case of aliphatic narcotics (i.e.

action varies as concentration).

6 Matarcont:

fig. 31.â€”Concentration-action curves of drugi acting on frogs' iso.

latod hearts. ' .

ABSCIHHA : molar concentration. OBDINATB : per cent, inhibition of the

uochoriu rea|xinao.

CURVE A. Aeetyl choline HOI (Couc. x 200,000).

CITMVE B. Ethyl Hlcohol (Cone. X 5).

CttnvE C. Potuiwium chlorido (Cone, x 500).

Broken lino : Tho reduction Iiroduced by ethyl alcohol (couc. x 5) in the

â€¢ir/wattT Hur(tuii tenxion (cf. Kight ordinate), . .

(Clark.)

2. A logarithmic relation in the case of morphine (i.e.

action varies UH log. concentration).

3. In the case of histamine acting on the isolated uterus

they found a third type of relation, namely a sigmoid curve.

The author has studied the action of a large variety of

drugs on the isolated heart of the frog, and has found the

same three main types of relation, which are shown in Fig. 31.

The only difference between my results and those of Storm
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EQUILIBRIA BETWEEN DRUGS AND CELLS Ul

van Leeuwen is that I believe the curve, which he regarded

an logarithmic, to be really a hyperbola. The problem is

to explain the reason for the occurrence of these three types

of curves.

Concentration ^Action Curves obtained with Non-

living Systems. The differences in shapes of curves relating

drug concentration and amount of effect produced on a living

organism can be paralleled to a certain extent by results

obtained with non-living systems.

In Chapter II it was shown that the relation between con-

centration and uptake of drug might follow at least three

different curves, namely linear, sigmoid and exponential.

The action of drugs upon catalysts shows a similar variety

of relations. Rideal and Wright (1920) measured the effect

of various drugs in inhibiting the oxidation by charcoal of

organic. acids. Potassium thiocyanate gave a sigmoid con-

centration-action curve, whilst amyl alcohol showed a linear

relation between concentration and action, which became

discontinuous at 80 p.c. inhibition.

Rona studied the action of several poisons on various fer-

ments and found three different types of curve relating con-

centration and the extent of the inhibition of the ferment

activity. The inhibition of invertase by quinine (Rona and

Bach, 1920) followed the usual adsorption formula, for there

was a linear relation between the logarithms of the concen-

tration and of the action. In the case of the inhibition of

serum lipa.se by atoxyl (Rona and Bach, 1920), and by quinine

(Rona and Reinccke, 1921), there was a linear relation between

the action and the logarithm of the concentration. Finally,

in the case of the inhibition of invertase by m- and p-nitro-

phenol (Rona and Bach, 1921) there was a sigmoid relation

between concentration and action. Complete inhibition was

produced in this case by a concentration only four times the

minimum concentration that produced a demonstrable action.

These examples show that the relation between the con-

centration of drugs and their action on ferment activity may

vary when the same drug acts on different ferments or when

the same ferment is acted upon by different drugs. The case

of a drug acting on a ferment is far simpler than the case o!

a drug acting on a living cell, and therefore it is unlikely that
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142 MODE OF ACTION OF DRUGS ON CELLS

the relation between drug concentration and the effect produced

on cells will be absolutely constant for any one drug or for

any particular cells. As a general rule however a drug gives

similar concentration-action curves even when it acts on a

wide variety of tissues. It is therefore of interest to consider

the probable physico-chemical reasons for the occurrence of

the chief types of concentration-action curves that have been

described.

Sigmoid Curves. The examples given in Chapter VI

show that sigmoid curves are very frequently obtained. when

the relation measured is that between the concentration of a

drug and the incidence of some particular response in a popula-

tion of cells. The sigmoid form of concentration-action curve

may be expected when the action measured is of an all-or-

nono ty|K' as regards the response of individual cells. All-or-

none effects arc particularly likely to be produced when a drug

interferes with the conduction through an excitable tissue,

and it is reasonable to explain the action of potassium chloride

on tin- frog's heart as an effect of this nature. According to

this hypothesis, curve C in Fig. 31 expresses the individual

variation in the cells of the conducting tissues in the frog's

ventricle as regards the concentration of potassium chloride

needed to paralyse their power to conduct impulses.

Certain tissues are particularly likely to give all-or-none

responses to most drugs. For example, the action of drugs

in paralysing a nerve-trunk always approximates to the all-

or-nonc type of effect. The isolated uterus of the guinea-pig

also is an organ that appears to have an explosive type of

response. Up to a certain concentration drugs produce no

action and a slightly increased concentration produces maxi-

mum contraction. Sigmoid concentration-action curves have

been obtained by most authors with this organ, although

Cameron and Mackersie (1926) describe an exponential relation

between pituitary dosage and uterine response.

A sigmoid relation between concentration and response is

obtained under the following conditions :

1. It is the commonest type of curve obtained when the

method of measurement simply measures the presence or

absence of a given effect in the individual cell, e.g. death of

cells, failure to divide, failure to conduct impulses (nerves).
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EQUILIBRIA BETWEEN DRUGS AND CELLS 143

2. When the mechanical conditions of the experiments tend

to express the cell response as an all-or-none effect; e.g. in

the case of the isolated frog's heart a delicate isometric lever

will measure gradations of action accurately, but a heavy

isotonic lover will tend to convert a graded effect into one

that is apparently all-or-none.

3. Certain tissues have a tendency to give an all-or-none

effect; any stimulus sufficient to excite them tends to

produce a nearly maximum .effect, e.g. the guinea-pig's

uterus.

Linear Relation. This is the simplest relation observed

between concentration and action and is fairly constantly

given by aliphatic narcotics. The most probable reason for

this relation in this case is that narcotics are adsorbed on

cell surfaces and the action they produce is directly propor-

tional to the amount of their adsorption.

The effect of narcotics upon surface tension is a simple

measure of their adsorption at an air/water surface. The

relation between concentration and fall of surface tension is

a hyperbola as is shown in curve B, Fig. 32. In the case of

actions that are less than 20 p.c. of the maximum the relation

between concentration and surface action is nearly linear as

is shown in Fig. 31 (broken line, curve B).

In the great majority of cases studied the relation between.^

concentration of aliphatic narcotic and the amount of actiolib

produced on living cells is nearly linear. This relatfqe^*- ^*

shown in curve B, Fig. 31, which expresses the inhibition of

the mechanical response of the frog's heart by ethyl alcohol,

and the same relation was found between concentration and

inhibition of the oxygen consumption of the heart. (Clark

and White, 1928.) Other examples of this same relation are

the inhibition of the respiration of Nitrosomaa (Meyerhof,

1917), and of sea-urchin eggs (Fig. 29, curve B). Meyerhof

(1916A)found that in the case of the inhibition of the respira-

tion of Nitrobacter by narcotics the concentration-action curve

was of a KJgmoid shape.

The distinction between the linear and the sigmoid shape

in these cases depends chiefly, however, on the accurate

determination of the feeblest actions produced by the drug.

These values are particularly difficult to determine accurately
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144 MODE OF ACTION OF DRUGS ON CELLS

and therefore these sigmoid relations may be considered

somewhat doubtful.

In a few cases the concentration-action curve is exponential

(Fig. 32), and the same type of relation has been found for

the action of narcotics on contact catalysts (Meyerhof, 1914B).

In regard to this point it must, however, be remembered that

the relation between concentration of narcotic and its uptake

I00r~

io

60

B

ILaaNUar

cone.

Fig. 32.â€”Concentration-action curve* of urethanes.

ABSCISSA : logarithm of molar concentration. OBDINATJS : action pro-

duoed exproiMxl aa por emit. of maximum possible.

CDBVB A. The inhibition of tho production of CO, by OUorella by phonyl

urothano (Cone, x 1000). (Warburg. 1920.)

Cunvc B. The reduction of the air /water surf ace tension by ethyl urothana

(Surface tension of saturated solution = 36 â€¢>). (Landolt-Bornstein. 1931.)

by charcoal is a matter of dispute, for some workers have

found an exponential relation whilst others describe a dis-

continuous linear relation (cf. p. 53).

Since the mode of action of these drugs on a simple cata-

lyst such as charcoal is not completely understood, it is

unlikely that conclusive evidence will be obtained in the case

of living cells.

Isonarcotic and Isocapillary Actions

Traube pointed out the remarkable parallel between the

action of narcotics on cells and their power of reducing surface
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EQUILIBRIA BETWEEN DRUGS AND CELLS 14.1

tension. This parallel baa been shown to hold with surprising

accuracy for a wide variety of living tissues, providing that

the comparison is made between members of a single class of

narcotic. This subject has been discussed fully by Winterstein

(1926, p. 327).

Table XV shows certain results obtained by the author

TABLB XV

Isonarcotic and isocapillary concentrations of normal alcohols and of

various other narcotics. (Clark, 1930.)

Molar oouoentratioiu

which reduce response

of the frog's ventricle to

half normal.

Molar concentration*

which reduce the aurfaou

Umaion of water to

Â»3 Dyn./ora.

Drug.

Normal alcohols :

Methyl . .

1-6

1-5

Ethyl .

0-65

0-5

0-17

0-14

13utyl . ... . . .

0-05

0-02

0-043

0-018

Heptyl. .

0-000,7

0-002,4

Octyl ......

0-000,2

0-000,6

Dooyl .

0-000,03

0-000,094

0-000,006

Totradeoyl . ....

0-000,1

0-17

Uruthnutis :

Mothyl. .-.â€¢". . .

0-76

Ethyl ... . ,â€¢â€¢â€¢'â€¢ .

0-13

0-26

i-Amyl. , . , . .

0-001,4

0-081

0-066

Chloral hydrate. . .

Butyl chloral hydrate . .

0-006

0-001,5

0-002

. 6-4

0-04

i

on the isolated frog's heart, and these illustrate this rule and

its exceptions. The rule holds with very fair accuracy for

all the normal alcohols ranging from methyl to decyl, although

the equi-active concentrations vary 300,000 fold. On the

other hand, chloral hydrate has three times as strong a bio-

logical action as has amyl alcohol, but as regards action on

surface tension amyl alcohol is twenty times as strong as

M.A.D. â€¢ L
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140 MODE OF ACTION OF DRUGS ON CELLS

chloral hydrate. The work of Rideal and Wright (1925)

provides a possible explanation tor this difficulty. They

measured the action of amyl alcohol in inhibiting the auto-

oxidation of charcoal and found that complete inhibition was

produced when the quantity of amyl alcohol adsorbed was

sufficient to cover only 0-38 p.c. of the surface. This proves

that the alcohol can be adsorbed selectively by a particular

net of receptors without covering the surface as a whole. In

the caw of living cells there is evidence that the activities

of the cell depend upon certain active patches on the surface.

It seems possible that those narcotics whose biological activity

is greater than would be expected from their general action

on surface tension nrny be selectively adsorbed by the active

patches on the cell surface. The complexity of the results

obtained in the case of narcotics acting on charcoal suggests

a large number .of possible reasons why there should not be

an accurate parallel between the intensity of action of these

drugs on an air/water surface and their action on a system

as complex as a living cell. It is indeed both surprising and

remarkable that the parallel between the isocapillary and

isonarcotic concentrations should be as complete as it has

been found to be.

The Concentration-Action Curve of Acetyl Choline

The curve relating concentration and amount of graded

action is a hyperbola in the case of many drugs of great phar-

macological interest, e.g. acetyl choline, adrenaline, nicotine,

etc. The interpretation of this relation is a matter of con-

siderable theoretical interest and therefore the evidence

regarding the mode of action of acetyl choline will be con-

sidered in some detail because such evidence is more complete

in the case of this drug than in the case of the other drugs

mentioned.

The writer found that the relation between concentration

and action of acetyl choline on both the frog's heart and

reetus ubdominifi, followed a hyperbola (Fig. 31, curve A,

and Fig. 33), and the relation could be expressed by the

simple formula Kx = -r-^â€” where x = concentration ; A =

. A â€” y

maximum action and ij ---â€¢ action observed. This is the formula
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EQUILIBRIA BETWEEN DRUGS AND CELLS 147

that expresses the relation between concentration and chemical

change when two substances combine to form a freely revers-

ible combination and when one substance is in such a great

excess that its concentration is not altered significantly even

when the other substance has been exhausted. For example,

this formula expresses the relation between oxygen pressure

and the formation of oxyhamtoglobin. It also is the type of

relation particularly likely to obtain when any substance

I present in excess is adsorbed by a limited surface. Langmuir

\ I showed that this equation expressed the simplest form of

adsorption of a gas by a metal surface ; namely, the case in

t I which one molecule of gas united with one receptor on the

surface. It also expresses the adsorption of a surface active

sulwtance on an air/water surface as is shown hi Fig. 32,

curve B.

A fair amount of information has been accumulated regard-

ing the action of acetyl choline on the isolated heart and

.: muscles of cold-blooded animals. It is therefore worth while

â€¢ considering in detail whether the evidence existing conforms

to the hypothesis that the action of the drug depends upon

it forming a freely reversible combination with a limited

number of receptors in the tissue and that the extent of its

' Action is proportional to the proportion of receptors occupied.

t y

C_This hypothesis postulates the relation K.X â€” ;.rrâ€”â€” between

100 â€” y

concentration (.'â€¢) and p.c. of possible action (Â«/).

Fig. 33 shows two typical concentration-action curves of

: acetyl choline. With regard to this figure it may be remarked

that acetyl choline inhibits the isolated frog's heart, and whilst

it is not possible to measure accurately a very small degree

of inhibition, yet it is possible to distinguish very small residual

movements and hence differences between 90 and 100 per

cent. inhibition can be measured accurately. The upper half

. of curve A is therefore more accurate than the lower portion.

In the case of the rectu-i ubdominia the drug produces eon-

tracture and the maximum amount of contracture that can

be produced cannot be measured very accurately. On the

other hand, a delicate lever will record accurately the slightest

degree of contracture. Hence the bottom half of curve B is

more accurate than the upper portion. The two curves A
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MODE OF ACTION OF DRUGS ON CELLS

and B in Fig. 33 together record fairly accurately the general

shape of the concentration-action curve of acetyl cholinc.

In general the figure* lie along hyperbola and can be fitted

by the formula Kx â€” ---~ and are difficult to fit with

luu â€” y

any other formula. For example, the extreme values very

definitely diverge from the relation action varies as log. eon-

cent rut ion, although this fits the central part of the curves.

-3 Log Molaf .

cone

Fig. 33.â€”Concentration -action curves of aunty! choline.

AMCMBA : logarithm of molar concentration. OBOINATE : action pro-

duced exproiMod a* per cent, of maximum.

CimvK A. Inhibition produced on frogs' isolated hearts.

CUHVE ii. Contraction prodmxtd in frogs' isolated Hrrti alHtominia.'

(Clark. 1Â«:!Â«.)

(Reproduced by kind pemiiHHion of tho Kditorsof the Journal of Phyaioiogy.)

Evidence regarding the Nature of the Reaction.

(i) Amount of drug fixeil by tissue. The author (Clark, 1927)

has calculated this approximately both on the frog's heart and

the rei-tnx abdominis. The results show that a 50 p.c. action

is produced by the fixation of 2 X 10~a mgm. drug per mgm.

tissue which corresponds to about 200,000 mols per heart-

cell. This quantity is of course extremely small in comparison

with the quantity present in any solution bathing the tissue.
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EQUILIBRIA BETWEEN DRUtJS AND CELLS 149

The fixation of drug by the tissues can only be demonstrated

if special precautions are taken. Any given concentration

of acetyl choline will produce practically identical effects on

a heart whether 1 o.c. or 10 c.c. of fluid are circulated, and in

order to demonstrate depletion the volume of perfusion fluid

must be reduced to a fraction of a cubic centimetre.

The amount of drug fixed by the tissues does not then-fore

affect the concentration of drug in the surrounding fluid

unless special precautions are taken and the fluid is reduced

to a very small quantity, hence it is permissible to regard

the concentration of drug in the solution as remaining constant

during the course of an experiment. The amount of drug

: fixed is too small to cover more than about 1/10,000 of the

cell surface, and this in itself is strong evidence that the drug

: acts on specific receptors.

(ii) Hale of action of ucetyl choline. The author (Clark,

. 1927) has shown that acetyl choline produces half its maximum

action in a period of not more than 1 or 2 seconds and that

the rate of washout is of similar duration. This is in agree-

ment with the conception that the action of the drug is pro-

portional to the number of receptors that are maintained in

occupation by the drug, for such a theory postulates a rapid

action which is freely reversible.

(iii) Destruction of acetyl choline. hocwi and Navratil

(1926) showed that the tissues contained a ferment that

rapidly destroyed acetyl choline. The writer (Clark, 1927)

found that nine-tenths of a moderate dose of acetyl choline

could be destroyed in ten minutes. These figures agree with

results obtained by Engelhart (1930) in showing that 0-1 gm.

of frog's heart can destroy about 2-5y acetyl choline from a

10~6 molar solution. The amount of drug that produces the

action at this concentration is probably about 2 X 10~T mgm.

per mgm. or 2 X 10~6 mgm. per 0-1 gm. heart, and this

quantity must be destroyed every 5 seconds.

It therefore is possible that acetyl choline does not form

a reversible compound with the receptors on the heart surface

but that the drug is broken down almost as rapidly as it is

fixed, and that this is the reason for the rapid recovery on

washout. The physico-chemical explanation advanced for the

shape of the concentration-action curve was based on the
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160 MODE OF ACTION OF DRUGS ON CELLS

assumption that the drug formed a freely reversible compound

with receptors on the heart surface, but it would apply equally

well if the drug was broken down nearly as rapidly as it

was fixed.

(iv) The antagonism of acetyl choline by atropine. The

general problem of drug antagonism is discussed in Chapter XI,

but the following points may be mentioned as throwing light

on the mode of action of acetyl choline. The form of the

antagonism between acetyl choline and atropine suggests at

first sight that the two drugs compete for the occupation of

common receptors. The curves relating the concentrations

of acetyl choline and atropine and the effect produced by the

former drug show a close resemblance to the curves relating

the concentrations of oxygen and carbon monoxide and the

amount of oxygen fixed by luumoglobin. This theory is,

however, untenable because acetyl choline in excess does not

displace atropine from the heart. The most probable assump-

tion is that the two drugs act at different points in a chain

reaction. Examples of such effects can be found in the case

of drugs acting on the respiration of cells.

(v) lielation.ifou ml between dosage and action in intact animals.

Acetyl choline produces graded effects over a very wide range

of doses in intact animals. Clark and White (1927) found

that in the intact cat intravenous injections of acetyl choline

produced a graded fall in blood- pressure when the dosage

ranged from 4-25 X 10~* to 0-425 mg. per kg., and produced

a graded effect on the pulse rate over a range of dosage from

1-4 X 10~s to 0-425 nig. per kg. In both cases the figures

showed an approximately linear relation between the logarithm

of the dosage and the action produced. The minimum effective

dose in this case was rather large, for Hunt (1918) found that

a dose of 2-4 X 10~* mg. of acetyl choline produced a demon-

strable effect on the cat's blood-pressure. The full range of

effective dosage may therefore be greater than that found

by Clark and White.

White (Fig. 26) found, however, that the relation between

dosage of acetyl choline and the percentage mortality of mice

followed an ordinary slightly skewed frequency curve, which

showed a probable variation of 21 per cent. of the median.

This result shows that it is possible to obtain a fairly sharp
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EQUILIBRIA BETWEEN DRUGS AND CELLS 151

all-or-none effect with a fairly narrow range of individual

variation, even in the case of a drug that can produce graded

effects over a very wide range of dosage.

Possible Explanations of Acetyl Choline Concentration -

Action Curve

There are three possible interpretations of the concentration-

action curves observed in the case of acetyl choline.

1. That the action follows the Weber-Feclmer law.

2. That the concentration-action curves are the expression

of some form of individual variation distributed in an extreme

skew fashion.

3. That the curves express the adsorption of the drug,

(i) The Weber-Fechner law. There has been a general

tendency to explain concentration-action curves as logarithmic

relations, and to adduce them as examples of Weber's law.

It will be shown in Chapter IX that the evidence for the truth

of the Weber-Fechner law is very doubtful, and that it certainly

ia not a correct statement of the relation between stimulus

and effect in the case of several of the sense organs. The writer

has found that in practice the relations between concentration

and action in the case of most potent drugs that produce a

reversible action follow a hyperbola more nearly than they do

the relation action varies as log. dosage. Furthermore, the

hyperbola can be interpreted as the expression of a simple

chemical reaction, whereas there is no simple explanation of

the logarithmic relationship. On the other hand, it must 1H3

admitted that the hyperbola could be interpreted as a log-

arithmic relationship distorted by individual variation in the

cells.

(ii) Indieidual eariation. Individual variation may be re-

garded as a fundamental law characteristic of living matter

and moderately skew distributions of variation are not un-

common. The explanation of relations by assuming individual

variation is, however, unsatisfactory in that there is no type

of curve that cannot be explained in this manner provided that

any form of distribution of variation that is desired is assumed.

The hearts of different frogs show an extremely wide variation

as regards their sensitivity to acetyl choline, and the distribu-

tion of this variation is of ah extreme skew form as is shown

in Fig. 34. Therefore it is tempting to try to explain the
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concentration-action curve of acetyl choline as an expression

of skew variation. This hypothesis cannot be disproved, and

tin- only thing to consider is whether it involves improbable

The concentration-action curve of acetyl choline has a

slia|x- in the case of the frog's ventricle, auricle and

uMominia. If these curves are to be interpreted as

expressions of individual variation it is therefore necessary to

assume that in all three cases some factor varies over a similar

range, and that the same extreme skew distribution of variation

too I

7

-a -a -7 Log Molar cone. -5

Fig. 34. â€” ClmmctcriHtic curve of frogs' isolated hoarU responding to

acotyl cholino.

AB.HCIHHA : logarithm of molar concontration. OBDINATE :

'K 50 |ier iwnt. inhibition. (Clark. 1927.)

per oeut. of

occurs in each case. If the heart alone were concerned it would

be possible to assume variation between one heart-cell and

another, but it is very improbable that the fibres of a striated

muscle such as the rectus abdotninia would vary in exactly

the same manner as the cells of the heart. It seems necessary

therefore to assume that the individual cell receptors vary.

The assumption of a skew distribution of sensitivity amongst

the cell receptors would explain the concentration-action curves

observed and also would explain very simply the phenomena
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EQUILIBRIA BETWEEN DRUGS AND CELLS 153

of drug antagonism observed with atropine and acetyl

choline. . â€¢

A variation of this type has actually been postulated for

the receptors on the surface of charcoal. Cameron (1930)

measured the gramme-molecules of oxygen adsorbed by

charcoal and the calories produced per mot. oxygen adsorbed.

His tt-suits show that a small fraction (about 1 p.c.) of the

total charcoal surface has a high activity and the remainder

is much less active. The figures show an approximately linear

relation between the quantity of heat produced and the

logarithm of the amount of oxygen fixed. The assumption

that there is a very great individual variation in the activity

of cell receptors can therefore be supported by analogous cases

in simpler systems. . â€¢

Such an assumption would not however help to explain the

individual variation found between one heart and another.

The number of cell receptors in a heart must be more rather

than less than 101*, and the fact that the individual members

of such a population vary widely, will not account for wide

variations in the average sensitivity of a series of populations

.of this size.

The concentration-action curves can therefore be explained

as expressions of individual variation in the activity of cell

receptors, but this explanation will not account for the

characteristic curve relating-concentration and incidence of

effect in a population of hearts. On the other hand if we

assume that the concentration-action curve expresses some

fundamental chemical reaction, then, as was shown in

Chapter VI, the characteristic curve can be explained as an

example of a moderate variation in sensitivity distorted by

the relation between drug concentration and drug fixation.

(iii) Adsorption hypothesis. The hypothesis that the con-

centration-action curve of acetyl choline expresses an

adsorption process of the type described by Langmuir appears

to the writer to involve fewer improbable assumptions than

any alternative hypothesis. It is, of course, Unproven and

rests on the assumption that the action produced varies directly

as the amount of drug that ia fixed by the cell receptors. The

complexity of the living cell makes it impossible to prove

or disprove this assumption. Even if we could measure
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154 MODE OF ACTION OF DRUGS ON CELLS

accurately the amount of drug fixed we still would not know

how much was being fixed by the receptors and how much

was being neutralized by inert material. The writer therefore

accepts the hypothesis that the concentration-action curve of

acctyl cholinc expresses the course of a reversible chemical

reaction or adsorption. The justification for this assumption

iu that it is not inherently improbable and that the alternative

hypotheses involve improbable assumptions.

Concentration-Action Curves of Various Potent Drugs

The evidence regarding acetyl cholihe has been considered

in some detail.and the following facts have been shown:

1. The amount of drug producing the action is very small.

. 2. The action is very rapidly produced and is equally rapidly

reversed on washing out.

3. The drug produces a graded action over a range of con-

centration more than 1000 fold and approaching 10,000 fold.

4. The concentration-action curve follows a hyperbola.

5. The characteristic curve expressing the distribution of

individual variation also follows a hyperbola.

These facts can also be demonstrated in the case of various .

other drugs that produce a specific action. The evidence is -

most complete in the case of drugs that produce a rapidly .'â€¢

reveroiblc and easily measured mechanical response.

Adrenaline

Wilkie (1928) found that the relation between the concentra-

tion of adrenaline and the amount of contraction produced â€¢

in a strip of sheep's carotid artery followed the formula

A-x â€” ..-^-.--~, as is shown in Fig. 35. Hunt (1901) and

100 â€”y

Molinclli (l!)2(i) both measured the increase of blood-pressure

produced in the dog by adrenaline given over a wide range

of dosage. Their results, which are shown in Fig. 36, can be

fitted by the formula fee* â€” â€”--â€”, where a is the rise of

a â€” y

blood-pressure produced by maximum doses. The calculated

and observed lines are only in rough agreement, but inspection

shows that the most generally favoured alternative relation

action varies as the logarithm of the concentration would not

oven approximate to the observed figures.
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Langecker (1926) measured the concentration of adrenaline

needed to cause a certain contraction in the isolated uteri of

172 rabbits. His figures are as follows :

Molur rone, of mlrru- â€¢. â€¢

ulino x 10-Â«. . 0-05 0 15 0-3 0;tt 1-2 2 3 6

Per cent, of uteri in .

which action wits

produced- . .5 9 27 :i9 85 94 97 UKi

The curve relating these results, which is shown in Fig. 37,

follows the formula Ka;1 = .. . The only objection to

too

90

7

-7

-6

-S

Fig. 35.â€”Concentration-action curve of mlrenulino acting on Htripa of

carotid artorius.

. : logarithm of the molar concentration (f). QuuiNATB :

1 aa [x-r cont, of nmHiinnm potoiiblu (y). â€¢ ,.v "â€¢'.â€¢'.

The curve ia ilnwu to the formulu luc = -,^:-~- (Wilkio. 1928.)

this example is that the rabbit's uterus is an organ that i$

extremely variable both morphologically and functionally.

Wilkie did not study a sufficient number of carotid strips to

estimate their individual variation, but he did not note any

wide individual variation in the quantity of adrenaline needed

to produce a given response.
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150 MODE OF ACTION OF DHUGS ON CELLS

Schult/. (li'lU) determined the toxicity of adrenaline when

given subcttlaneonsly to mice. The figures obtained with a

total of 122 mice were as follows :

iuhvimlinc mum. p. k.

ntuK'- iif dcntlm .

1 3 tt H Hi lb 25

0 21 12 57 .ri7 74 HID

/*.

f

zoo

/

/

mm

"3

t

160

120

A

i

A /

'

V

y

to

/J

/I

40

X'

<Â£"

-

^2**^

->-*'

â€¢--"*"

â€” â€” -

-5 -4 . â€¢ -3 Log. Dose inmgm-i

Fig. 36.â€”The retation botweon dosage of udronaline and thu rise o.f

blood-proumro in tlogs. . ' .

ARHOIsHA : logarithm of doao in mg. per kg. (ie). OBIHNATE : rue of blood-

preHanro in aim. Hg. (y).

Cmvn A. Atropinizod dog. (Hunt. HMII.)

CURVE H. Dot; with donervatud heart. (Molinulli. 1V26.)

tI'hi. broken liiies ahow tho obaervod flgurux. The continuous lines have

IKWII drawn tÂ« thu formula i-x1 ~ --â€”*-â€”. (Curve A. k = 6-3 x. 10*,

A-'*- 240. Curve H. k = 2-5 x 10*. A = 1Â«0.)

The figurcs are extremely irregular but they indicate an

approximately symmetrical variation with the values for the

dosage of about 5 and 14 for the lower and upper quantiles

respectively. The relation between dosage or concentration

of aeetyl choline and adrenaline and the incidence of all-or-none

effects therefore follows a sig moid characteristic curve in some

cases, whilst in other cases the characteristic curves thus

obtained resemble hyperbolae.
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Nicotine

Similar curves alsu are obtained with nicotine. In this

case the relation between concentrntion and action in pro-

ducing contraction of the frogts reetva ubdominis follows

approximately the formula Kx -- â€”~ . The mortality

iwi â€” y

produced by nicotine sprays on ujihi,i ruiÂ«iVt.v also follows A

hyperbola, but in this caso the relation is KJC*-â€” -'~~ â€¢ .

100 â€” y

Fig. 37.â€”Characteristio curvo of the responm* of rabbits' isolated uteri

â€¢ . â€¢ . to adrenaline.

AB8Ci88A : logarittun of molar concentration (.iâ€¢). OBOINATE : per cent,

of uteri chowing contraction (y).

InaeI. Dutribution of individual variation.

y

Curve drawn to fonnula lut*

100 -V

(Langeckur. 1920.)

relationa are ehown in Fig. 38. Nicotine therefore

provides another example of a drug the concentration-action

curves of which .follow the course of a hyperbola not only

when the drug produces a graded effect but also when it

produces an all-or-nono effect.

Cyanide

Cyanide inhibits the oxygen uptake of many systems both

living and non-living, and acts at very low dilutions. It
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158 MODE OF ACTION OP DRUGS ON CELLS

appears therefore to be a very favourable drug with which to

study the relations between concentration and action. The

evidence on this point is, however, very conflicting.

Warburg (1921) found that the adsorption of cyanide by

charcoal followed Freundlich's formula and that there was a

linear relation between the logarithms of the concentration

and of the amount adsorbed. On the other hand, ho found a

too

%

SO

B

-J Log. MoIar cone -i

Fig. 38.â€”A concentration -action curvo (A) and a characteristic mor-

tality curvo (B) given by nicotine.

AusctHSA - logarithm of molar concentration. ORDINATE : action ex-

pnuwed an pur ctint. of maximum.

OHVE A. Concentration-action curvo of nicotine (cone. X 1000) cauaing

uotonio contraction of frogs' Hn-ti aUluminis. (o = Hill. HHMI. x Â»

V

Clark. Unpubl. results.) Tho curvo ia ilrawn to the formula kx = vjjjp .

CI'RVB H. 1'er ceot. mortality produced in Aphla roiitieiu by nicotine

diiwolved in benzene and a|iiiliiÂ«l as a xpray. (TatterHflold, Qiniingham

v

at al. v, 1927.) Tho curve is drawn to the formula kx* = -â€” .

100 â€” y

linear relation between the concentration of cyanide and the

inhibition of cystin oxidation by charcoal. In this simple

system there was therefore no simple relation between the

quantity of cyanide adsorbed and the amount of inhibition of

oxidation. Warburg had previously shown (1910) that there

was a linear relation between the concentration of cyanide
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and the inhibition uf the oxygen uptake by lardst red blood-

corpusclcs. Meyerhof (1916u) also found a linear relation

between cyanide concentration and the inhibition of the oxygen

uptake-of nitrobacter. Warburg (1925) found on the other

hand an exponential relation between cyanide concentration

and the inhibition of the assimilation of CO, by ChfareUa.

Lipschitx. and (jottschalk (192tH) measured the power of

minced tissues to reduce wt-di-nitro phenol. This action wan

inhibited by cyanide and in the rase of frogs' muscles there

was a linear relation" between concentration and effect. In

the case of earthworm tissues (1920B) there Was however a

linear reaction between the logarithms of the concentration

and of the effect. Pickford (1927) found an approximately

linear relation between the logarithm of the concentration of

cyanide and the inhibition produced in the mechanical response

of the frog's heart.

These divergent results suggest that the action of cyanide

in inhibiting respiration must be complex. This conclusion

is supported by the work of Dixon and Klliott (1929), who

found that cyanide inhibited the respiration in some tissues

and not in others. They also found that cyanide could only

inhibit about one-half of the respiratory activity of the tissues

on which it acted.

Summary

The actions of only a few drugs on a few systems have been

discussed in this chapter. One reason for this is that accurate

measurements relating concentration and action can only be

obtained in a relatively few cases. The example of cyanide

shows how variable this relation may be in the case of a drug

which produces an action that can be measured accurately

and which appears at first sight to he of a simple nature.

The favourable examples selected suffice, however, to show

that the relation between concentration and effect produced

differs very widely indeed in the case of different drugs, and

that at least three distinctive ty|x-s of relations can be

recognized.

The simplest explanation that I have been able to devise

for these various concentration-action curves is that they

express a chemical reaction distorted to a greater or less extent

by individual variation. I do not advance any theory as to
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160 MODE OF ACTION OF DRUGS ON CELLS

whether the receptors in the cell with which thugs unite are

untform or variable as regards their affinity for drugs. It is

highly probable that they vary. The number of receptors

lÂ«lr cell is, however, assumed to be large, i.e. 10,000 or more;

hence it is assumed that the average sensitivity of receptors

in any cell of a population of similar cells is approximately

uniform, and this also applies to multicellular organisms. The

response of cells or organisms to a given stimulus (i.e. com-

bination with a definite amount of drug) is assumed to vary.

When the method of measurement records accurately all

gradations in response, then the concentration-action curve

.may be assumed to measure the fundamental chemical reac-

tion, although even in this case the individual variation

distorts the curves at two ends, because the action recorded

docs not commence or end with the commencement or ending

of the action on the average individual, but falls off to cover

the most sensitive and least sensitive cases.

Most of the drugs in which concentration-graded action

curves have been worked out accurately are those which pro-

duce a reversible action. It is, of course, far easier to get

adequate controls in such cases because many experiments can

be repeated on a single individual. The commonest relation

the writer has found for potent drugs producing a reversible

reaction has been a hyperbola. The narcotics are exceptional,

for their concentration-action curves are approximately linear.

There is, however, a striking resemblance between the con-

centration curves of narcotics on tissues, and the curves

obtained by measuring the reduction produced in the air/water

surface tension by narcotics at concentrations similar to those

which produce a biological action.

In the case of organisms large enough to permit the measure-

ment of the individual doses sigmoid characteristic curves are

obtained relating dosage and incidence of effect. When organs

or organisms are immersed in solutions and concentration

instead of dosage is measured the curves relating concentration

and incidence of effect are sometimes sigmoid but frequently

have an exponential form.

Sigmoid curves are obtained when there is a linear relation

between drug concentration and drug fixation, but when there

is an exponential relation between drug concentration and
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EQUILIBRIA BETWEEN DRUGS AND CELLS 101

drug fixation, then the same relation is usually found between

drug concentration and incidence of effect. Such curves

probably are produced by the distortion of a variation distribu-

tion curve.

The writer's explanation of these curves is that there is a

variation with an ordinary type of distribution as regards the

amount of drug that must be fixed in order to produce the

effect and that this relation is distorted by the exponential

relation between drug concentration and drug fixation.
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CHAPTER VIII

THE SIGNIFICANCE OF TIME-ACTION CURVES

Historical Review of Problem

The most obvious method of measuring the mode of action

of some lethal influence is to measure the rate at which it'

kills a fairly uniform population. This type of measurement

has naturally been chosen very frequently for a wide variety

of agents and there is a particularly abundant data available

regarding the rate of action of disinfectants, of haemolytics

and of radiations on unicellular |xipulations. There is a very

general agreement regarding the shape of the time-action curves

obtained, but unfortunately there is no sort of agreement

regarding their significance, and there have been vigorous

controversies on this subject in all of the three eases mentioned

above. Sweeping conclusions have been drawn from the

time-action curves obtained with a single class of agent, with

little regard to the evidence provided by other time-action

curves and with no regard to the evidence provided by the

. rest of pharmacology.

The trouble started when Henri (1905) noted that there

was a linear relation between the logarithm of the survivors

and the time of action, in the case of fowls' red blood-corpuscles

hl^anolysed by dogs' serum. He concluded that this proved

that the haunolytic process was a monomolecular reaction

and followed the formula K< - - log - . (/ -- time, a =

(I â€” X

initial population of corpuscles and x . number hsemolysed).

Geppert in 1889 hud attributed the shape of time-action

curves obtained in haemolysis to what appears to be the most

obvious cause, namely the individual variation in the popula-

tions studied, and Mioni (1905) pointed out that Henri had

neglected the fact that there was an extensive individual

variation in the resistance of the corpuscles, and that therefore
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164 MODE OF ACTION OF DRUGS ON CELLS

his conclusions were invalid. Dreyer and Hanssen (1907)

and Salomonsen and Drcyer (1007) who wed that there was

an initial |x'riod of lag, during which no haemolysis occurred,

and that after this the rate of haemolysis followed the mono-

molecular law. Madsen and Nyman (1907)'showed that the

rate of disinfection followed the formula expressing the mono

molecular reaction, and this conclusion was confirmed by

Chick (I'.HIS and 1910) who also showed that figures obtained

previously by Paul and KrOnig (1891) and by Kronig and

Paul (1H97) were fttted by the same formula.

A number of observers at once pointed out that it was

practically certain that organisms varied extensively as regards

the time needed for their destruction and that this variation,

if it had a skew distribution, might account for the approxi-

mately linear relation found between the logarithm of the

survivors and the time. Reichenbach (1911) showed that the

destruction of bacteria by heat furnished time-action curves

similar to those obtained with drugs, and that cultures of

different ages gave time-action curves of different shapes. He

put forward the following objection to the'theory that the

time-action curves expressed the progress of a molecular

reaction.

"The molecules are so small compared to the bacteria and

their number is so much greater, that doubtless even in very

dilute solutions every bacteria is surrounded by a similar

number of molecules and therefore is exposed equally to the

action of the disinfectant. And still less can one say that the

bacteria arrive one after another to the condition necessary

for destruction by temperature. Therefore if the bacteria

arc of equal resistance one cannot understand why one should

die quicker than another."

The frequency with which an initial lag period was observed

at first troubled the upholders of the monomolecular theory,

but this difliculty was met by Yule (1910) who pointed out

that the assumption that death was caused not by one event,

but by a few events, would explain those curves which showed

first a lag period and then a linear relation between log.

survivors and time. These calculations have been repeated

independently by a number of authors. Rahn (1930)

attempted to calculate the number of molecules that produce
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THE SIGNIFICANCE OF TIME-ACTION CURVES 165

death in any individual from the shape of the time-action

curves, and in recent years a number of observers have made

similar calculations for the number of quanta needed to kill

cells exposed to radiations.

The monomolecular theory of disinfection received great

encouragement from the support given to it by Arrhenius

(1915), but he differed from most writers who have supported

this theory, in that he appreciated the difficulties there were

in assuming that the death of an organism was caused by a

single event, namely the combination with a single molecule

of drug. He advanced the following argument (for. cit.,

p. 79). '' The proteids contained in the living protoplasm arc

amphoteric electrolytes. Only a thousandth part (we suppose

this figtu-e for simplicity) of the proteid molecules has split

off its H ions, and perhaps only a millionth part its OH ions.

Then probably one part in a thousand millions has split off.

both its H ions and its OH ions. Perhaps it is only living

protoplasm containing one or two such ions which is able to

react with the poison. At every moment only this small

fraction is open to attack, and at this moment a molecule

of poison must be present for the cell proteul to be de&tt'OV.<iiK_i

Probably the cell only dies after a certain number of it*pnÂ»U-iil J

molecules have entered in reaction with the poison."

Arrhenius's defence of the monomolecular theory is quite

coherent. There is of course no need to assume that the cell

is killed by a single event, and the assumption that a cell is

killed by a few events, permitted the interpretation of most

of the time-action curves that are encountered. It is not

possible in physical chemistry to find an example of a single

molecule producing such extensive effects, but an analogy

can be found in the impregnation of an ovum, which may

be surrounded by millions of sperm of v/hich only one pro-

'duces fertilization. Chick (1910) showed that monomolecular

or logarithmic curves were obtained equally readily when

bacteria were destroyed by disinfectants, heat or drying, and

put forward (1930) an alternative theory, namely that the

organisms undergo rhythmical changes and are only vulnerable

during a certain phase. It must also be assumed that the

effect is of an all-or-nono nature and either kills the organism

or else leaves it unaffected. Curiously enough, this theory of
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166 MODE OF ACTION OF DRUGS ON CELLS

cyclic variation also finds an analogy in mammalian re-

production, although it is difficult to find one in physical

chemistry.

The controversy started in 1905 is still proceeding and in

recent years has acquired increased importance because many

authors have attempted to estimate the number of quanta

of radiations needed to kill a cell from a study of the shape of

time-action curves. The literature is very extensive, but

fortunately it has been summarized recently by Chick (1930)

and by Hnhn (1931). Hence the writer will only refer to the

work that appears to him to be of particular importance.

Forms of Time-Action Curves

There is a very general agreement concerning the facts of

the dispute outlined above, for all authors agree that some

time-action curves are sigmoid and that others are logarithmie,

ami that there arc two obvious lines of explanation which are

as follows :

1. All the curves can be explained as expressing individual

variation, provided that any form of individual variation

desired is assumed.

2. All the curves can be mterpreted as expressions of

the chance of occurrence of a single event or a few

events.

These facts are however of little significance because there

are few curves expressing the action of drugs that could not

be explained by either of these hypotheses.

Kuhn (1931) has applied the statistical method to the

evidence available. Three types of relations are found when

the logarithm of the number of survivors is plotted against

time. These were described by Eijkman (1908) and are as

follows :

(Â«) A linear relation, which indicates a constant rate of

destruction (curve A, Fig. 39).

(li) A convex curve, which indicates an increasing rate of â€¢

destruction (curve 0, Fig. 39). In many cases it is possible

to interpret this as an initial lag followed by a constant rate

of destruction.

(c) A concave curve, which indicates a decreasing rate of

destruction (curve B, Fig. 39).

Rahn found the following distribution in the literature.
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THE SIGNIFICANCE OP TIME-ACTION CURVES 167

In 32 cases a constant rate of destruction, in 83 cases an

increasing rate and in 39 cases a decreasing rate. As regards

the mode of explanation adopted by the various writers, this

appears to depend chieliy on environment and training.

Most physicists and chemists have adopted the monomolcoular

or quantum theory of action of drugs and radiations. Most

biologists have explained their results as expressions of indi-

vidual variation. Rahn admitted that the " concave " type

8 Tim* 10

Fig. 39.â€”Time-action disinfection curve* obtained with phenol.

ABSCISSA : timo. OBDINATE : logarithm of number of surviving bacteria.

CURVB A. DeHtruction of anthrax aporeH by 5 per cont. phenol at 33-3Â° C.

Time in bours. (Chick. It.MiH. Table II.)

CUBVB It. Disinfection of a thrco noun culture of H. |aruty/ihoaui by

0-6 per cent. phenol at 20Â° C. Timo in minutes. (Chick. IW.W. Table XI.)

CURVE C. Disinfection of HtuId'. tryoyenm aureui. by 0-0 |iur cont. phenol

at 20Â° C. Time in miimiiw. (Chick. 1910. Tablu VI.) ,

of curve could only be explained on the assumption that the

population varied and that it contained a large proportion of

susceptible individuals. He believed, however, that the linear

relation indicated a monomolecular reaction, and that the

.convex curves indicated that death was caused by a few

events.
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168 MODK OF ACTION OF DRUGS ON CELLS

Variations in Time-Action Curves obtained with a Single

System

Kuhn (1930) has shown that the most varied forms of time-

action curves have been obtained by different workers. In a

. number of eases, however, a single worker using a single

sy*trni has by varying the conditions obtained a range of

cur ves flinging from concave to convex.

This difference of the general shape of curves has been

observed even in death-rates due to no specific toxic agent.

S/.alto ()!)!(!) pointed out that the mortality curve of vestigial

drosophila showed a constant death-rate, whereas that of wild

drosophila showed an increasing death-rate. Gray (liKtlA)

showed 11 similar variety of curves for the activity of sperma-

tozoa in sea water, as measured by their oxygen consump-

tion. Under favourable conditions, i.e. with egg secretion

present, a mgmoid curve was obtained, but under unfavourable

conditions, i.e. without egg secretion, the oxygen consumption

decreased logarithmically. Cook (1925) studied the effect of

metals on the respiration of Nitella. He interpreted his results

as logarithmic curves, which started from zero time with

mercury and silver salts and with acids, but which showed an

initial latent period with copper, iron and tin salts. The

latter form is obviously very like the curves usually described

as sigmoid.

Reichenbach (Htll) and Eijkman (1908) studied the heat

destruction of H. lxtratyphosus and B. coli communis respect-

ively. Both authors found that a whole range of curves could

be obtained varying from concave through linear to convex

when the logarithm of the survivors was plotted against the

time. As a general rule the more rapid the action the less the

sigmoid character of the curve appeared. Reichenbach showed

that rapidly growing cultures which contained a preponderance

of young forms were most likely to give a linear relation (curves

A and It, Fig. 40). Eijkman found that the shape of the

time-action curves could be altered merely by varying the

density of the suspension of bacteria (curves C and D, Fig. 40).

Henderson Smith (1921) studied the action of phenol on

botrytis spores. He showed that under most conditions

sigmoid curves were obtained but that a strong concentration

of phenol acting on young (0 days old) and sensitive botrytis
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THE SIGNIFICANCE OF TIME-ACTION CURVES 169

â€¢pores produced a true logarithmic time-action curve. He

showed that the essential fact was that when the rate of death

was increased the death-rate of the more sensitive portion of

the population increased more rapidly than did that of the

t sensitive organisms. For example, when the concentration

20 Mm

0 10 20 30 Mm

Fig. 40.â€”Time-action curves of dminfoction.

ABSCISSA : time in minutes. OHDINATB : logarithm of number of *ur-

vivon.

CUHVES A umi B. Destruction of /(. pamtyplvHUt by hot water.

(Reicheubach. H1M.) A. Young culture (5) hours) at 49Â° C. H. Oki cul-

ture (13 houn) at 48Â° C.

CuitVKH C and I). Dostruction of //. coli cummunii by boiling waUtr.

(Kijknuni, 1908.) C. 7 organisms por c.mm. 1i. 370 organisms per o.imn.

of phenol was increased from 0-4 to 0-7 per cent, the times

taken to kill 25 p.c. were in the ratio of 100 to 28, but the

times taken to kill 75 p.c. were in the ratio of 100 to 53.

Henderson Smith showed that whenever the rate of action of

phenol on the snores was increased, the increase was associated

with a differential change in the rate of action of the drug which
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170 MODE OF ACTION OF DRUGS ON CELLS

resulted in a consecutive transition of the time-action curve

from .i1 sigmoid to a logarithmic form. He showed this to

be true when the following factors were varied : concentra-

tion of phenol, temperature, age of spores, and amount of

spores introduced. He pointed out that if some change in

the resistance (R) occurred so that .â€”â€”-.â€” â€” constant

log. tune

then if a mgmoid curve were obtained with a weak concentra-

tion, a logarithmic curve would be obtained with a high

concentration. He also (1923) studied the destruction of

botrytis spores by heat and obtained a scries of symmetrical

mgmoid curves when various temperatures were employed.

The highest tent|icruture (50-3) killed the spores about 2tiO

times as rapidly as did the lowest temperature (31Â° C.), but

the rapid action was sigmoid and not logarithmic and hence

the same ratio was obtained for the destruction of 25 p.c. and

of 75 p.c..of the population. These results suggest a funda-

mental difference between the actions of phenol and of

heat. On the other hand, many other authors (e.g. Eijkman

(1908) and lleichenbach (1911)) obtained logarithmic curves

with the heat destruction of bacteria and hence the distinction

found by Henderson Smith docs not always apply.

The essential difficulty about the interpretation of time-

action curves is that a single system may give a wide variety

of curves. It is irrational to postulate a different distribution

of variation of a population for every variation of the conditions.

Similarly it is irrational to suggest that a different number

of drug molecules or of quanta are needed to kill cells whenever

the conditions are varied.

There has been so much controversy about the meaning of

these curves that the simple facts have been rather obscured.

It is not mtffieient to litul an explanation for the occurrence of

logarithmic or of sigmoid curves ; what is needed is an explana-

tion for the occurrence of both types of curves in a single

system. :â€¢

Time-Action Curves of Haemolysis

There is an extensive literature concerning time-action

curves of haemolysis, but these curves present certain special

dilliculties. These can best be appreciated by a consideration

of curve A in Fig. 41, which shows the times of occurrence of
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THE SIGNIFICANCE OF TIME-ACTION CURVES 171

hamiolytuH after U-V irradiation. This curve shows a striking

resemblance to the true time-action curves, shown in curve 11,

Fig. 41, but the two curves are totally different in nature.

The time-action curve measures the injury produced in a

30 Mm

10-

08 -

06 -

^0 Hours

Fig. 41.â€”Similarity of time-action curves nwtuturing (A) laÂ« in bio-

logical ruiponiio and (H) rate of production of injury.

AUUUIHSA : time. OHDINATB : logarithm of number of Nurvivors.

CURVE A. Time iII hours at which hemolyaia apitouru in (UW|tH rml blood-

eorptux:li'i after exposure for Â» fuw iniuutuH to U-V light. (\VoÂ»rz, quoted

from liahn. 1931.)

CURVE U. Uuratiou in miuuUm of HX|HIMIIIV. of liniaophUa oKgs to X-raytt

â€¢iid nwultaut death-rate, (Packard. 19H1.)

certain time ; the injury is estimated by determining the

proportion of the population that is viable after various periods

of exposure, and no account is taken of the time at which the

organism happens to die. The huomolysiH curve (curve A,

Fig. 41), on the other hand, shows the time at which death,
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172 MODE OF ACTION OF DRUGS ON CELLS

or rather hiemolysis, occurs subsequent to some injury.

A time-action curve for the haemolysis produced by ultra-violet

light can IHJ constructed from the figures given by Woertz

(Kitlm, 1931), for he measured the haemolysis resulting from

various lengths of exposure to ultra-violet light, and the

Iwmolysirt finally produced (e.g. ix.T cent, haemolysis at 22

hours) can In- plotted against the duration of the exposure.

This shows an approximately linear relation between duration

of ex|xiHure and per cent, haemolysis.

When a drug is added to a suspension of corpuscles and the

incidence of lucmolysis is measured from minute to minute,

then the results express a combination of two separate times,

namely, the time taken for the drug to produce an injury and

the time taken for the injury to produce haemolysis. In the

case of irradiation these two factors can be separated, but they

cannot easily be separated in the case of drug action.

The writer has found that the interpretation of curves

expressing one of these factors is a task of the utmost

difficulty, and therefore believes it to be unprofitable to

attempt to interpret curves which are a composite of two

independent variables. This task has been attempted by

Ponder, who has published a series of papers on the subject

(1JI23-32). Ho has interpreted the curves on the assumption

that they express the rate o* chemical combination of a drug

with a population that varies in regard to the susceptibility

of its individuals. Owing to the method of measurement the

form of the curves must be affected by two forms of individual

variation, namely, the amount of drug necessary to produce

lut'molysis in a cell, and the rate at which haemolysis is produced

in a cell that has received a dose of drug sufficient to cause

haemolysis.

Time-Action Curves of Physical Agents

The destruction of bacteria and other cells by physical agents

has been studied extensively. The chief physical agents used

have been drying, heat, ultra-violet light, X-rays and beta

and gamma rays. The outstanding facts are that similar

curves relating duration of exposure and percentage of survivors

arc obtained whatever be the nature of the physical lethal

agent, and that the curves obtained with physical agents show

all the essential characteristics of the curves obtained with
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THE SIGNIFICANCE OF TIME-ACTION CURVES 173

drugs. It is therefore no matter for surprise that the same

controversy that has arisen regarding chemical time-action

curves has also arisen regarding physical time-action curves.

Chick (1910) pointed out that the destruction of bacteria by

hot water, sunlight and drying followed the course uf a mono-

molccular reaction. Measurements of the process of destruc-

tion of organisms by X-rays gave sigmoid curves which could

be interpreted as commencing with a period of lag and there-

after showing a constant death-rate. Blau and Altenburger

(1922) advanced the theory that cells or organisms did not

vary as regards sensitivity to X-rays, that each died when

it had absorbed a certain number of quanta, and that con-

sequently the shape of the curves relating the amounts of

exposure and action indicated the number of quanta needed

to kill the organism.-

This suggestion has resulted in a controversy that has pro-

ceeded on almost exactly the same lines as the controversy

regarding the meaning of the time-action curves in disinfection.

The quantum theory of the action of radiations was apparently

put forward in ignorance of the large mass of evidence regarding

the course of action of drugs, heat and ultra-violet light on

organisms.

The action of heat deserves special attention, for this cannot

be explained on the quantum theory, and on the other hand it

differs from drug action in the following respect. Drugs such

as disinfectants enter cells relatively slowly and probably the

quantity of drug fixed by the cell increases steadily during the

period of exposure. When cells are exposed to physical

agencies such as heat or radiations, their physical condition

is changed abruptly but remains unaltered throughout the

period of. exposure. For instance, when bacteria are dropped

into hot water, their temperature rises almost instantaneously

and thereafter remains constant.

The remarkable fact is that the time-action curves obtained

with chemical and physical agencies are so very similar. This

is strong evidence in support. of the view that the physical

agents set up slow secondary chemical changes and the time-

' action curves indicate the rate at which these secondary changes

occur. This fact is almost self-evident in the case of destruction

of bacteria by drying; for in this case death must be. due to
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174 MODE OF ACTION OF DRUGS ON CELLS

loss of water. The destruction of bacteria by heat also shows

a striking similarity to the heat coagulation of proteins. Chick

and Martin (1910-12) studied the heat coagulation of proteins

and concluded that the action proceeded in two stages, namely

a chemical process of denaturation which was followed by a

physical process of agglutination, and they found that the

latter process was much more rapid than the former. Chick

and Martin (1910-12) and Hartridge (1911) showed that the

process of denaturation of proteins followed accurately the

' course of a monomolecular reaction. â€¢

The destruction of protoplasm by heat therefore resembles a

chemical reaction rather than a physical process. Rahn (1931)

htts analysed the results of Reichenbach (1911), Kijkman (1912)

and of Sattler (1928), who all studied the destruction of

bacteria by heat and found that out of 04 curves 14 showed

a constant death-rate (logarithmic curve), 08 showed a decreas-

ing death-rate (sigmoid curve) and 12 showed an increasing

death-rate.

Henderson Smith (1923) found. a difference in the time-

action curves of botrytis spores killed by phenol and by heat.

In the first case he found a progression from sigmoid to log-

arithmic curves, and in the second case he found that all the

curves were sigmoid. This distinction has not been found by

other workers. for logarithmic death-rates have been found

as frequently with heat as with drugs. Moreover, slow

destruction with heat gives sigmoid curves and rapid

destruction with heat usually gives logarithmic curves.

The first question is whether the fact that the heat coagula-

tion of proteins happens to follow the monomolecular formula

is proof that a monomolecular reaction occurs. The literature

of colloidal chemistry shows that die-away curves occur very

frequently in such systems. For example, Clatm (1910) found

that the precipitation of aluminium hydrate sol by potassium

chloride gave curves of which two att) shown in Fig. 42. Weak

concentrations of KC'l gave sigmoid time-action curves and

stronger concentrations gave curves which show a fairly

accurate linear relation when log. survivor is plotted against

time (Fig. 42, inset). Logarithmic relations are particularly

likely to occur in such a process as precipitation of proteins

because the rate is probably regulated by the diffusion of water

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



THE SIGNIFICANCE OF TIME-ACT'ON CURVES 175

from one phase to another, and the kinetics of a diffusion

process resemble those of a monomolecular reaction. The

fact that heat coagulation of proteins follows a mouomolecular

curve does not therefore prove that it is a monomolecular

reaction and still less does it prove that the heat death of

bacteria is due to such an effect.

The destruction of cells by radiations is a more difficult

tz

14

0 100 Mm. 0 100 ZOO Mm.

Fig. 42.â€”Time-action curve of the coagulation of a aol of Al(OH), by

KC1.

ABSCISSA : time in minutes. OHDINATK : increase m viscosity.

In.irt shows logarithm (maximum viscosityâ€”viscosity obwrved) plotted

against time.

CUHVE A. 80 m.molar KC1.

CruvE B. 60 m.molar KC1. (Qann. 1916.)

. subject than destruction by heat because the action of radia-

tions is steadily cumulative and hence equilibrium studies

cannot be obtained. The only curves available are those

relating amount of exposure (intensity X duration) with effect.

The Bunsen-Roscoe law states that the same photo-ohemioal

effect will be produced however the intensity and duration

are varied as long as the product \.t remains constant. This

law is approximately true over a considerable range in the case
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176 MODE OF ACTION OP DRUGS ON CELLS

of biological effects. ('onsoqucntly the curves relating exposure

and effect cttn In- regarded as either concentration-action or

UH time-action curves. If the duration of exposure is short

in comparison to the time that elapses before the biological

Hied uppcars then the curves obtained resemble concentration-

action curves, but if (he duration of exposure lasts until the

action appears then the curves resemble time-action curves.

The interesting [mint is that these curves show a remarkable

similarity to the time-action curves obtained with drugs.

Sigmoid curves are obtained when the rate of action is slow

either because the intensity is weak or the resistance of the

cells is high. Curves approximating to a logarithmic form

are obtained when the action is rapid.

The mode of action of radiations on living cells raises so many

import ant and controversial special problems that it is discussed

separately in Chapter XI1. There is, however, a general

agreement that time-action curves show the same range of

forms whether the lethal agent be radiations, heat or drugs.

The Implications of the Monomolecular er Quantum

Theery of Cell Destruction

This theory was ftrst advanced by Henri (l9Oft) for drugs

and Was later advanced by Bluu and Altenburger (1922) for

radiations. It postulates that death of a cell is produced by

a small number of discrete events. Death produced by one

event will result in a logarithmic time-action curve, and by

a few events in sigmoid curves.

Curie (l1Uit) and Rahn (I'.t.'itt) have calculated the curves

that express the deaths in a population when death is due to

a few discrete events. When the logarithms of the survivors

are plotted against time the following curves are obtained.

When death is due to one event: a linear relation starting from

7.ero time, e.g. Fig. 40, curve H. When death is due to two

or three events : an initial periixl of lag followed by a linear

relation, e.g. Fig. 41, curve A. When death is due to several

events (10 or more) : a long period of lag followed by a steep

fall. When the number of the survivors is plotted against time

these curves show every gradation from the logarithmic to the

steep sigmoid form.

These formulae provide curves of such a wide variety of shape

that almost any time-action curve can be fitted by them. They
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THE SIGNIFICANCE OF TIME-ACTION CURVES 177

also provitb excellent fits for many â€¢â€¢uses in which the formula

can have no meaning. For example they fit curve A in Fig. 41

which measures the rate at which hu-molysis occurs aftet' tho

radiation has ceased and hence cannot possibly measure the

rate of absorption of quanta. This is an example of the fact

that quantitative biological data often are fitted approximately '

by formulae that have no theoretical significance.

The chief postulates of Henri's theory are as follows :

1. That cell populations may btt regarded as uniform.

2. That death is produced by a few molecules of drug or a

few quanta of radiant energy.

3. That the action of drugs or of radiations is non-cumulative'

and that a cell is unaffected until the lethal event

occurs.

These consequences of the theory were pointed out by Brooks

(Kilil) in the following words: "The acceptance of such an

explanation makes it necessary to assume that loss of viability

like the breaking up of a single molecule of saccharose during

inversion takes place in a single step ; in other words, that the

disinfectant cannot have any cumulative effect on the viability

of individual cells." The mere statement of these postulates

appears to tho writer to constitute a r&lucio cul ubsurdum.

Variation is one of the fundamental laws of living material ;

every population of organisms shows extensive variation and

the variation of unicellular organisms is certainly as great as

that of larger organisms. The conception of death being due

to a few .molecules of drug is opposed to the quantitative

evidence available, for this proves that in most cases a single

cell fixes millions of molecules of the drug. *

It is equally absurd in the case of radiations, as .is shown

by the work of Wyckoff. This worker studied the action of

radiations on B, coli and obtained logarithmic time-action

curves. He first studied cathode rays (Wyckoff and Rivers,

1930), and then X-rays (Wyckoff, 1930), and interpreted the

results as proving that each bacterium was killed by a single

quantum. He next studied ultra-violet light (1932) and

obtained the same curves, but in this case he measured the

radiant energy absorbed by the bacteria and found it to be

. 136.300 quanta per second. The acceptance of the quantum

theory implied that only one quantum out of 4-19 X 10' that

M;A.D. N
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178 MODE OF ACTION OF DRUGS ON CELLS

were absorbed produced an effect. He regarded this result

as too improbable to be accepted and concluded that his

experiments provided a striking example of the pitfalls that

attend efforts to give detailed interpretations of biological

reactions, even when quantitative data are available.

A more general objection to the quantum or monomoleoular

theory is that it bears no relation to the known laws of pharma-

cology. Most drugs when they act on cells produce a graded

resixUtso, and direct evidence has been advanced (Chapter VII)

that drugs can produce graded actions on single cells. In

the case of a largo number of drugs it is highly probable that

they act on the cell surface.' For example, in the case of

miponin haemolysis there is evidence that the red blood-

corpuscle bursts when the cell-wall has been weakened by the

adsorption and subsequent chemical action of about 100 million

molecules of saponin. The monomolecular theory states that

this process of adsorption has nothing to do with haemolysis,

but that this event is due to a single molecule which happens

to hit the vital point of the cell and that the chances of such

a collision are equal whether or no any other molecules of the

drug have been fixed.

One minor dilliculty is to conceive of the site of the vital

8pot in the cell which is destroyed by the single event. As

regards the cell surface there is evidence for the existence of

active patches, but these must be numbered at least in thou-

samls per cell. As regards the interior of the cell the experi-

ments of Chambers show that many drugs when injected inside

the cell fail to produce their typical action. In the case of

nucleated cells it is possible to postulate a vital centre in the

nucleus, but this hypothesis involves the assumption that

luemolysis of a non-nucleated mammalian erythrocyte is a

process of a different'nature from the haemolysis of a nucleated

bird's erythrocyte.

The quantum theory of radiations is equally irreconcilable

with data regarding graded actions. It will be shown that the

most probable theory regarding the action of visible light on

the retina is that it produces a primary reversible photo-

chemical process. The relation between intensity of stimulus

and response is graded with extreme accuracy over an amazing

range of light intensity. This can only be interpreted on the
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THE SIGNIFICANCE OP TIME-ACTION CURVES 170

assumption that tin-re is some close relation between the

amount of light arrested in the retinal cells and the amount of

chemical change produced. In the ease of light of somewhat

shorter wave length acting on bacteria, we arc naked to believe

that millions of quanta are absorbed by a bacteria but produce

no action except in the case of one quantum and that this

produces death. Henri's theory is in fact completely inooni-

put iMe with the greater portion of the science of quantitative.

pharmacology. AH soon as its implications are thought out,

insuperable objections are met in every direction. On the other

hand, the only reason for its adoption is the fact that it pro-

vides a fairly accurate interpretation for a number of curves.

The writer has provided numerous examples of the fact that

quantitative biological datu are characteristically promiscuous

as regards their relations to formulae, and that very frequently

formulae which are quite meaningless tit data in an excellent

manner. The application of the quantum formula shown in

Fig. 43 is a typical example of this fact.

Since the whole of the quantum argument depends on the

fitting of certain curves by certain formulae, it appears to the

writer to be a valid test to see what kind of fit these formulae

give to curves in cases in which the formulae can have no

possible meaning. Kuhn (1930) has calculated the curves

obtained when death is caused by the occurrence of a small

number of discrete events. For the COHO of two discrete events

being required to produce an effect Kahn gives the following

formula. Survivors ;:- wf -\- n.mqn~l. (a -initial popula-

tion and m = number inactivated in time n and a â€”I I ) â€¢'â€”'

X s/

proportion of population surviving after time n.) The form

of the curves resulting from this formula when q varies from

0-1 to 0-8 suggests that they will give an approximate fit to

any data depending on a slightly skew distribution of frequency.

The writer tried this in the case of figures given by Greenwood

(l'J(i4) for the variation of the weights of human hearts. Fig.

43 shows that the distribution of the heart weights of 1382

males can be fitted throughout its course with a maximum

deviation of 5 p.c. by the formula: Hearts in excess of

wt

0-5 oz. = 100 n â€” q(n â€” l)g"~1, where n â€” - -jj and q â€” 0-2.
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The funnula therefore gives a curve which approximates

quite closely to the integration of a slightly asymmetrical

frequency distribution. The close resemblance of such curves

to logarithmic curves showing a lag was pointed out by Peters

(1920), who showed that the destruction of colpidium by

mercuric chloride accurately followed a logarithmic course

after an initial period of lag.

The monomolecular or quantum theory of cell destruction

20

2S Oz.

Fig. 43.â€”('hnrm-leristic curve of t !iiâ€¢ vnriiition of the heart weight of

nmh'H found in 13K2 pout morttiinH.

AIIHCISSA : hrurt v. vight in tinncos. Ol(lilNATK : lmr rrnl. uf |Ki|iulatiuu

that uttuinH a given weight.

The rontinuoim lino HiIOWH lhÂ« obHrrvril figuruH and I hit hroknu lino follown

the formula given in tlui text, ((irwnwootl. 1IIIU.) .

has therefore very little solid evidence in its support, and its

application leads to conclusions so absurd that they are difficult

to discuss. One amusing paradox is that the upholders of

this theory regard themselves as the defenders of mechanistic

doctrines against vitalist errors, and yet their implicit trust

in formula1 leads them to a conclusion of an extreme vitalist

ty|H-, namely, that the life of a cell is dependent on some kind

of single archon amongst the millions of molecules of which

the cell is composed.
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THE SIGNIFICANCE OF TIME-ACTION CURVES 181

Time-Action Curves as Expressions of Individual

Variation

Tiie writer finds it simplest to admit the fact that living

cells in regard to their response to injurious agents vary

extensively and also possess considerable powers of resistance.

As regards drug action the whole of quantitative pharmacology

is based on the assumption that then- is some relation between

the amount of drug acting on a cell and the response produced,

and it it* simplest to regard death as the final stage of a graded

injurious process. These assumptions explain the sigmoid

time-action curves obtained with drugs. It is true that many

of these curves indicate asymmetrical distribution of variation,

but there is no particular reason why biological variation

should be distributed with exact symmetry. Francis ( lalton

in 1879 pointed out the likelihood of skew distributions of

variation occurring in biological objects and suggested that

in many cases the geometrical mean and not the arithmetical

mean was likely to give the most probable result.

Two points that require explanation are as follows:

1. Why do logarithmic curves ever occur ?

2. Why do some populations show sigmoid curves under

some conditions and logarithmic curves under other conditions '<

The populations that have been studied can be divided into

two classes, namely, freely growing bacteria and the remainder.

Freely growing bacteria are unsatisfactory material for

quantitative work because such a population must contain

a high proportion of young forms. The age distribution

cannot be uniform and may be of a highly skew character.

There is direct evidence that the response of bacteria to drugs

is influenced by age, and hence it is impossible to decide the

extent to which the individual variation in such a population

is likely to distort a time-action curve.

The study of stationary populations is therefore more profit-

able. Erythrocytes arc unsatisfactory because the time-action

curves of haemolysis express two variables, namely, the rate

of some chemical reaction and the rate of response of the cells,

and hence are more difficult to interpret than such an effect

as the destruction of bacterial sporca, eggs, or protozoa. These

latter classes are therefore the most favourable material to

consider. â€¢ ' . â€¢ '
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182 MODE OF ACTION OF DRUGS ON CELLS

With regard to the occurrence of logarithmic curves in

general the following considerations apply.

In Chapter VI it was pointed out that the action produced

by a drug at equilibrium on unicellular organisms depended

on two processes, namely, the uptake of the drug and the

action of the drug after fixation. The relation measured in

this ease was that between drug concentration and action

observed. and it was shown that unless there happened to he

a linear relation between drug concentration and drug fixation

the individual variation of cellular response in relation to

drug concentration would be almost certainly of a skew type,

and the manner in which an ex|xinential relation could distort

a normal symmetrical variation was discussed.

The simplest case of drug kinetics is when a population is

exposed to a lethal inlluence (drugs or radiations) for measured

times, and at the end of this period the power of the organisms

to survive is estimated. In this case there are two processes

in regard to which individual variation may occur :

(a) Rate of fixation of the drug by the organism ;

(li) The response of the organism to the dose of drug fixed.

If the rate of fixation of the drug is constant, then the

dosage of drug (i.e. drug fixed) will vary directly as the time.

If the cells show a normal distribution of variation, as regards

the effect produced by a given dose of drug, then the cells

will also show a normal distribution of variation as regards

the time taken to produce the action measured.

The writer is, however, unaware of any case in which it

has been proved that the rate of fixation of drugs is constant.

The commonest ease is that the rate of entrance of a drug

into an organism is regulated by diffusion processes. If tho

drug is in excess and the external concentration does not alter

significantly, the rate of diffusion will vary as the difference

between the internal concentration when equilibrium has

been obtained and the existing internal concentration, hence

the curve relating time and the amount of drug that has

entered will be exponential in shape. In such a case if the

cells show a normal symmetrical variation as regards the

amount of drug, that must be fixed before death is produced,

and the amount of drug fixed varies roughly as the loga-

rithm of the time, then the cells cannot show a symmetrical
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THE SIGNIFICANCE OF TIME-ACT1ON CURVES 183

variation as regards the time of exposure needed to produce

death. .

On the other hand, if we assume that the cells vary in

regard to the facility with which they fix the drug, then skew

variations are equally likely. In some cases the relation

between concentration (c) and time (I) is simple, namely,

ft â€” constant. In many cases the relation is much more

complex, for instance in the case of phenol c'Jt = constant. If

the relation between the concentration and the time needed

to produce an action is as complex as this, it seems very

unlikely that a variation in the facility with which cells lix

a drug will be. represented in an undistorted manner by the

time-action curve. Curves of this type cover so many complex

relationships that it is somewhat surprising that symmetrical

sigmoid time-action curves should ever be obtained, and the

logarithmic curves are obviously capable of a considerable

variety of explanations. The writer inclines to the belief that

the true relation between time of exposure and amount of

action is usually a skew sigmoid curve and that symmetrical

sigmoid curves only result accidentally by the summation of

a number of variables. The essential difficulty is to explain

why one system of drugs and cells should give a range of curves

varying from sigmoid to logarithmic when the experimental

conditions are varied.

The condition.i usually observed are that lethal agents at

a feeble intensity give sigmoid time-action curves and that

as the intensity of the agent is increased, the curves

approximate to a logarithmic form. The most probable reason

for this is variation in cellular resistance.

The Influence of Cellular Resistance

Most writers when discussing time-action curves have ignored

the fact that cells arc living organisms and possess considerable

powers of resistance and repair of injury. Gray (1921 and

1932) studied the rate of exosmosis from single eggs of the

trout, and found that feeble toxic agents gave sigmoid time-

action curves, but strong toxic agents produced logarithmic

curves. Gray (1931u) interpreted this effect as the result of

the rate expressing two processes, namely the destruction of

units on the cell surface and the resulting increased diffusion

due to increased permeability. When the toxic agent was
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184 MODE OF ACTION OF DRUGS ON CELLS

strong all the units were destroyed rapidly and the curves

expressed dillusion, which was a slower process, and in con-

sequence were logarithmic in shape. When the toxic agent

was weak the curves expressed both the variability of the

protoplasm and the effect of a falling osmotic gradient between

the inside of the egg and the external solution, and hence a

sigmoid curve was obtained (cf. Fig. 61).

The simplest assumption that explains the facts is that the

rate of entrance of a drug into the various individuals in a

population of cells, or the rate of injury of cells by heat or by

radiations, are all fairly uniform, but that the cells vary

extensively regarding their power of repair.

This theory postulates a minimum intensity of injury at

which the injury is balanced by the repair and the cell survives

indefinitely although it may be unable to grow or reproduce.

A threshold concentration of this type is always found in

practice. Numerous examples of such thresholds for drugs

were given in Chapter V. As regards heat, Henderson Smith

(1t(23) pointed out that in the case of botrytis spores every

gradation of action could be produced between the temperature

of optimum growth and of instantaneous destruction, and

that at some temperature about 26Â° C. injury and growth

were approximately at a balance,

The change from sigmoid to logarithmic time-action

curves when the intensity of the lethal agent is changed from

moderate to strong can be explained along these lines. The

cell membrane may be supposed to be capable, of resisting

the entrance of a drug such as phenol. As long as the resistance

is maintained the drug enters slowly, but above a certain limit

the membrane is destroyed and the drug enters more rapidly.

With moderate concentrations of drug a sigmoid curve will

be obtained that expresses the variation in the power of the

cell membranes to delay the slow entrance of drugs. Above

a certain concentration this resistance is swamped in the case

of the less robust portion of the population and these are

killed almost instantaneously, whilst the more resistant forms

still follow the latter portion of the sigmoid curve obtained

with moderate concentrations. . â€¢ â€¢. â€¢

Another deviation from symmetry is to be expected when

the intensity of the lethal agent approaches the non-effective
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THE SIGNIFICANCE OF TIME-ACTION CURVES 185

limit ; such ltmits exist for nearly all drugs and radiations and

prove that the living cell has powers of resistance and repair.

When a drug is below a certain concentration its rate of action

will depend on the difference between its rate of entry and

the rate of repair processes in the cells ; consequently the more

resistant portion of the population will show an extreme skew

distribution of their rate of death. Such phenomena have

40

60

8O Mm

Fig. 44.â€”The rate of progress of a diffusion process,

â€¢ ABSCISSA ; time in minutes. ORDINATB : per eunt. of gas absorbed. Tho

curves show thu rate of absorption by 4 c.c. of (M molar NaOH of carbon

dioxide liberated in a largo container. In one case (A) the container was

shaken continuously and in the other case (B) occasionally.

The insnt shows the logarithm of the per cent. of gas unabsorbed plotted

against time. (Clark. Unpubl. results.)

been frequently reported in the case of destruction of cells by

radiations of low intensity.

Finally it may be pointed out that logarithmic and sigmoid

time-action curves can be obtained in very simple systems by

slight variations of the conditions. The curves in Fig. 44 show

the effect of lag on a diffusion process in a very simple chemical

system, namely, the uptake of carbon dioxide by sodium

hydrate. When diffusion was accelerated by shaking the

system an exponential curve (curve A) was obtained which..

showed an approximation to a linear relation between time
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186 MODE OF ACTION OF DRUGS ON CELLS

and the logarithm of the unabsorbed gas (curve A, inset).

When the system was not shaken a sigmoid curve was obtained

(curve H), and this showed an initial lag followed by a linear

logarithmic relation (curve B, inset).

In this case the nature of the lag that causes the sigmoid

curve is obvious, but in other simple systems logarithmic

and sigmoid time-action curves may both occur and the reason

for the difference may not be apparent, even though the system

is far simpler than the simplest living cell. For instance,

C.Jann (1'JI0) measured the rate of coagulation of aluminium

hydrate sol by potassium chloride and obtained the results

nbmvti in Fig. 42. Weak solutions of potassium chloride

gave sigmoid curves, whilst slightly stronger solutions gave

exponential curves. Froundlich discussed the theoretical sig-

nificance of this work in a note added to the paper but did

not attempt to explain the variation in the shape of these

time-action curves. This- caution forms a striking contrast

to the confidence with which sweeping deductions have been

drawn from curves of similar shape obtained with infinitely

more complex systems.

Summary of Evidence

As already stated, there is a remarkable uniformity regarding

the time-action curves obtained with drugs, heat and radiations

on a wide variety of cell populations.

When death proceeds slowly cither because the lethal agent

is weak or the cell is resistant, then obvious sigmoid curves

are obtained. When death is accelerated the sigmoid curves

become steeper. In a few cases symmetrical sigmoid curves

have beon obtained, but in the vast majority of cases the

curves are asymmetrical, with a long " tail " of highly resistant

individuals. In most cases the more intense the lethal agent

the greaier is the skewing of the curves, and in a considerable

proportion of- cases rapid lethal effects follow fairly exactly

a logarithmic curve. The most careful workers agree that

in many cases there is a definite change from sigmoid to

logarithmic shape in the curves given by a single type of

population when the intensity of the lethal action is increased.

Such u phenomenon cannot be explained in any simple manner

by cell Variation and therefore it has been necessary to consider

carefully the alternative theory of monoiuolecular or quantum
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THE SION1F1CANCE OF TIME-ACTION CURVES 187

action. It has been shown that the adoption of such a theory

produces difficulties in all directions, because it is opposed

to all the evidence of quantitative pharmacology. The writer

has put forward alternative hypotheses that do not involve

any wildly improbable assumption*. The truth is that there

are so many unknown variables in a system containing living

cells that it is usually possible to find several alternative

explanations for any particular set of curves without any

serious violation of probabilities.

The monomolecular and quantum theories of cell destruction

have an attractive simplicity. This simplicity is however in

itself absurd, for it involves the assumption that the response

of living cells is simpler than is that of relatively simple colloidal

systems. The chief objections to this theory are, however,

that it is opposed to so many of the known laws of biology

and of pharmacology.
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CHAPTER IX

VARIOUS THEORIES REGARDING DRUG ACTIONS

The Potential Theery of the Actions of Drugs

Quantitative pharmacology is founded on the assumptions

that drugs act by entering into a chemical relation with certain

receptors in the colls and that there is some simple relation

between the amount of drug fixed by these receptors and the

action produced. These postulates are however denied by

one of the best known of the theories of the mode of action

of drugs, namely the potential theory of drug action advanced

by Straub. Straiib's original expcriments dealt, with the action

of drugs on the heart of aplysia. He first (1903) studied the

action of veratrin and found that the action produced varied

as the amount of alkaloid entering the heart. In the case

of muscarine (1907) he found that the drug produced an im-

mediate inhibition but that the heart recovered after. a few

hours, although it was still in contact with the drug. He

showed that the drug was not destroyed and was present in

both the heart-tissue and in the pcrfusion fluid. Moreover,

the heart had acquired a tolerance that could be demon-

strated by further addition of the drug. On washing out the

drug. however, its action again reappeared during the process

of wash-out. The heart of torpedo behaved like that of

aplysia, but very little tolerance could be demonstrated in the

frog's heart. ' . .

This last observation I have confirmed in the case of acetyl

choline acting on the frog's heart. In this case the following

variations in sensitivity are observed. At the commence-

ment of an experiment the heart is relatively tolerant of the

drug, its sensitivity increases rapidly after two or three doses.

have been given, and after this the sensitivity remains fairly

constant. A moderate dose of the drug produecu its greatest

effect a minute or two after administration, and this iÂ» followed

180
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190 MODE OF ACTION OF DRUGS ON CELLS

by a slight recovery, after which the action of the drug remains

almost const ant for hours. The heart can, however, break

down the drug and hence, unless the fluid is changed frequently,

an apparent recovery will occur.

Straub explained his results on the theory that the action

of drugs depended on a potential gradient between the con-

centrations of the drug outside and inside the cells. The

aplysia heart was permeable to muscarine and when the drug

attained a certain concentration inside the heart the action

ceased. Washing out the drug again established a potential

difference and hence the drug again produced an action.

Straub found that muscarine did not penetrate the frog's

heart, a conclusion I have confirmed with acetyl choline, and

ho attributed the continued action of the drug to the con-

tinued maintenance of a poteniial difference. The theory of

poteniial action of drugs therefore postulates the following

behaviour in tissues exposed to the drug. If the drug cannot

enter the cell, then it will continue to produce its action

as long as its concentration outside the cell is maintained.

Presumably the same thing would happen if the drug were

broken down as rapidly as it could enter the cells. The action

of acetyl choline on the frog's heart can be taken as an example

of this type of action. If, however, the drug can enter and

attain a concentration within the cells, then the action it

produces passes off when a certain internal concentration has

been attained, and the tissue becomes tolerant to the drug.

When the drug is removed from the fluid around the tissue ji

fresh poteniial difference is established and a fresh action of

the drug is produced. Hence wash-out of the drug produces

the same effect on the tissue as does introduction of the drug.

Straub himself did not suggest that the theory of potential

action was a general theory of drug action, for indeed it did

not explain the results ho had pteviously obtained with vera-

trin, and it is obvious that this theory cannot explain a large

number of drug actions. For example narcotics can maintain

their action for days and yet they freely enter the cells.

A number of writers have tried to demonstrate the acquisition

of tolerance to narcotics by isolated tissues, but the bulk of

the evidence is negative. Kuno (HIM) reported some habitua-

tiun, Ransom (192O) found no certain tolerance, Kochmann
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VAKIOUS THEORIES REGARDING DKUG ACTIONS 191

(1921) reported some immunity in unicellular organs, Hocht

(1926) stated that the isolated rabbit's gut gradually recovered

in Ringer's solution in presence of 0-5 p.c. ethyl urethane;

Haflner and Wind (1920) found that tadpoles showed some

s|Hlntaneous recovery when immersed in most narcotics but

attributed this to some non-speeifie biological adaptation of

the organisms ; Wind (1926) found no spontaneous recovery

or tolerance in frogs' hearts exposed to narcotics except that

there was a. slight recovery with urethane. Cattell (1927)

found that the isolated frog's heart became quickly habituated

. to weak ether solutions. 1,cm lie (1927) exposed frogs to

alcohol for prolonged periods. He found that the isolated

hearts of alcoholized animals were just as sensitive.to ethyl

alcohol as were the hearts of normal frogs. (Jraham (1929)

studied the action of ether, 'nitrous oxide and acetylene on

the frog's sartorius and found a slight â€¢ tolerance. This was

not specific to the individual narcotic and was ascribed to

physico-chemical and colloidal changes in the muscle possibly

brought about by the increase of lactic acid in the muscle

under the influence of narcotic.

Pantin (1929) recorded the effects of many drugs on anm;b;e,

which are so resistant that they can recover after being left

for days in presence of drugs.- Wash-out experiments indicated

that the drugs entered the cells because recovery was slower

afier paralysis with strong than with weak concentrations in

the case of such drugs as cyanides. There was, however, no

evidence in the case of alcohols or cyanides of any tolerance.

In the case of sodium sulphide at one concentration (10~4

molar) a recovery was recorded which appeared to be an

. example of potential action, but I'antiu showed that this was

due to a pariial oxidation of the drug in the sea-water.

The writer has made unsuccessful attempts to demonstrate

tolerance to ethyl urethane and ethyl alcohol in the isolated

frog's heart. There are numerous sources of error which lead

to a loss of the drug, but if these are excluded no certain

tolerance can be demonstrated. The summary given above

hardly indicates the nature of the evidence obtained by previous

workers, for they were interested in the problem as to whether

any demonstrable tolerance occurred or not and the effects

they recorded as indicating tolerance were in most cases very
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192 MODE OF ACTION OF DKUGS ON CELLS

small. The potential theory of drug-action postulates how-

ever that marked tolerance should occur when the cell is filled

with the drug and such an effect has never been obtained with

narcotics.

On the other hand, the entrance of narcotics into a cell

probably takes longer than the time needed for narcotics to

produce their maximum action, for this may be only 5 seconds

(1'ickford, 1927).

Miller (l!!-'7) showed that Amwha dubia when immersed

in a solution of narcotic was narcotized but that narcotics

injected into the amoeba did not produce narcosis. The

. narcotic therefore appears to act on the cell surface and also

to diffuse into the cell, but its narcotic action is due to its

surface action and any drug that enters the cell ceases to have

' an action. This is probably true of many other drugs and

will explain some of the facts advanced to support the theory

of potential action.

Cook (1t)26) showed that methylene blue produced two

independeni actions on the frog's heart, for the dye rapidly

produced a surface atropine-like effect which inhibited the

action of acetyl choline and it also slowly penetrated and

stained the heart. The heart when deeply stained could be

rendered sensitive to acetyl choline by washing out with

Ringer's fluid free from dye. A potential action could there-

fore be mimicked in this case by using a small amount of

(x-rfusion lluid, for under these conditions the dye would be

removed from the fluid and would enter the heart, and once

it had entered the heart it would cease to produce its specific

atropine-likc action. This c.\periment is inconclusive because

the introduction of methylene blue in the perfusion fluid can

produce its specific action on a heart deeply coloured by the

dye. The example shows, however, that many of the pheno-

mena adduced as evidence of potential action can be explained

as due to two processes occurring : (1) the drug producing a

specific surface action, and (2) the drug entering the cells and

ceasing to produce an action after it has entered.

The theory of potential actions has found many supporters,

for it explains in a simple manner the transient effects produced

by man}' drugs. In the case of adrenaline transient actions

have been observed by several authors in intact animals.
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VARIOUS THEORIES REGARDING DRUG ACTIONS 193

Weiss and Harris (1904), Ehrmann (1905), Meltzor and Meltzer-

Auer (1903), all showed that when adrenaline was injected

intravenously the rise of blood-pressure ended before the

adrenaline disappec-red from the blood-stream. Kretschmor

(1907) showed, however, that a continued rise of blood-pressure

could be produced by continuous injections of adrenaline.

Transient effects on isolated plain muscle have been observed

in the case of adrenaline and many other drugs. Meyer (1908)

was one of the first to note this effect in the case of adrenaline

acting on arterial strips. Knyser and Wijsenbeck (1913)

found with the isolated cat's gut that exposure to a high

concentration of adrenaline produced a tolerance to further

doses that persisted after the original dose had been removed

and the gut had apparently recovered its normal activity.

A variety of authors have reported wash-out effects produced

after adrenaline has been applied to isolated organs. There

is indeed a whole literature describing the â€¢ polyphanic effects

produced by drugs such as adrenaline and pilocarpine on

isolated plain muscle, particularly the rabbit's intestine.

Neukirch (1912) noted that a largo dose of pilocarpine pro-

duced an initial stimulation of the isolated gut, that. this

stimulation passed off after prolonged exposure to the drug,

.but that wash-out caused a second powerful stimulation.

Trendelenburg (1912) noted the same effect when pilocarpine

acted on isolated bronchial muscle. Similar effects have been

described by Jendrassik and his co-workers for a wide variety

of drugs (1924-6). Wertheimer and Paffrath (1925) and

Paffrath (1931) put forward figures to prove that the pharma-

cological activity of choline compounds is inversely propor-

ttonaTto the rate at which they diffuse through living tissues.

All those who have studied isolated plain muscle are well

aware of the extreme ease with which results such as those

described above can be produced by experimental errors.

Various authors have shown recently that many of the so-

called potential actions are in reality due to experimental

error. Fritz (1928) showed, for instance, that the adrenaline

recovery of isolated gut was due chiefly to breakdown of the

drug, and that the effects frequently recorded on wash-out

were due to temperature alterations. He concluded that

potential effects were chiefly a summation of exjierimental

M.A.D. ' o

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



194 MODE OF ACTION OF DRUGS ON CELLS

errors. Keni/. (1929) made an exhaustive study of the phaaio

actiortH of drugs, and particularly of the actions of local

ano-sthctics on frogs' blood-vessels. He concluded that plain

ntuKclcB very frequently gave complex polyphasic responses

to drugs and that only a few of these responses could be

explained by the potential theory of drug action. Nanda

(1931) showed that apparent potential actions could readily

lte produced by imperfect experimental technique such as

heavy isotonic level's. In particular Nanda showed that in

the case of acctyl choline, pilocarpinc and adrenaline it was

quite easy to record actions as transient when with other

methods of recording the action was shown to be maintained

nearly uniformly for a prolonged period. Finally, in respect

of the response of plain muscle to drugs it must be remem-

bered that Winton (1930) showed that this was a complex

structure containing two mechanisms which ho termed the

phasic contractile and the postural contractile mechanisms.

In consequence of the presence of these two mechanisms a

simple mechanical or electrical stimulus can evoke a response

that is. apparently polyphasic.

The writer considers the. following to be a fair summary

of the evidence available. Strand was correct in his conclusion

that in many, if not most cases, drugs outside a cell have an

action quite different from the action of drugs that have

entered a cell. The action of potassium ions is the most

striking example of this fact, for the ratio of their concentra-

tions inside and outside of muscle-cells is about 30 to 1. A

four-fold increase or reduction of the outside concentration

is however sufficient to paralyse the frog's heart. The writer

interprets this as due to the fact that drugs produce their

action by entering into combination with receptors on the

cell surface. In certain but not all cases the entrance of a

drug into a cell renders the cell tolerant to the drug. Tliis

is not true in the case of narcotics but appears'to hold in the

case of muscurine acting on aplysia heart. Ing and Wright

(1931) have shown that this effect occurs in the case of am-

monium chloride and quaternary ammonium salts acting in

high dilutions. These drugs produce paralysis on frog nerve-

muscle preparations, and in the case of ammonium chloride

full action (0O |ter cent, inhibition) was produced in 10 minutes,

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



VARIOUS THEORIES REGARDING DKUft ACTIONS 195

but even when I lie tissue was kept immersed in the drug

soluiion n very considerable recovery occurred after an hour.

With the quaternary ammonium salts full action occurred in

an hour and recovery after four hours, in these cases errors

duo to drug destruction were avoided by frequent changes

of the solution.

Uautrelet and Baigy (1927) noted that when an isolated

piece of rabbit's gut was exposed to a weak concentration of

adrenaline it recovered after a short time and was then in-

sensitive to further doses of adrenaline until it had been

thoroughly washed out with Ringer's solution. Many other

writers have noted that the administration of a feeble con-

centration of such specific drugs as adrenaline and acetyl

choline renders tissues less sensitive to the further addition

of larger doses. These curious tolerance effects undoubtedly

occur although only with some drugs and only over a limited

range of concentrations.

The writer has no explanation to offer regarding the mechan-

ism by which this tolerance is induced, but it appears to him

to be unreasonable to base a complete theory of the mode

of action of drugs on these somewhat rare and irregular effects.

The potential theory of drug action moreover involves un-

desirable assumptions in that it postulates a mode of action

unlike anything known in physical chemistry.

Arndt-Schulz Law

Martius (1923) has given a history of this law. In 1885

Rudolf Arndt. put forward the suggestion that if a weak

stimulus excites an organism, then any drug in sufficiently

weak dose ought to do this also. This suggestion was developed

by Schulz, who had leanings to homoeopathy. The generalized

form of the law is :

" Weak stimuli excite, medium stimuli partially inhibit and

strong stimuli produce complete inhibition."

Such a law will obviously hold good in a large number of

cases because any drug which acts as a stimulant in therapeutic

doses will produce paralysis and death if given in. sufficiently

large toxic doses. Bier lent his authority to this " law,"

but many pharmacologists have pointed out that it expresses
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198 MODE OF ACTION OF DRUGS ON CELLS

no general truth. It is interesting to note that no trace of

evidence in support of such a law can be found in the case

of the majority of drugs. For example, acetyl choline produces

a graded action that can be followed over a 10,000-fold range

of concentration, in some tissues it produces an inhibitory

and in others a stimulant action, but in any one case the

action i.s of the same nature throughout the whole range of

effective concentrations.

As in the case of potential actions, evidence in favour of

this law can easily be obtained from experimental errors. '

For example, some alcohols first stimulate and then depress

the isolated frog's heart, but the first effect only occurs in

the case of alcohols which are applied in concentrations suffi-

ciently high to produce a disturbance of osmotic pressure,

and the apparent stimulation is probably due to this non-

)pwcific effect. Handovsky, du Bois-Reymond and von

Strauty. (1923) showed that histamine in low concentrations

accelerated the growth of a protozoon Balantophorus minutus

and killed it in higher concentrations. This appears to be an

excellent example of the Arndt-Schulz law, but the authors

showed that this action was due to the release from the dead

bodies of a growth-stimulating substance, which they termed

nccrotine. Low concentrations killed a few cells and thereby

stimulated the rest, whilst higher concentrations killed all the

cells. These results were confirmed by von Strantz (1927),

who found that the first action of histaminc on paramoecia

was to cause a partial destruction of the population, and

that this was followed by an acceleration so great that the

poisoned cultures outstripped the controls.

The action of poisons on yeast fermentation was adduced

by Schulz (1888, 1907) as an example of the Arndt-Schulz

law. Dannenberg (1930) examined the action of phenol,

quinine and mercuric chloride on yeast and found that it was

very easy to get any apparent stimulation with minimum

concentrations, but that these effects disappeared if sufficient

care were taken to exclude experimental errors.

The discussion on potential action has indicated the wide

possibilities for obtaining polyphasic actions in isolated plain

muscles, and by an intelligent selection from such evidence

it is of course easy to produce plenty of evidence for the
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VARIOUS THEORIES REGARDING DRUG ACTIONS 197

Arndt-Schulz law. There is, however, no serious reason for

supposing that any such general law exists. The general law

that covers most of the evidence adduced in support is that

complex systems usually give polyphasic responses to drugs.

The Weber-Fechner Law

Concentration-action curves in the case of many drugs,

including hormones, follow approximately the relation that

action varies as the logarithm of the concentration. This

is often instanced as an example of the operation of a more

general law that is termed the Weber-Fechner law. This law

was put forward to explain the discrimination of sensory

stimuli and can be stated shortly as follows.

If I and I -|- AI are the intensities of any two sensory stimuli

that can just be distinguished from each other, then the

relation AI/I remains constant over wide ranges of intensity

of stimulation. Hence there is a linear relation between the

amount of response of a sensory organ and the logarithm of

the intensity of the stimulus. An account of the history of

this law is given by Hecht (1931) from which the following

details are taken. Bouguer (1760) first noted the constant

relation AI/I in the discrimination of intensity of illumina-

tion. Weber (1835) showed the constancy of the relationship

for estimation of weight and for discrimination of thickness

of lines. Fechner (1858) regarded the constancy of this rela-

tion as.a general law of psycho-physics, and made it the basis

of speculations in psychology and philosophy. Very soon

after Fechner's popularization of this general law Helmholtz

(1866) showed that it was inaccurate since the relation AI/I

was not constant in the case of vision, and at the same time

Aubcrt (1865) published data for visual discrimination which

showed the inconstancy of this relation and thcse results

have been fully confirmed by several other workeiN. Fig. 45

shows the results obtained by Koenig and Brodhun (1889),

and it will be seen that the relation AI/I is not even approxi-

mately constant, but is highest with the lowest measurable

intensities, falls to a minimum as the intensity increases and

finally rises slightly with high intensities. Similar results

were obtained by Hecht (1931), who studied the response of

Mya to light.

Houston (1932) reviewed the literature of this subject and
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198 MODE OF ACTION OF DKUGS ON CELLS

showed that the results of previous observers agreed in proving

thul the ratio AI/I was not constant but varied in the manner

shown in Fig.. 45. He also expressed these results as the

reciprocal of AI/I, namely I/AI, and found that this value

plotted against log I gave a bell-shaped curve that was fitted

exactly by the Gaussian formula j/â€” e"*"/*. Investigations

of his own on the discrimination of the intensity of mono-

chromatic lights gave the same results as those obtained by

0-7

01

0001 001 01 I 10 100 1000 10000 1000001000000

Fig. 45.â€”Tho retation botweon the intensity of illumination and the

threshold of discrimination.

ABHOI88A : iniciwity o!' illumination (I) on logarithmic scale. OBDINATB :

AI

CURVB II. Wave-iongth of light 5750 A to 6700 A.

tVnvB 111. \Vavo-lcngth4300Ato5050A. (KoenigandBrodhun. 1888.)

previous workers. He calculated from this curve the relation

between sensation (S) and log I, and found that it followed

a sigmoid or railway curve. The writer found that an approxi-

mate fit was given to this curve by the formula I8'5 â€” "PUTe*

Tho possible significance of this curve is discussed in Chapter

XII. The point of immediate importance is that Houston's

results confirm the conclusions of other authors in showing

that the ratio AI/I is not constant but changes continuously.
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VARIOUS THEORIES REGARDING DRUtJ ACTIONS 190

A |H i ii-.ii of the literature >lmu - that the Weber Fochner

law baa been found to be untrue in moat case* in which it

ban been tested carefully. In all of the investigations men-

tioned below the figures obtained show that when AI/I is

plotted against log I a U-shaped curve is obtained of the

general shape of that shown in Fig. 45.

Tin.- was found to hold true for the relation between drug

concentration and taste sensation as measured by Keppler

(18ti9) and confirmed by Fodor and Happisch (1922); for

temperature sense measured by Putter (1921): and for hear-,

ing as measured by Kenneth and Thoulcss (1930). In the

case of the sensation of procure Putter (1918) quoted figures

obtained by Stratton, and Houston (1932) quoted unpublished

results obtained by TinmU-" which showed the same relation.

Putter (1918) concluded that the Weber-Fechner law was

completely untrue and that the true relation was that the

threshold of discrimination was an cx|iouential function of

the intensity of the stimulus. The Webcr-Fechner law is

therefore untrue for a number of different sensatiotts, and is

merely a rough approximation that covers a fairly narrow

range of intensity of stimulation.

In the majority of cases the relation found between AI/I

and log 1 agrees with the hypothesis that the relation between

stimulus and effect produced is a hyperbola. This is the rela-

tion to be expected if the stimulus causes some reversible

cliemical change in some substance, which is present in limited

quantities in the sense organs. In the case of .vision there is

a general agreement that this expresses the primary effect

produced by light on the retina. It is also probable that the

sensations of taste and smell depend on a chemical change.

In other cases it is probable that the Webcr-Fechncr law

is true. Matthews (1931) investigated the responKO of single

receptors in frog's muscle and found an accurately linear

relation between the frequency of the impulses excited and

the logarithm of the load in grammes. He concluded that

the sensory stimulus acted by deforming some surface mem-

brane and thereby cause a change in the concentration of ions

at the surface and hence a change in the surface polarization.

The effect produced by a stimulus of such a nature would be

conditioned chiefly by the diffusion away of ions from the
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200 MODE OF ACTION OF DRUGS ON CELLS

surface. The primary effects produced by the stimulus

(weight) ap|iears therefore to be the distortion of the muscle,

and the relation between tension and length at rest in muscles

often approximates to a linear relation between length and

logarithm tension.

The stimulaiion of sensory nerve-endings can be produced

therefore by at least two completely different mechanisms.

In the case of vision the primary effect of the stimulus is a

100

BO

60

-2

lOLogx

Fig. 46.â€” Curves following two different formula3 used to express the

rolation botwoen stimulus (x) and sensory response (y).

ABHCISSA : logarithm of x. OHDINATK : //. .

The continuous line followH the formula : kty - tog.(k,x + 1) ; Jb, â€” (MHO,

Jt, =Â» 5-3.

The broken Hue follows Uui formula kx

y .

\oo-y'

\.

photo-chemical change, whilst in the case of muscle sense the

primary effect appears to be mechanical, namely a distortion

of surface membranes. As far as the sensory nerve-endings

are concerned it is obviously unreasonable to .expect any

constant relation between stimulus and effect in the different

types of sensory endings which are excited by such totally

different mechanisms. Fortunately it is unnecessary to dis-

cuss the psychological or philosophical hypotheses evolved by
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VARIOUS THEORIES REGARDING DRUG ACTIONS 201

Feohner, because in a number of eases the relation between

stimulus and conscious sensation can be checked by measure-

ments of the relation between stimulus and such objective

effects as the currents set up in sensory nerves. On the whole

there has been a rather surprising agreement between the

results derived from subjective sensations anil those derived

from objective measurements of the responses of sensory nerves

to stimuli.

In conclusion it must be mentioned that an approximate

agreement with the experimental figures relating stimulus and

effect can be obtained by a modification of the Wobcr-Fochner

law. If tho formula (A): kty =- log (ktx -f 1) be substituted

for tho formula ky = log x, then the curve shown in Fig. 46

is obtained. It will be seon that between 0 and 80 |ier cent,

of the maximum action formula (A) gives a curve that

approximates very closely to that given by. the formula (IJ):

"" -100-y

It is rarely possible to obtain experimental results ranging

from 0 to 100 per cent, of possible actions and hence either

of tho two formula] mentioned fit most experimental results

equally well. Tho difference between them is that formula

B expresses a probable physico-chemical process, whereas

formula A has no such theoretical basis.
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CHAPTER X

MODE OF ACTION OF HORMONES AND VITAMINS

It can be argued that the study of the mode of action of

hormones and of vitamins is the logical basis for the science

of pharmacology, because these are drugs which the body

employs to regulate its normal activities. The introduction

of other drugs is an abnormal event to the organism, but

in the case of hormones and vitamins we can study the response

of organisms or tissues to a normal form of stimulus. Moreover

by increasing the dosage it is possible to study the nature

of the response produced when the stimulus is increased beyond

normal limits. The hormones and vitamins show certain

common characteristics in their actions. They are capable

of producing an effect at extremely high dilutions. The limit

of demonstrable action in several cases is of the order of less

than one gramme-molecule in 10W litres and the minimum

doses that produce a demonstrable action are correspondingly

small.

Another general characteristic of hormone action is that the

effect produced is not directly proportional to the dose. If

the dose of a hormone is increased .tenfold the increase in the

response is not nearly as great, . but in many cases there is

an approximately linear relation between the logarithm of the

dose and the response. Most hormones produce a graded

action over a wide range of dosage, and in nearly all cases the

action produced is readily reversible and transient. There

is nothing surprising regarding these characteristics of hormone

action. It is indeed difficult to conceive how the body could

regulate its functions by means of drugs with any reasonable

accuracy and safety unless the drug actions. obeyed these

laws.

Our power to study quantitatively the actions produced by

hormones and vitamins is conditioned by the effects they

208
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204 MODE OF ACTION OF DRUGS ON CELLS

produce. There are in fact very great differences in the eaae

of the different hormones as regards the certainty with which

relations between concentration and action can be established.

The ideal method is to find some simple mechanical response

that can be easily measured, can be rapidly produced and can

be rapidly removed. In such a case we have to make one

large assumption, namely, that there is some simple relation

between the amount of drug fixed by the certain receptors in

the cell and the amount of action that is produced. If this

assumption be allowed we can, without making further assump-

tions, establish a considerable number of facts regarding the

mode of action of such drugs as adrenaline, acetyl cholinc,

oxytocin and vasopressin. Unfortunately only a few hormones

produce responses so easy of measurement, for the majority

of hormones and vitamins produce changes in metabolism or

in growth, and in these cases the relation between dosage and

effect is far more difficult to determine.

The easiest response to measure in such cases is the extent

of the maximum change produced at any moment and such

measurements may be termed measurements of intensity of

action. it is, however, more logical to determine the total

amount of change produced, and in this case two factors are

involved, namely, intensity and duration of the action. It

will bo shown that there are numerous special difficulties

associated with the determination of the relation between the

dosage of hormone and the amount of response.

Finally, in the case of vitamins the problem is still more

complex, for in most cases the effect of adding a vitamin to

a vitamin deficient diet is to alter the rate of growth of cells,

and hence the relation between dosage and measurable effect

is extremely obscure.

Acetyl cholinc and adrenaline are the most favourable

hormones on which to study concentration-action relations.

It has been shown in Chapter VII that in both cases concentra-

tion-action curves can be obtained which approximate to a

hyperbola. On the other hand, a number of authors have

concluded that there is a linear relation between the logarithm

of adrenaline dosage or concentration and the action produced,

and this fact has been the chief evidence adduced in support

of the theory that tlrug action follows the Weber-Fechner law.
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MODE OF ACTION OF HOKMONES AND VITAMINS 205

It therefore is worth while to examine in Home detail the

evidence on this point. ,'.

Concentration-Action Curve of Adrenaline

The following authors have given figures which show a linear

relation between the logarithms either of the concentration or

of the dose and the effect produced. Van Loeuwen and lo

Heux (1919) and Murray Lyon (1923) who studied the action

of adrenaline on the blood-pressure of the cat. Anrep and Daly

(1925) who measured the acceleration of the heart in the dog's

heart lung preparation. Launoy (1923) who measured the

action of adrenaline on the blood-pressure of rabbits. The

results obtained by Hunt (lintI) and by Molinelli (1926) on

the blood-pressure of the dog, which are shown in Fig. 36,

prove however that although there is a linear relation between

the logarithm of the dose and the effect produced over a con-

siderable range of dosage, yet this relation does- not hold

outside of certam limits.

In the case of isolated organs Cameron and Mackersie (1926)

concluded that thera was a linear relation between the logarithm

of the concentration and the contraction produced in an arterial

strip, but Wilkie's results with the same system, which are

shown in Fig. 35, prove that in this case also the relation over

the full range of dosage is not linear.

The figures obtained by Hunt and by Molinelli show that

adrenaline exerts a graded action over a range .of dosage

oetween 300 and 100 fold, and their results clearly show that

the relation between the concentration of adrenaline and its

action on the dog's blood-pressure follows a hyperbola.

Wilkie's experiments on carotid strips show a similar range

of dosage, and in this case the results follow the formula

KJC=-â€” . The results on the dog's blood-pressure do

100 â€” y .

not follow this formula but approximate more clearly to the

formula. Kx* = â€” .

100 â€” y

The relation between dosage and response cannot however

be expected to be as exact in an intact animal as in an isolated

organ, for the number of uncontrolled variables is much greater

in the former case. Boothby and Sandiford (1924) state that

there is a linear relation between the logarithm of the concett-

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



206 MODE OF ACTION OF DRUGS ON CELLS

tration of adrenaline and its calorigenic act inn as measured by

the increase in metabolism which it induces. This relation is,

however, influenced by both the intensity of netion and the

duration of maintenance of action, and the significance of such

results will be discussed later. The evidence shows, however,

that the results of those authors who have studied the action

of adrenaline on tin- moat favourable systems and over the

widest range of dosage do not support the general conclusion

that drug action follows the Wcher-Fechher law, a hypothesis

that has been put forward by van Lceuwen (1919), by Cameron

and Maokcrsic ( HUM;), and by Guddum and Hetherington (1931).

Concentration-Action Curve of Acetyl Choline

The evidence regarding the concentration-action curves of

ucetyl choline has already been described in Chapter. VII.

Kx peri n ti-iils upon isolated organs agree well with the

hy|x)thcsis that the concentration-action curve follows a hyper-

bola. In the case of the action of acetyl choline on the blood-

pressure and pulse-rate of the intact cat the evidence is, however,

inconclusive, for the figures would ftt a logarithmic relation

(Clark and White, 1927). .

The relation between concentration and action in the case

of acotyl choline and adrenaline therefore follows the relation

K.X ---- â€¢ â€¢ in tinisc cases in which it is easiest to obtain

exact measurements of this relation over a wide range of

concentrations. The possible interpretations of this relation

were discussed in Chapter Vil, where it was shown that the

simplest interpretation is that the curve expresses the equili-

brium between a drug present in excess that reacts with a

limited number of cell receptors to form an easily dissociable

compound.

There are certain interesting consequences that follow from

this type of relationship between concentration and action.

When the action is less than 10 per cent. of the maximum the

action varies as the concentration, between 20 and 80 per cent.

the action varies as the logarithm of the concentration, and

above HO pcr cent. the action varies as about ^/conc. Con-

sequently very small changes in concentration can modify a

slight action, but a great excess of hormone is needed to produce

a toxic action. This type of relation between concentration
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MODE OF ACTION OF HORMONES AND VITAMINS 207

and action appears peculiarly suitable for drugs produced in

the body for the purpose of regulating vital functions. :

Concentration-Action Curves of Oxytocin and Vaso-

pressin

Cameron and Mackersie (1926) concluded that there was a

linear relation between the logarithm of the concentration of

oxytoein and the extent of the response of tho isolated uterus

of the guinea-pig. Most other workers have found a sigmoid

too

mm

US

ao

60

7

. . . . 05 1-0 TS

Fig. 4?.â€”Concentration-action curvp of tho offect produced by pos-

terior pituitary gland on tho blood-pressuro of a cat.

ABSCISSA : ilose of dry posterior pituitary lobo in mg. |ier kg. OKDINATK :

rise of blood pressure iu mm. Hg. (Hogbon ut ul.. 1924.)

relation between concentration and effect in this system. The

action of vasopressin on the blood-pressure of the decapitated

cat was studied by Hogben et al (1924), who found that the

relation between concentration and action was a steep sigmoid

curve, as is shown in Fig. 47. The results obtained with the

pituitary active principles differ markedly from those obtained

with adrenaline and with acctyl choline. They suggest that

pituitary causes some all-or-none effect in plain muscle-cells.

â€¢|1|u! special interest in these results is that they show how wide
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208 MODE OF ACTION OF DRUGS ON CELLS

u vuriuty of concentration-action curves may be obtained even

in the restricted fteld of the action of hormones upon the

blood-pressure.

The evidence shows therefore that two of the active principles

of the posterior lobe of the pituitary gland, namely oxytocin

and pitressin, produce an all-or-none type of action on plain

muscle and thereby differ from the other hormones.

The Relation between Dosage of Hormones and Amount

of Action

The relation between the dosage of a hormone such as insulin

and the amount of action produced is a problem of great

practical importance. In such a case it is desirable to know

two relations :

(a) Relation beiween dosage and maximum intensity of

action.

(b) Relation between dosage and total amount of action

produced.

For example, the amount of the fall in the blood-sugar and

the incidence of convulsions produced by insulin are measures

of the greatest intensity of the action produced, and are there-

fore similar in nature to those actions of hormones that have

previously been considered in this chapter. On the other hand,

the relation between dosage of insulin and the amount of glucose

metabolized is a measure involving the question of duration

of action, (Jrevensl.uk and Laqucur (1925) have pointed out

that these two types of measurement are quite distinct,

although they have frequently bec'n confused. It is therefore

necessary to consider what types of relations may be anticipated

when the amount of action is measured.

The relation between dosage of alcohol and the amount

burnt in the body is a particularly simple example of measure-

ments of this type. The figures of Mellanby (1919) show that

there is a linear relation between the alcohol dosage and the

concentration in the blood, and that the rate of oxidation of

alcohol is constant as long as the amount in the blood exceeds

a certain minimum. Finally, in the case of alcohol only a

small fraction of the drug given is lost by excretion and nearly

the whole of it is oxidized. Hence the amount of alcohol

oxidized almost equals the amount given, and since the amount

oxidized per hour remains constant, therefore the time required
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to oxidize the alcohol is directly proportional to the dosage.

Moreover, since there is a, linear relation between the concentra-

tion of and the action produced by alcohol, therefore the total

amount of any effect produced by this drug will also be directly

proportional to the dosage.

The simplicity of these relations is very exceptional, and wo

may next consider the relations likely to occur in ordinary

rases. It1 the lirsl place the relation between dosage and

intensity of action usually either follows a hyperbola or else

is logarithmic. Secondly, it Is very rare for an excess of drug

to be reutined in the body. In the case of all hormones except

thyroxin the body either excretes or also breaks down rapidly

any excess of hormone. .

The Duration of Action of Drugs

The duration of the action produced by any dose of drug

depends, in the first place, on the length of time for which an

efficient concentration of drug is maintained in the circulation,

and this depends on the rate at which the drug is eliminated

from the blood. Most hormones are removed rapidly; for

example, acetyl cholino and adrenaline are broken dowu

ferments, whilst .other hormones such as wstrin are

rapidly. The only outstanding exception to this rulev is

thyroxin, which is removed from the body very slowly.

As regards other drugs there are a few, such as digitalis and

the heavy metals, which are removed slowly from the body

and hence tend to produce cumulative poisoning, but the

majority of drugs are excreted rapidly, and as a general rule

the process of excretion follows a die-away curve and there

is an approximately linear relation between the logarithm of

the amount of drug remaining in the body and the time.

The relation between the dosage of atropine and the duration

of the action produced is shown in Fig. 48, and it will be seen

that there is a linear relation between the logarithm of the

dose and the duration of action. This relation implies that

a very large dose is required to maintain an action for a long

period. Fig. 48 shows that a dose of 0-ly produced an action

for 10 hours and that ly produced an action for 50 hours, and

extrapolation indicates that a dose of 10y would be needed

to produce an action for 100 hours. . '..'

Burn (lit.'tl) measured the relation between the dose of

M.A.D. *
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pituitrin and the delay in production of water diuresis in rats.

Hia figures show a linear relation between the logarithm of

the dose and the duration of the action. This relation suggests

that the disap|iearauce of pituitrin from the blood-stream

follows a logarithmic curve.- .

The rate of- excretion of drugs by the kidney is usually pro-

portional to the concentration in the blood, and hence follows

a die-away curve, with, a linear relation between logarithm of

blood concentration and time. -If the breakdown of the drug

happens to be a monomolccular reaction, or an enzyme process,

it will follow much the same curve. In the case of most

hormones, ((rug excess is removed fairly quickly and hence the

10 20 30 40 Hours

Kig. 48.â€”Tin- relation between iin- dosago mi<l the duration of action

of atropino.

AiisrissA : duration of dilatation of pupil in hours. OBDINATE : logarithm

of duHii (in microgrammos) of atrcpino injected intraocularly. (Koppanyi

and Lioberaon. Iicio.) , â€¢ ' .

amount of action produced is likely to be dominated chiefly

by the rate of excretion or breakdown.

The duration of action will therefore vary as the logarithm

of the initial concentration. Moreover, if for the sake of

simplicity we accept the approximation that the intensity of

the action varies as the logarithm of the concentration then

there is a simple relation between dosage, intensity of maximum

action, duration and amount of action. The intensity of

maximum action and the duration will vary as the logarithm

of the dosage, whilst the amount of action will vary as some

multiple of the logarithm of the dosage. If we assume that

the threshold active concentration equals unity and that one

extra unit of dosage is reduced to this threshold concentration
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MODE OF ACTION OF HORMONES AND VITAMINS 211

ill 1 unit of time and produces 1 unit of action, then the follow-

ing relations will obtain: -.'â€¢.â€¢'. '. .â€¢

Intouuity Uurutiun AmSunt

Uiwuge of action ofuntion â€¢ of uctiuit

11 i i :â€¢.:..->.:

5 '. .2-7.2-5 â€¢ â€¢ 6-8

10 3-5 33 116 .;

6ft . 5-7 5-4 30-7

100 : fi-7 0-2 . 416

These relations show certain points of intercut. In the case

considered the intensity of action was assumed to vary as the

logarithm of the concentration, and this relation can be taken

as a first approximation in the case of several hormones, e.g.

adrenaline. In such cases, although the duration of action

varies as the logarithm of the dose, yet the total amount of

action is almost directly proportional to the dose over a con-

siderable range of dosage. It is quite probable that in some

cases a variety of logarithmic relations might result in a fairly

exact, linear relation between dosage and total amount of

action. On the other hand, there are certain hormones that

produce an action of the all or none type. ' A certain minimum

quantity is needed to produce an effect, but excess of drug

above this minimum produces no further effect. In such a.

case the total amount of action produced by any dose.will

vary directly as the duration of action, and hence as the

logarithm of the dose. This implies that a great increase of

dosage produces only a slight increase in action. In the

example worked out above a 100-fold increase in the dosage

increased the duration of action less than tenfold. There is

evidence that a relation of this kind beiween dosage and

action occurs in the case of ccstrin.

The Relation between Dosage and Action of Insulin

The accurate standardization of insulin is a matter of great

practical importance and hence the relation between dosage

and action has been studied carefully. Orevenstuk and

Liqueur (1925) pointed out that the effects measured have

Iieen of two different kinds because some methods have

measured the intensity of effect whilst others have measured

both the intensity of effect and the duration of the action

and therefore have expressed the amount of action produced.
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212 MODE OF ACTION OF DRUGS ON CELLS

The intensity of effect produced by insulin can be measured

either by (a) the extent of the fall of blood-sugar or (b) by the

incidence of convulsions. The amount of action produced by

insulin can be estimated by measuring the amount of carbo-

hydrate that a dose of insulin causes to be metabolized.

The fall of blood-sugar caused by injection of insulin is a

graded action and the measurement of its extent provides a

simple measure of the intensity of action. Unfortunately this

method is inaccurate because some animals show a rapid fall

followed by a quick recovery, whereas other animals show a

slower and more sustained effect. It has been found most

satisfactory to measure the average fall of blood-sugar over

a period of 5 .hours. The result in this case is a measure

partly of intensity and partly of duration of aetion.

The relation between insulin dosage and the extent of the

fall of blood-sugar was estimated by Marks (1926). He gave

a series of doses to each of 50 rabbits and measured the mean

blood-sugar over a period of 5 hours. The average results

expressed as percentage of normal blood-sugar are shown in

Fig. 49. The curve shows a linear relation between dosage

and effect up to a dose of 3/4 of a rabbit unit per kilo., but

increase of dosage above this value produces little further

effect. The general shape of this curve has been confirmed

by other workers. The crosses in Fig. 49 represent averages

taken from tables given by the Toronto Insulin Committee

(192(i). Each cross represents the average of more than 20

rabbits. Maclcod and Orr (1924) and Orevenstuk and Laqueur

(1925) measured the maximum fall of blood-sugar produced

by insulin and obtained curves of a shape very similar to that

given by Marks.

CJrevenstuk and Laqueur (1925) expressed the opinion that

the parabola obtained in these cases had little theoretical

significance because there was obviously a limit to the possible

fall of blood-sugar, and an asymphotic curve was nearly

certain to be obtained as this limit was approached. They

also pointed out that the estimation of blood-sugar measured

not only free sugar but also sugar combined with proteins, and

therefore the maximum amount of sugar that cotdd be removed

from the blood was unknown. Eadie and Macleod (1924)

estimated the action of insulin in inhibiting the rise of blood-
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MODE OF. ACTION OF HOKMONES AND VITAMINS 213

sugar produced by a fixed dose of adrenaline. They obtained

a logarithmic relation between dose of insulin and inhibition

of rise of blood-sugar, and their curve shows a general similarity

to that obtained by Marks, and the criticism of (Jrevenstu'k

and Laqueur mentioned above could scarcely apply in this

case. ....

There appears therefore to Iie no certain difference between

the results which express simply intensity of effect and those

which express both intensity and duration of ollect. The

0 05 l-o Units p. kilo â€¢'â€¢'..

Fig' 4B.â€”The relation between the dosago of insulin and the average

full of blood-Hugar produced in 40 rabbits.

ABHOIBHA : dose in unita por kg. OHBINATK : per cent, full of blood augur.

(Marks. 192Â«.) .

Thi) three crosuos ahew averages taken from ligurca given by the Toronto

Insulin Committee (1926).

theoretical distinction between intensity and amount of action

does not therefore appear to be demonstrable in practice in

this case. The general shape of the curve in Fig. 49 shows

that an accurate estimate of the action of insulin can only be

obtained when the dose is less than 3/4 unit per kilo, because

with higher doses a large difference in dosage only produces

a slight difference in response.

Another method of standardizing insulin is to measure the

percentage of animals which are convulsed by a given dose.

In this case the incidence of an all-or-none effect is measured
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214 MODE OF ACTION-OF DRUGS ON CELLS

and hence the populations tested must be large enough to

provide stutistically accurate results. This method is open

to the objection that the results must be influenced by the

following three independent variables: (1) The normal level

of the blood-sugar. (2) The extent of the fall of blood-sugar

produced by insulin. (3) The level of blood-sugar at which

convulsions occur.

Individual variations in the level of the normal blood-sugar

appear to he not very extensive in the case of animals kept

under standard conditions. Figures for the normal blood-

sugars of 70 rabbits given by the Toronto Insulin Committee

(11)26, Table 1) show a probable variation of about 0 per cent.

of the median value of 0-123 per cent. â€¢ The figures obtained

by ('lough, Allen and Root (1923) were less constant, for they

found a coefficient of variation of 16, a value which corresponds

to a probable variation of 11 per cent. of the median.

The individual variation as regards the extent of the fall

of blood-sugar produced by insulin in rabbits is notorious.

The Toronto Insulin Committee (1916, Table I) record the

effects of one unit of insulin per kilo, upon 24 rabbits, and

these figures show a mean fall of blood-sugar equal to 42 per

cent. of the normal, with a probable variation of 1C per cent.

of the median. There is a still greater individual variation

in the nervous sensitiveness of rabbits, that is to say in the

level of blood-sugar at which convulsions occur. The incidence

of convulsions in relation to the blood-sugar level in the figures

of the Toronto Insulin Committee already quoted is as follows :

Incitionco Uf -Percent.

. Klutxt-HU^ur htvol . cuuvulHioiui iucidtmco

O 051i 0i- l.-ss . . . i . 5 out of 9 S5

O-O6-0-Oti9 ...... 5 out of 24 21

0-07 or mtuv . â€¢ . . .3 out of 33 0

('lough. Allen and Root (1923) measured the incidence of

convulsions and the lowest level of blood-sugar in 108 rabbits

and obtained the following figures :

No. of I'cr cent. CtiH-

Hlood-uuKur ruiign' . â€¢ ' . . ' obHervutitms vulsiona

Above 0-030 . . . . . . 97 13-5

0-03-0020 . . . . . .25 48

0025-0010 . .-'..'..-.; .31 08

Below 0010 . '.''.. .15 80
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MODE OF ACTION OF HORMONES AND VITAMINS 215

Those figures indicate a probable variation as regards the

blood-sugar level at which convulsions occur of about 30 per

cent, of the median value. Of the three variable factors which

alfect the incidence of convulsions nervous fcnsitivoncss appeara

therefore to show the greatest individual variation.

The relation found by Marks between insulin dosage and

incidence of convulsions in rabbits is shown in Fig. 50. The

curve shows & wide scatter and the probable variation is about

50 per cent, of the median. This result is to be expected

from a consideration of the number and extent of the variables

/ 5 Dose in units

Fig. 50.-â€”The relation between dosage of insulin and the incidencei of

convulsions in 50 rabbits. . â€¢ â€¢

ABSCISSA: dose in units per kg. OHDINATK : par cent, of rabbits showing

convulsions.

Inntt. The distribution of variation. (Marks. 1926.)

influencing the response. Trevan and Boock (1926) measured

the relation between insulin dosage and incidence of convulsions

in mice. Their results show a sigmoid frequency curve with

a probable variation of 29 per cent, of the median. This

result is distinctly more favourable than that obtained by

Marks.

Trevan and Boock concluded that " The lack of correlation

between convulsions and hypoglyca?mia would render the

convulsion test much less useful than the direct measure-

ment of blood-sugar, were it not that the number of independent
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216 MODE OF ACTION OF DRUGS ON CELLS

variable factors which affect the degree to which the blood-

sugar fall* is already HO large that the effect of the addition

of one other variable, namely, the variability of the convulsive

rcsponse to hypoglycaemia, can be compensated by a reasonable

increase in the number of animals used."

This result agrees with the general principle that if there

are a considerable number of factors that vary independently,

then the addition of one more may make very little difference.

It has already boon pointed out that the variables are just

as likely to cancel each other as to summate, and the most

probable final result is a bell-shaped distribution of frequency.

The introduction of any definite experimental error can, how-

ever, distort results of this kind in a definite marmer. This is

exemplified by the effect of variation in temperature on the

incidence of insulin convulsions in mice. Trevan and Boock

found that a reduction in room temperature greatly reduced

the incidence of convulsions. A dose of insulin which con-

vulsed 95 per cent. of mice kept at 38Â° C. only convulsed 35

per cent, of mice kept at 29Â° C. Moreover, at the lower

temlicrature very large doses of insulin only convulse about

60 per cent, of the mice. The change in temperature also

alters the shape of the characteristic curve. This was of an

approximately symmetrical sigmoid shape at 38Â° C., but at

2!)Â° C. the curve obtained approximated to the exponential

form.

Hcmmingsen and Krogh (1926), who worked with mice at

30Â° C., found a linear relation between the logarithm of the

dose and the incidence of convulsions. The results obtained

by Trevan and Boock suggest, however, that this linear relation

is an accident depending on the low temperature at which the

tests were conducted.

The somewhat special care that has been taken over the

bio-assay of insulin has revealed a remarkably large number

of possible sources of error. This is instructive from the

theoretical standpoint because it shows how many variables

may influence the shape of what appears on inspection to be

a simple characteristic curve. The practical problem of achiev-

ing an accurate bio-assay of insulin has been solved by devising

a method that eliminates as far as possible all these variables.

The method adopted in the British Pharmacopoeia is that
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MODE OF ACTION OF HORMONES AND VITAMINS 217

devised by Marks. The average fall in blood-sugar in rabbits

over a period of five hours after insulin injection is measured.

The dose given is about 1/2 unit per kilo, and the results

therefore fall on the steep portion of the curve in Fig. 49.

Two groups of six rabbits each are used and one group is given

a standard preparation of insulin and the other group is given

the preparation which is to be assayed. Three or four days

later the test is repeated with the groups reversed. The

average results from the two groups are compared. If the

results differ by more than 10 per cent. the tests are repeated

with the doses adjusted until the results differ by less than

10 per cent. This method eliminates the effects of individual

variation and also the effects of periodic variation in the sus-

ceptibility of the rabbits. The method gives results accurate

to ilo per cent. . ..

The purpose of insulin administration is to enable the body

to utilize carbohydrates and therefore the ideal method of

standardization would be one based on the effect of the drug

on carbohydrate metabolism. Maclcod (1924) pointed out

that the initial fall of blood-sugar produced by insulin was

within wide limits independent of the dose administered and

that the recovery process depends on a number of independent

variables. The most important of these was the glycogen store

in the liver, and the activity of the thyroid also had a consider-

able influence. The duration of action of insulin on the blood-

sugar therefore is unlikely to give a direct quantitative measure

of the action the drug has produced.

Allan (1924) measured the relation between the insulin dosage

and the amount of glucose catabolized by a depancreatized dog.

His results (Fig. 51) show a relation between dosage and effect

almost identical with that obtained by Marks. Maclcod (1924)

quotes figures which show a very similar curve. In this case the

glucose metabolized was estimated by determining the amount

of sugar that a diabetic patient could take without a rise in

blood-sugar being produced. Allan concluded that his figures

followed the formula g. (U)Â°8S â€” 101'80, where g â€” grammes

glucose metabolized per unit and U â€” no. of units. This

formula implies that the total glucose metabolized varies as

(U)"'IS. The curve in Fig. 51 corresponds approximately to

the relation amount of sugar consumed = 101'8 X (U)"'2.
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Inspection shows, however, that there is a considerable scatter

of the points, and that the shape of the curve depends largely

on the values obtained with the two lowest doses. The results

show, however, that increasing the insulin dosage above 10

units produces a relatively slight effect on the glucose meta-

bolism, and they suggest that up to a certain point the body

has insufficient insulin and every increase of dosage produces

a largo effect, but that once the body has an adequate supply,

then a further increase in dosage produces little, effect.

The similarity in the general shape of the curves in Figs.

49 and 51 suggests that the theoretical distinction between the

140 rr

100

t0

10 2O Units of Insulin â€¢W

Fig. 51.â€”Tini relation between IIin dosage of insulin and the amount

of augur motabolizod by a depuncruatizod dog.

ABHCJSHA : daily tlosago of insulin. OHDINATE : graimnoH of sugar meta-

bolized daily. (Allan. 1923.)

intensity and the amount of action of insulin is not of great

practical importance. It is true that the results shown in

Fig. 49 measure both intensity and duration of action, but

figures for the maximum fall of blood-sugar, which measure

intensity of action alone, give very similar curves. The agree-

ment between the two sets of figures is all the more remarkable

because the results shown in Fig. 49 were obtained with normal

rabbits in which there must have been an endogenous insulin

production, whereas those in Fig. 51 were obtained on a

depancreati/ed dog. This is another proof of the fact that

the figures relating dosage and action of insulin must express

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le
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the iv.-ultnnt of a large number of variable factors, and cannot

reasonably be regarded as a measure of any single physico-

chemical process.

Dosage and Amount of Action of Thyroxin

Thyroxin is a slow-acting hormone and it is not possible to

measure quantitatively any immediate effect. Boothby and

his co-workers (1924, 1925) have shown that about 5 per cent,

of thyroxin is destroyed or utilized daily in the body, and hence

from 30 to 70 days are required for the body to lose 90 per cent,

of a dose of this hormone. This rate of destruction is unlike

that of any other hormone, for in all other cases hormones are

rapidly eliminated. For example, 90 per cent, of a dose of

adrenaline is lost in 1-4 hours. Various writers have measured

the relation between daily dosage of thyroxin and the increase

in metabolism produced (Morch (1929), Gaddum and Hcthcr-

ington (1931), Cameron and Carmichael (1920)). These

authors all have obtained an accurate linear relation between

the logarithm of the daily dose and the per cent, increase in

metabolism as is shown in Fig. 52. In these cases a certain

constant daily dose of dried thyroid or thyroxin was given and

continued for weeks. It may be assumed that the experiments

were of sufficient duration for equilibrium to be attained

between daily intake and daily destruction of thyroxin.

Providing that this was the case, the figures express the

relation between a certain concentration of thyroid in the

body and the metabolic rate. The curves therefore measure

tin- intensity of action rather than the amount of action. The

following points must, however, be taken into consideration.

The metabolic, rate of a thyroidless man is between 55 and

0O per cent. of the normal (Magnus-Levy, 1896). On the other

hand, an increase of metabolism of 100 per cent, above normal

usually is associated with toxic effects dangerous to life. The

action of the thyroxin present in the normal animal is therefore

equivalent to at least 25 per cent. of the maximum effect on

the metabolism that can be produced by thyroxin.

The figures for the increase in metabolism caused by thyroid

dosage in normal animals do not therefore represent actions

:-ir from zero to maximum action but really commence

20 per cent. of maximum action, and in the calculation

lation between dosage and action some quantity ought
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220 MODE OF ACTION OIf DRUGS ON CELLS

to 1H3 added to ull the doses to represent the endogenous

thyroxin production. Such an addition would completely spoil

the exact lmear relation shown between the logarithm of the

dose and the effect in Fig. 02. For this reason this relation

must be oonsidercd to be of very doubtful theoretical signifi-

cance. The relations between thyroid dosage and the effect

produced on either thyroidless animals or myxtudemutous

-10

-OB

-0-6

-04 Log Qqi1ydase Thyroid 02

120

no

100

.-so

-2B -26 . "2-4 iy Daily dtee ThyraHin -18

Fig. 52. â€” Tho rolation between tho domign of thyroid or thyroxin and

till1 tmituholitnu of mice.

Uri'Elt Aum-ihMA : logarithm of daily doHo of thyroid in mg. per 20 gm.

LOWKH AnsrissA : loguritlun of daily doao of ihyroHin iu mg. lHir 20 gm.

UIIDINATK : production of CO, oxprossod a* por opnt. of nonual.

CUIIVE A. Effout of thyroid. (Morch. 1929.)

II. Effoot of thyroxin. (Uaddum and Hotherington. 1931.) â€¢

pu til-ills are of greater theoretical uignificance because in this

case tho unknown activity of the thyroid cannot influence

the result.

Booth by and Sand if on I (1925) measured the effect of

thyroxin on 0O cases of myxwdema. In these cases it may

IxV usaunted that very little endogenous thyroxin was present.

Their results were as follows :
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Daily tloso of thyroxm

ill mgm. . . .4-8

I'.i <â€¢. HI . inureuao in

ll.M.K. . . .17

IVr cent. inurettso in

H.M.R. lnT niKm. . - 3-5

ii !l

s-s

11 2

16

-4

lit

26

37

42

3I1

2-H

2-9

3-3

26

M'

The average results, which are given above, show a linear rela-

tion between dosage of thyroxin and effect when the dose is ICSH

2.200

. CaJsp

dtem

2.000

1,600

1,600

1,400

I.2OO

1-0

15 Dosemmgm

Fig. (3.â€”The tuition of thyroxin on tho mutuboliam of a myxo3tlem-

atoua patiout. â€¢ â€¢ '

ABSUIISHA : tiouu of thyroxin (iu niKm.) injected duily iittravououily.

OBDINATU : motabolism in culoriua ptir diom.

The curvo ia drawn to the formula: (Gals. â€” 1100) â€” HIM1 ..

(Boothby. Sandiford ot al. 1926.) . '

than that needed to raise the B.M.R. to a normal level (30-40

per cent, increase). Larger doses of thyroxin produce little

further increase. These results are inconsistent with the

relation action varies ab the logarithm of the dose, but approxi-

mate to the relation obtained when the dosage-action curve

follows a hyperbola. Boothby and Sandiford concluded that
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-2-2-2 MODE OF ACTION OF DRUGS ON CELLS

the increase in metabolism varied as the cube root of the

dosage of thyroxin.

Finally, it is only fair to mention that some experienced

workers actually deny that there is any accurate relationship

between dosage and effect of thyroxin. For example, Kundo

(1927) concluded as a result of extensive experiments on

normal and thyroidless dogs that " a quantitative relationship

between the amount of thyroid substance ingested and the

increase in the basal metabolism does not exist." Such a

conclusion raises doubts as to the value of any attempt to

establish an accurate mathematical relation between thyroid

dosage and its effect.

Dosage and Amount of Action ol Vitamins

Quantitative studies have been made relating the dosage

of vitamins and the resulting change of weight of experimental

animals. Coward, Kay, Dyer and Morgan (193O) measured

the change of weight in groups of rats kept for 5 weeks on a

did containing variable quantities of vitamin A. Their results

(Fig. 54) show an accurate linear relation between the logarithm

of the dosage and the increase in weight over a 30-fold range

of dosage. I'ilchcr and T. Sollmann (1920) made similar

e.\pcriments on pigeons kept for 21 days on a diet with varying

quantities of vitamin 15. in this case also a linear relation

was obtained between dosage and change in weight. Semi-

quantitative experiments have also been made with vitamins

(j and I). In these cases a scale of effects has been worked

out and the relation between dosage and effect produced has

thus been estimated. Key and Elphick (1931) studied the

action of vitamin (t on guinea-pigs and concluded that there

was a linear relation between the dosage of orange juice and

the amount of protection afforded. Bourdillon and his co-

workers (1931) found that the action of vitamin D was

|proportional to the logarithm of the dose. These workers

recognized 12 divisions in the curative effect of vitamin D on

rickets in rats. They found a logarithmic relation between

dosage and effect. If one unit produced an improvement of

1 division, 4 units would be needed to produce an improvement

of 3 divisions, and 8 units an improvement of 4 divisions, etc.

In these cases the fundamental action of the vitamin is

presumably to alter the rate of growth and division of certain
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MODE OF ACTION OF HORMONES AND VITAMINS 223

cells. The effect measured ii the change of weight utter u

certain interval. There is, however, a logarithmic relation

between rate of growth and increase of weight after a given

interval, and hence it is diffieult to calculate the probable

relation between dosage and fundamental action. Animals

40

30

20

10

-10

B

0 Log. dose in mgm I

Fig. 54.â€”-The relation between vitamin dosuge and growth.

ORDINATE .: the per cont, increaae of

(Coward, Kay

Auseis.-)A : logarithm of dose in mg.

the originul body weight.

CUIIVK A. Effoct of cod-liver oil fed for five woelu to ruis.

et al. 1930.)

CURVE U. Effect of yeast extract fed for throe weeks to pigcona.

audSoUmann. 1926.)

have a considerable power of storing vitamins and hence it

is probable that most of the vitamin given to an animal on

a vitamin deficient diet will be utilized. It is, however, difficult

to estimate whether the amount of growth measures the

intensity of effect produced or the amount of effect produced

by the vitamin. In general there appear to be too many
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224 MODE OP ACTION OF DRUGS ON CELLS

unknown factors to make it profitable to attempt any explana-

tion of the fact that the effect produced varies as the logarithm

of the dosage.

Duration and Amount of Action of All-or-none Effects

In the discussion on the relation between dosage and action

of hormones it has been assumed that the effect produced

depends on the concentration of hormone present. In some

cases the effect produced'docs not depend so much on the

maximum concentration produced in the blood-stream by any

given dosage as on the period of time for which the dose given

has maintained the concentration above a certain minimum.

In most cases the rate of removal of a drug from the circulation

by cither excretion or oxidation is proportional to the concentra-

tion and hence there is a linear relation between the logarithm

of the drug remaining and the time. This has been observed

in i he case of many drugs that are excreted rapidly. Similarly,

Moothby and Baldes (192.5) showed that thyroxin removal

followed a die-away curve. .

The evidence available suggests that the effect produced

by irsi rin depends on the duration of its action rather than on

the concentration attained at any moment. (Hstrin is known

to be excreted rapidly in the urine, and the effect by a given

quantity depends upon the mode of administration. For

insiance, Allan, Dickens and Dodds (1930) found a given dose

of water-soluble cestrin produced oestrus in 60 per cent, of a

population of rats when divided into 0 doses and administered

at intervals over 3 days. They found, however, that 40 times

this quantity was needed to produce the same effect when given

in a single injection. On the other hand, when absorption

of the n'slria was delayed by giving it in an oil-water emulsion

the quantity needed was only 8 units.

These results can easily be explained on the assumption

that the action of cestrin depends on the duration of its action

and that the rate of excretion varies as the concentration.

Under these circumstances the duration of action will vary

as the logarithm of the dose. If G divided doses each produce

an action for 1 unit of time, the quantity needed for a single

dose to act for 0 units of time will be about 100 times the

amount of each divided dose.

It is not possible to measure quantitatively the relation
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MODE OF ACTION OF HORMONES AND VITAMINS 225

between dosage and intensity of action produced by O3strin, but

qualitative observations indicate a remarkably -wide range of

dosage. Marrian and Parkes (1ti30) found that the quantity

of oestrin needed to produce uterine changes and copulation

in mice was 200 times the quantity needed to produce the

vaginal signs of oestrus. If the action produced depends on

the duration of the action of a dose this range of dosage is

easily intelligible.

(Estrin is standardized by estimating the occurrence or non-

occurrence of (L-slrns, i.e. an all-or-none effect, and various

workers have estimated the relation between dosage and

incidence of effects. Coward and Burn (1927) standardized

oil-soluble costrin in rats and D'Amour and tJustavson (1930)

injected water-soluble cestrin into rats, using the single dose

method. Marrian and Parkes (1929) tested water-soluble

wstrin in mice ; they used 4 injections at 12-hour intervals,

and their standard curve is the average of about 500 tests.

Allan, Dickens and Dodds (1930) measured the action of water-

soluble (Bstrin on rate. They gave 6 injections spread over

3 days. Their standard curve is based on 658 rat experiments.

The results obtained by these workers show asymmetrical

sigmoid curves in which the probable variation is about 40

per cent, of the median. A wide scatter of this type is to bo

expected because the intensity of action of wstrin appears to

depetid chiefly on the length of time for which an effective

concentration is maintained in the blood-stream, and this

will be influenced profoundly by any variations cither in the

rate of absorption or in the rate of excretion.

Summary

The examples studied in this chapter prove chiefly the

extreme difficulty there is in obtaining reliable data relating

dosage and effect. In the case of hormones such as acetyl

choline and adrenaline which produce a 'simple mechanical

response in isolated tissues it seems possible that the results

obtained may express some definite physico-chemical process.

Even in these favourable cases when the hormones arc tested

on intact animals the relations between dosage and action

become much more obscure.

In the case of such hormones as insulin and thyroxin the

relation between dosage and action appears simple until it ia

M.A.l). .'â€¢'â€¢'.. Q '

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



226 MOD.E OK ACTION OF DRUGS ON CELLS

studied critically. There is a general tendency for a linear

relation tu iti- found between the logarithm of the dose and the

intensity or the amount of the effect. This relation obtains

with the greatest accuracy in the case of the action of thyroxin

on normal animals, but unfortunately in this case it is obviously

necessary to make some allowance for the endogenous thyroxin

and any such allowance destroys the linear relation.

Another importani fact is that two methods may give similar

sigmoid characteristic curves, expressing a similar distribution

of variation, although it can be shown that one method includes

more variable factors than does the other.

The chief fact that emerges from these results is that the

only studies in quantitative pharmacology that are likely to

yield results of theoretical interest are those made on the very

simplest systems. ' .
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CHAPTER XI

DRUG ANTAGONISMS

General

The action of any drug on a cell population IH likely to be

influenced by the action of any other drug that has a well-

marked effect, hence there are innumerable examples of drugs

that |xitentiate or inhibit each other's actions. The analysis

of the action of a single drug is so difticult that in most cases

it is of little interest to try to analyse the effects produced

by two drugs acting simultaneously and.hence. the subject

of drug antagonism as a whole has only a limited interest.

in certain cases, however, one drug inhibits the action of

another in a remarkable and selective manner and such cases

deserve consideration because they throw a certain amount

of light on the subject of drug action. The following are sonic

of the chief types of drug antagonism.

(1) Chemical antagonism. The antagonists react in vitro to

form a harmless product, e.g. acids and alkalies : calcium

salts and citrates : toxins and antitoxins.

(2) I'liymahH/ical antagonism. The substances produceop-

posite but independent effects on cells, e.g. potassium and

calcium salts, atropino and morphine.

(3) Npecijic cellular inhibitions : (a) The substances com-

pote for common receptors in the cells, e.g. oxygen and carbon

monoxide. (/>) The substances act at different points in a

chain process, e.g. cyanides and oxygen, (c) Specific antagon-

isms of unknown nature, e.g. utropino and acetyl cholino,

ergotaminc and adrenaline, etc.

This classification indicates some of the chief types of antagon-

ism. The class of special interest is that mentioned last, but it is

necessary to consider the characteristics of the different classes.

Inerganic Models of Drug Antagonism

The literature of contact catalysis provides some remark-

able examples of highly selective drug antagonism. Bredig

228
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DRUG ANTAGONISMS 229

Hhowed that the catalytic action of colloidal metallic sola was

inhibited by traces of such substances as sulphuretted hydrogen

and hydrocyanic acid. Freundlich (1926, p. 499) quotes

McBain as finding that the activity of platinum sol was

reduced 50 p.c. by 0-0005 millimols of hydrocyanic acid per

litre.

It was the study of the action of poisons on catalysts that

led to the conception of catalysis being duo to the presence

of specific active patches on contact catalysts. The inhibition

of reactions in contact catalysts provides remarkable analogies

with drug antagonism, and the analogy suggests that the

normal functions of the cell may depend on the presence of

certain active patches on the cell surface and that drugs act

and antagonize each other by occupying these patches.

. Chemical Antagonism

There are an indefinitely largo number of toxic substances

. . that react in eitro to form an inert compound. The com-

plexity of the reactions that occur ranges from the case of

acids and alkalies to that of toxins and antitoxins.

... The antagonism of calcium salts and citrates deserves

mention because it shows how a largo number of variables

may result in a fairly simple relation. Clark, 1'crcival and

Stewart (1928) studied the response of the isolated frog heart

â€¢ to mixtures of calcium chloride and sodium citrate added to

Ringer's solution. They concluded that the citrate acted by

' .'. reducing the concentration of calcium ions. The Ringer's

solution contained phosphates and the ions acted on the

surface of the heart where some Carbonate must have boon

present; therefore the equilibrium lictween the concentrations .

of citrate and calcium ions must have depended on extremely

complex relations.

The following concentrations were, however, found to pro-

duce an equal degree of activity in the frog heart.

M. molar cone. t'uOl, . 06 12 4 8 in

M. mnlur IMUIC. soilima

citrate :

(i) observed . . . 0 0-5 2 4-5 18 30

(ii) mlciilutril from

formula . . - 041i 1 97 5-19 12-3 28-0
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230 MODE OF ACTION OF DRUGS ON CELLS

If tho concentration of calcium needed to produce the action

in the absence of citrato (i)â€¢(i m.mol.) be subtracted from the

figures for calcium, then an accurate linear relation is found

between the logarithm of tho two sets of ftgures and the rela-

tion can be expressed by tho formula

(m.rnol. cone. CaG'l, â€” (MJ)1'

â€¢ . m.mol. cone, sodium citrate

The (inures in tho table show that the agreement between

tho observed and tho calculated figures is as good as can be

expected .in tho ease of biological data. Furthermore the

formula is of exactly tho name type as those which relate

the iso aciive concentrations when mixtures of such antagonists

as atropine .and acetyl choline arc studied.

In the case of the antagonism between calcium and citrates

enough is known of the physical chemistry of the system to

make it unlikely that the formula found has any significance,

and the agreement is probably an accident. This example

indicates tho danger of drawing too many conclusions from

.the fact that a particular set of figures are fitted by a formula.

Physiological Antagonism

Within certain ranges of concentration tho antagonism

shown beiween calcium and potassium ions in a sensitive

tissue such as the frog's heart appears very complete. If,

for example, the concentration of potassium chloride in the

Ringer's solution IxJ trebled, tho mechanical response of the

heart is at once reduced but can be restored completely by

trebling tho calcium concentration. The antagonism only

extends, however, over a limited range, for if tho potassium

content be increased sixfold, the heart is not restored with

calcium (Clark, I!tL'0.v). A similar limitaiion in tho antagon-

ism of these ions was noted by Locb and Wasteneys (1911)

in tho case of Fundulas.

Detailed analysis of the action of excess of potassium and

of calcium indicates that these ions are not exact antagonists.

For example, potassium excess and calcium lack both depress

the mechanical response of the heart, but potassium excess

interferes greatly with the conduction process, whereas calcium

lack produces scarcely any effect on the conduction process

even when the mechanical response is nearly extinguished.
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DRUO ANTAGONISMS 231

The action of morphine and atropine on the pupil is an

example of two drugs which produce opposite effects on the

same organ, but which act' through dillerent channels ami

aro not true antagonisis.

Specific Cellular Inhibitions

This term implies that one drug produces an action on u

populaiion of cells and that this effeci can he inhibited by

introduction of another drug, without producing any other

marked ell'ecis on the Cells. When two drugs produce actions

which are opposed it is safer to describe them as physiological

antagonisms, unless there is defmiie evidence regarding their

mode of action. The term speeilie cellular inhibitions in

reserved for the minority of cases where ihere is positive

evidence ihai one drug inierferes in some manner wiih the

reaction del ween the other drug and the cell reccptoro.

Coniact catalysts provide a simple example of such action*

and they show that the catalytic activity of an apparently

uniform surface to he due to the presence on the surface of

active patches. Moreover, there is evidence that several

iypes of active patches may be present on one surface. Hence

a poison may inhibit one catalytic activity and leave other

activities unaffected.

These results can be compared with those obtained by

Quasi el and his co-workers (llt:iu) on bacteria. They showed

.that the ferment actions of bacteria were due to active paiclu-H

on the bacterial surface and by means of seleciive poisoning

they were able to prove the existence of about twelve different

varieties of active patches on the surface of It. coli.

â€¢ * . -â€¢

Respiratory Pigments

The action of poisons on the uptake of oxygen by IUIMIIO-

chromogcns has been studied in considerable detail and provides

interesting examples of the t \ pcs of antagonism that may arise,

According to Anson and Mirsky (I930) the combination of lucta

and u nitrogen compound constitutes a htumochromogen, and

to this class belong hicmoglobin, cytochrome and other un-

identified compounds. They believe that vhe respiratory

ferment of cells is not cytochrome but some other unidentified

ha)mochrontugen.

The simplest antagonism is that between oxygen and carbon
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232 MOIiE OF ACTION OF DRUGS ON CELLS

monoxide. These two gases both form reversible compounds

with ha-mochromogens and com|tcto for tho HIUHO receptors.

In the case of a solution of hwmoglohin ia water tho following

. â€ž y lOOKar. ,

equation applies: K.X or y .-.---- . Â£-. where x â€”

luu â€” y \ -\' l\j*

concentration of gas and // pcrcentago of lucmoglobin com-

bined. K is a consiant which is 240 times greater for carbon

monoxide than for oxygen in the case of human hirmoglohin.

The amount of human luemogtobin combined with carbon

. . . . , ,, , , ' I'ross.CO p.e. COHb

monoxtde ts gtven by the formula K.. .. ,, .,,

1'ress.O, p.c. (),HIi

(Douglas and llaldane (l!>12) and Ilartridge and Koughton

(1923) where K is a constant with a value of about 2(M).)

Warlmr^ and Ncgelein (l'J2S) showed that the combination

of these ^ases with ihe respiratory ferment of yeast/fol-

lowed the same formula, but in this case the value of K \vas

about Iti.

The specific action of cyanides in inhibiting oxygen uptake

by cells is well known, and it has already been mentioned

that they are particularly powerful inhibiiors of contact

catalysts. According to Anson and Mirsky (1930) the follow-

ing i y pe of reaci ion ocelli's :

lla'mochromogen (ha<m | protein) | cyanide

(hu'm -f- cyanido) -f- protein.

This is a more complex type of antagonism than that previously

considered. The combination between cyanide and respira-

tory ferment inactivates the hiiler as an oxygen acceptor, but

the oxygen and cyanide combine with different receptors.

The narcoiics exert a third type of action, for they do not

interfere with tho respiratory ferment, but they inhibit tho

activity of some reducing ferment (Keilin, 1925), hence tho

respiratory ferment remains oxidized, but tho cell cannot

obtain the oxygen.

The three best-known classes of drugs which inhibit oxygon

uptake act therefore in three different ways on tho cellular

respiratory mechanism.

Antagonism of Narcotics and Cyanides

Warburg (1921) concluded that the aliphatic narcotics pro-

duced a purely physical action on cells. They were adsorbed
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1)1UIO ANTAGONISMS 233

on tho cull surfaces at whit;h biological reactions such as oxygen

uptake occurred ami thu adsorbed layer acted UH a hlaukut

and prevented access of other Mtbt*tanuoH. More recent work

suggests that tho action of narcotics in more specific since

they inhibit reduction of the respiratory ferment, hut do not

prevent its oxidation (Keilin, l1)2.r>).

The end effect of imrouUoa and of eyanideH is to decrease '

coir~irospiration, Tint yet tho presence of narcotics docH not

increase hut rather inhibits the action of cyanide. This wax

Hhown by Warburg (Hill) in the case 'of xeU-urchin eggs.

Upschit/. and (,ottttchalk (l1)*'l) have shown the same to ho

true for the action of narcoties and cyanides OH the power of

minced ft'ug's uittseles to reduce di-nitro-Um/.olc. Two nar-

cotics added together gave a purely additive action, hut cont-

inuation of narcoticw and cyanides produced no additive effect,

and Homctimcs the combined action was ICHH iImn the action

of either alone. On the other hand, Cook, Haldano and

Mapson (Ililfl) found that phenyl urethaue alone pnxluced

only a slight reduction in the oxygen uptake of /i'. ruli, hut it

potentiated the action produced by cyanide. For example,

the figures these authors found show the following reduction,

in tho oxygon uptake of //. eult in tho presence of lactato

KCN 10^ a Mol. caused a 40 per'cent. reduction ; and phenyl

urethane (ahout I/O saturated) a 22 per cent. reduction; hut

the two drugs combined gave a reduction of ahout H5 |KT

cent. This is a most remarkahle tuintrast to the results

ohtained by the authors who worked with vertebra te tissues.

Warburg's theory of cyanide and narcotic action implied that

the two drugs competed for thu same receptor hut that cyanide

fixation produced a much more intense depression of respira-

tion. This theory appears to be untenable and it would appear

that cyanide and narcotics act at two separate points on a

chain process. This fact would imply that tho additive effect

would be feeble, but tho antagonism observed can only be

explained by supposing that narcotics in addition to inhibiting

dehydrogenation also antagonize tho fixation of cyanides by

the cells. Our present knowledge appears to be inadequate

to suggest any probable explanation of the potentiation eff'i cts

observed. The probable complexity of the respiratory system

of cells is indicated by the fact that Cook, Haldano and

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



234 MODE OK ACTION OF DRUGS ON CELLS

Mupson believe that there are at least three different kinds of

oxygenasc present in ft. coli.

The action of drugs on cell respiration is of interest because

it has been studied in considerable detail. The general result

has been to reveal an increasing complexity of the system

studied.. The antagonism between oxygen and carbon monox-

ide ;i|i|n-;irs to lie one of exceptional simplicity and most

other examples are much more complex. The antagonism of

other drugs appcars in many cases to be simpler than most

of the cuses dcM-ribcd, but the reason for this is probably

that few systems have bnen studied with such care as have

the respiratory ferments.

Atropine and Acetyl Choline

Cit.-'lmy (I1H5) measured the antagonism of atropino and

pilocarpino on the salivary secretion of dogs and found that

the ratio of pilocarpino to atropine necessary to oppose its

action remained the same, one part of atropino to Hi of pilo-

earpinc, to reduce the effect of the latter by more than 90 per

cent. Lc Untx. van Leeuwrn and Brocke (1920) confirmed

Cushnyts conclusion on the isolated rabbit-gut. Their results

agree with the formula Cone. pilocarpino/(conc. atropino)"

constant. In one experiment the value of n was 1-4.

The amount of atropino needed to antagonize pilocarpine

varied greatly in different specimens of gut, but well-marked

antagonism was noted with a ratio of 1 to 1000. These

workers showed that Jeude (KUri) was wrong in his con-

clusion that the amount of action produced by these drugs

on the isolated rabbit-gut depended on the quantity of drug,

for they found that the action depended wholly on the con-

centrations.

The author (l1)2(iii) investigated the antagonism of atropino

to acetyl choline as regards the action of the latter drug in

depressing the isolated frog heart and producing contracture

of the isolated frog reehui uMoniinix. Waller (1908) had

described the latter effect in the case of atropine and mus-.

carine. With both preparations the author (1926u) found

that the effects produced by aeetyl choline over a 50,000-fold

range of concentration oo.uld be inhibited completely by

atropine. Fig. 5.5 shows the type of result obtained. The

general formula that fits the results is as follow s:
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I^et CA,.| and (!A(.3 be the respective concentrations of

acetyl choline that produce an equal effect reflwctively alone

and in the presence of a concentration of atropine CA1.

Then

== constant.

1-6

Fig. S5.â€”Tim antagonism by ntropimi of tho action produced by acetyl

oholino on tint frox's isolated heart.

; loKnrilhm of molur roiirrat nit ii.u of m-otyl rholim- (.iâ€¢). OltulN.

ATK : logarithm of

y

isin hiirir

of heart).

Tho I'urvos nhow riiHnltH with tho followinK niolur cencOntrulionH of utro-

pino : I. no atropino ; II, 10 â€¢ ; III, 10 ' ; IV, 10 â€¢; V, IO ' ; VI, 10^ ; VII,

10-i. (Clark. 1926B.) .

(lUiuroducuti by kind iHinniiuiipn of tho Kililors of tho Journal o} I'hysioluyy.)

In the case of the frog heart n I- \, and in the case of

the rectua abdominls n = 1-5. in these experiment the

volume of fluid' was largo in comparison with tho volume of

the tissue and the action depended wholly on the concentra-
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230 MODE OF ACTION OF DRUGS ON CELLS

When minute quantities of concentrated solutions

were used Himilar results were obtained. In these experi-

ment* it was found that the response of a 15 mgm. heart

strip was reduced 50 per cent. by the addition of 10~1Â° gm.-

mols of acetyl choline and that the same effect was produced

by abiutt lu " gm. -mols of acctyl choline in the presence of

Ht tu gm.-mols of atropine.. The ftxation of one molecule of

a trophic by the heart apparently altered the tissue in such

a way that the fixation of 100 molecules of acctyl cholino only

produced the same etfcct as had been produced by 1 molecule

before the addition of the atropino.

The acetyl choline acted very rapidly on the tissues and

could he washed out very rapidly. On the other hand, aim-

pinc acted more slowly and was washed out much more

slowly. This provided an opport unity for testing whether

the two drugs competed for the same receptor. If this had

been the case, then addition of excess of acetyl choline would

have freed the heart from atropine, just as oxygen at a sulli-

cient pressure displaces carbon monoxide from carboxy-haemo-

L'lolun. This wan not the case, for the atropine wash-out

occurred at the same rate whether large doses of acctyl choline

were added or not. This conclusion is supported by the

results of the experiments with small volumes of concentrated

solution. Another signiftcant point is the form of the concen-

tration-action curve of acctyl cholino after atropine. The

formula expressing this curve is K.JC â€” . â€¢*â€” where x â€” con-

A -\~ y

centration, A maximum action observed with highest con-

centrations and a action produced. la the frog's heart

there is an individual variation regarding the value of A,

for in some hearts this is 100 per cent. whilst in others it may

be as low as SO per cent. inhibition. The addition of atropine

docs not alter the value of A, but merely alters the value

of K, so that a series of parallel curves are obtained (cf.

Fig. 55).

The action of acetyl cholino is affected by changes in the

ionic content of the Ringer's fluid and in particular is antago-

nized by increased alkalinity (Clark, 1927). In this case,

however, the chief change is a reduction in the value of A,

as is shown by the following figures :
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DRUG ANTAGONISMS 237

Ke'u-timt of Kini.*1'r's fluid /'ll . . . 7-5 .. u 0

Muxiiauiu per coat, inhibition productsl by high

conuontratiunB of iwctyl uholino -.'â€¢â€¢', "-'V . 40

Molar concentration of ucctyl choliuo (hat ;

produce.-) half maximum action. . . 2 x. 10~* 6 x 10~~i

Alkalinity therefore appears to antagonize acetyl chuliuo by

rendering a portion of the cell receptors irres|xmsivo to tho

drug, whilst the rentaintler of the receptors aro not greatly

affected. Atropine, on tho other hand, reduces tho sensitivity

of the whole cell population.

Cook (1920) studied the antagonism of acetyl choline by

mcthyleno blue. Ho found that the results wore fitted by

tho Bame formula as that given for the antagonism between

atropine and acetyl cholino. In the case of atropine the ratio

acctyl cholino/atropino that results in a 50 per cent. responso

is of the order of Hit), whereas in tho case of methylene blue

this ratio is nearly unity.

The methyleno blue action is of interest because it was

found that it was rapidly reversible by washing out, although

at tho same time the dye was slowly fixed by the heart and

this action was irreversible.

The mothyleno blue could produce its full antagonist action

long hi'foro any visible staining of the heart occurred and

alternatively a heart deeply dyed could be made susceptible

to acctyl choline by washing out with.clean Ringer's fluid.

This provides a simple and fairly complete proof that tho

action of these drugs occurs on the cell surfaces and is un-

affected by the drugs that have penetrated the cells.

Adrenaline-Ergotamine Antagonism

Quantitative measurements of this antagonism on tho

rabbit's uterus were made by Mendcz (192S), who found that

tho concentrations of drugs which resulted in an equal response

could be expressed by tho formula :

r' â€¢ /i

^1)2 ~ ^Altt __ ,-

"(CVr)"

where CA1H and CA|JJ- are the concentrations of adrenaline

that produce the responHo alone and in tho presence of crgota-

mino at a concentration of CKT. Fig. 50 shows tho concentra-

tions of adrenaline and ergotamine which when mtxed produce

equal effects both in tho rabbit's uterus and in various other
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23$ .MODE OF ACTION OF DRUGS ON CELLS

ht the fnsn of the rabbit uteruH n â€” 1 and K - 40,

but the value of unity obtained for- n in this case has no

general significance, for in the cam of the van deferens of the

guinea-pig n equals 0-5. In many tissues n is approximately

unity, but there is a very large variation in the value of K.

-7

-6 Log Cose Etcun.

Fig. 5(1.â€”Thu anlax""'HI" ''.V ori;otmnino of offucta produced by udroiui-

linÂ« on vurioii s isolated USHUi'H.

AIIHi-IHSA : loKurithm of molar i-onrentration of orgolamino (CK). OHDIN-

ATt: t logarithm of molur concontrution of udronulino riiquireil to pruiiuue a

cortaiu noluetod ciIeet.

Tltu CIIIVCH urn ilruwn to the gonurul formula :

' = k.

I aud

( YJ are Ibn ri,nri,iitratimiH of udrumilino noodud to produco an tunuil effect

in the proiMMiou of und in thÂ« alMonrO of orgotumiuo renpuutiveiy, 'I ho ilntkul

horizontal litiuH indu'ate vuhuo for CAa. Tho valuua of (\.i and of k aru

ililtnu'nt in om'h I'urvo.

Tho c-urveH mouuuru the following ruHponHos. A. Contraction of van do-

f,Ti'im of guinou-pig. (Mmuluz. lilL'M.) I*. Contraction of rubbit'i utonu.

(MÂ«mloz. I9'.'H.) C. Inhihitiou of rubbit's iloum. (Nanda. 1930.) ii. In-

hibiUnn of rabbit'H colon. (Nundu. I930.)

The following values for K have been obtained in rabbit's

UHSilCH :

K

40

7

2

(Moiultne, l!t-'.s) . . .

lilhihitinn of |iendnhnu iiH,venienls of ilruni (Nmttla, 1930)

Inhibition of Imius of ilmuli'lmnÂ» (Namla, 1930) . .

lnhihitinn of tiinus of colon (N'mida, 1930)

0-02
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DHUCi ANTACON1SMS 239

These figures slum that in the case of the uterus there is u

physiological halunre bctwecu adrenaline ami crgotamine

when tho raiio of concent rat ion is 4(1 to 1, whereas in tho

colon this raiio is about 1 io .~.O. This great VMrial ion in

the intensity of antagonism implies that ihis cannot be duo

to any simple chemical reaciion between ihe drugs and HOIDO

cell receptors.

Summary

Tho examples of drug antagonism discussed in tliis chapter

servo chiefly to illustrate the extreme complexity of the reac-

tions thai occur between drugs and cells. Tho development

of knowledge regarding the action of drugs upon the oxygen

upiake of cells is of {Mtrticular interest. This process was at

first thought to be simple. Warburg postulated .a single

form of oxygen receptor, namely an iron compound, and put

forward an attractive and simple hypothesis, founded on.

quaniiiaiive measurements, of the manner in which oxygen,

carbon monoxide, cyanides and narcotics compeied, for tin's

type of receptor. More detailed analysis on simpler systems

has shown that the oxygen uptake of cells can he effected

by a variety of processes and that each of these involves a

chain of catalytic reactions. I'oisons may act selectively on

any or all of these processes, and when two poisons act on a

.single process they may inhibit it at different points in tho

chain of reactions.

There is no reason to assume that other forms of cellular

activity are simpler than tho oxygen uptake. Imperfect

knowledge appears therefore to be the most probable reason

for any apparent simplicity in processes of drug antagonism.
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CHAPTER XII

QUANTITATIVE MEASUREMENTS OP THE ACTION

OF RADIATIONS

General .

Tho mode of action of radiations, or of other physh-al pro-

cesses such as heat, upon living tissues may be represented

as follows:

A. Radiation.

15. Primary chemical change.

C. Secondary chemical change. â€¢ â€¢

I). Biological response.

The probable complexity of the whole process is indicated

by the fact that the detailed nature of the photo-chemical

changes produced by light in a silver halide emulsion is not

yet known exactly, and it seems reasonable to assume that

the response of a living cell is far more complex than that

of a particle of silver bromide. â€¢ .'.''.

The absorption of a quantum of radiation activates atoms,

and this activation inaugurates a chain of physico-chemical

processes. The activation is a temporary process, whilst the

secondary processes may be cither reversible or irreversible.

This latter distinction is of considerable importance in the

case of biological reactions, because quantitative measure-

ments are much easier when irreversible changes occur. For

example, the changes induced by visible light in the retina

are rapidly reversible, and hence although the amount of

change produced at any moment can be measured accurately,

yet the total amount of change produced in a given 'iicriod

cannot be measured directly. Measurements of the latter

typo can, however, be made in the case of light acting on

chlorophyll because in this case it is easy to measmo the total

amount of carbon dioxide assimilated. The destructive effects

produced on tissues by ultra-violet light, X-rays, beta rays and

M.A.D. 241 lt
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242 QUANTITATIVE MEASUREMENTS

gamma rays are to a large extent irreversible and hence are

convenient for the measurement of the relation between the

amount of irradiation and the amount of response.

The quantitative relations between the amount of irradia-

tion and the action produced upon living cells show a close

parallel to those found in the case of drugs. Not only are

.similar relations found in the two cases, but similar difficulties

are met with in regard to their interpretation. The mode

of aci ion of radiations upon living tissues is too large a subject

to be treated as a whole in this chapter, but certain problems

will be considered in order to determine how far they can be

explained by the hypotheses adopted in the case of the actions

produced by drugs.

In the first place it is necessary to consider certain general

problems such as the applicability to living cells of the Bunsen-

Itoscoe law and the possihility of the occurrence of grr.ded effects.

1'he Application of the Bunsen-Roscoe Law to Biological

Systems

This law states that if a given intensity of irradiation (I)

acting for a certain time (<) produces a certain effect (E),

then the same effect will be produced, however much I and I

are varied, provided that the product \t remains constant.

The law does not state that the effect varies directly as the

produci It, and indeed in many cases the effect is known to

vary approximately as the logarithm of It.

Even in the case of u simple inorganic system such as the

photographic plate, the Bunsen-Roscoo law has been found

to hold only over a certain range of intensity of illumination,'

and not to hold with very low intensities. Trivelli and Love-

land (I'.t.'io) explained this fact by the assumption that much

of the primary light effect was wasted with weak illumination

on account of the occurrence of some reverse reaction.

The effects produced by radiations on living cells may be

divided into two main classes, namely physiological and .

injurious actions. The action -of light on the retina and the â€¢

action of X-rays on cells are examples of these two classes.

The Bunsen-Koscoe law may hold over a very wide range in

the case of physiological effects, but in the case of injurious

effects it does not hold below a certain intensity because of

the occurrence of repair processes in the living cells. As in
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OF THE ACTION OF RADIATIONS 243

the case of drugs, so in the case of irradiation there is a minimum

concentration or intensity needed to produce any response,

and as this figure is approached the product It increases.

The action of radiations on living cells is to a certain extent

an all-or-none process in that cells show a certain power of

recovery to minor injuries but cannot recover when the injury

exceeds a certain degree. The action of radiations is therefore

not accurately cumulative, and the true relation between

amount of irradiation and effect is more likely to be

with short exposures to intense irradiation, than with

exposures to feeble irradiation.

Bovie and Hughes (1918) measured the rate of recovery

of i'nnuaiiirism catulatum from the effects of ultra-violet

light. Irradiation for 8 seconds caused cytolysis of 57 p.c.

of the population, but irradiation for '2 periods of 4 seconds

each at an hour's interval caused cytolysis of only 6 p.c.

Shorter intervals resulted in figures intermediate between 57

and 6 per cent., but a measurable amount of recovery occurred

within 10 minutes.

In the case of X-rays, Crowther (1920) found that in order

to kill Colliuliuw it was necessary to give the lethal dose

(so.ooo r.) within 20 minutes. If the same dose were given

over a longer \Kiriod, the cells appeared moribund but recovered

after a few hours. Moreover irradiation with sub-lethal doses

on successive days produced no permanent injury. Packard

(1927A) found the same to be true for the sensitive Drosophila

eggs in which the median lethal dose was 180 r.

Strangeways and Fell (1927) irradiated young chick em-

bryos (20-25 hours' incubation) with X-rays and found that

temporary injury followed by partial recovery occurred. In

the case of later embryos there was no recovery because the

irradiation destroyed, the circulation, and the embryos died

of asphyxia. . â€¢'â€¢.

The apparent effect of X-rays on cells also can be affected

by the temperature at which the cells are kept after exposure.

Packard (1930) found that if DrosophiUt eggs after irradiation

were divided into two batches, which were kept at 28Â° C.

and 17Â° C. respectively, the latter showed a much higher sur-

vival rate. Strangeways and Fell (1927) noted a similar effect

with tissue cultures. ..
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244 QUANTITATIVE MEASUREMENTS

Ciiuti and SJHMI- (11)27) studied the action of gamma rays

of radium mi tissue cultureH anil found that at a distance of

1-0 nun. a 5O p.c. reduction in mitosis was produced in 12

minutes, but that GOO minutest exposure was needed to pro-

duce the same eflect at 5 mm. This result represents only

a moderate deviation from the Bunsen-Roscoe law, but they

also si i0wed (19211) that a small amount of irradiation caused

an initial reduction in mitosis that was followed by a cotu-

|H-nsat 'iry increase, whereas a larger dose caused a decrease

without a com|xmsatory after-effect.

liratin and Holthusen (1929) concluded that the action of

X-rays on ascaris eggs was influenced by the oxygen supply.

In anoxybiosm there was a full cumulative effect, i.e. the

Nime amount of radiation |)roduced the same effect when the

intensity was low and the time long as when the intensity

was high and the time short. When oxygen was present this

relation was not maintained owing presumably to repair

processes occurring in the cells.

These results all agree in demonstrating that the Bunsen-

lloscoe law is only approximately true in regard to the action

of radiations on living cells, because these possess powers of

repair and, unless the irradiation is of sufficient intensity,

the repair process can partly or even completely balance the

destructive effect.

Two other fundamental laws of radiant action are that the

effect produced is due only to radiations that are arrested

and that the intensity of irradiation varies inversely as the

square of the distance from the source of irradiation. Both

these laws ap|xtar to be applicable to the case of radiations

acting on living tissues. In the case of the first law some

doubt arises as to the effect produced by radiations that are

not arrested but only scattered, but there is no quantitative

evidence on this point. A number of workers have shown

that the effects produced by radiations is inversely propor-

tional to the square of the distance of the source, provided

that the intensity of irradiation is not reduced to a level at

which the Bunsen-Roscoe law ceases to hold good.

Packard (1927A) showed in the case of Drosophila eggs that

the dose needed to kill 50 p.c. of the population, namely

180 r., remained the same when the intensity was varied by
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OF THE ACTION OF RADIATIONS 245

altering the distance of the cells from the X-ray tube, or by

altering the amperage, or by introducing lillcr.s. Canti and

S|M-tir (19^7) studicd the action of gamma radiation on cell

division in tissue cultures and their results show that ( X -ft

is approximately constant except for the longest distances

(t --= duration ex|xisurc and d â€” distance of cells from radium).

Gradations of Effects Produced

The destructive action of radiations on cell populations is

'usually measured as an all-or-none effect, i.e. the proportion

of cells which have sustained a certain injury is counted.

This is a 'somewhat artificial system of measurement and

obscures the fact that the irradiation can produce gradations

of injury. Holthuscn and Zweifel (11(32) analysed the action

of radiations on ascaris eggs. They measured in the first

place the relation between the amount of irradiation and the

PIT cent. of the populatton which showed abnormal develop-

â€¢ ment, and secondly counted the proportions of the population

that were arrested in various stages of development ( 1-8 cell

stage, many cell stage, moruhc, abnormal development in

post mom la stage).

Their results show that the relation found between the

amount. of .irradiation and the effect produced depends upon

what end-point is chosen.

For example, the following figures were obtained for the

- incidence of impaired development with various amounts of

irradiation.

Irradiation in r. . . .'.'. . . 1,700 15,(HI0 44,000

Purcont. population in which tho duvclup-

nicut was a t n-xt . -d at or before I lie tnor â€¢ ;

ulu sUgii . , . . . 2U 0iJ 98

In this case the effect produced varies approximately as tho

cube root of the amount of irradiation. A further qualitative

analysis showed, however, that with 15,000 r. dosage only

2 p.c. of the eggs were arrested before the mom la stage and

the remainder were arrested in that stage. On the other

hand a dose of 44,000 r. arrested 86 p.c. before the morula

stage. Hence if the relation between the amount of irradiation

and the incidence of failure to arrive at the inorula stage be

measured the result suggests an all-or-none effect.
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246 QUANTITATIVE MEASUREMENTS

A comparison of the effects produced by X-rays with those

produced by ultra-violet light shows that in this case also

the ratio of activity found between these two forms of irradia-

tion depends entirely on the end-point chosen. The effects

of 1700 r. and 3 inin. U-V irradiation are very similar, and

about 20 times these doses cause 100 p.c. injury in both cases,

but a qualiiative analysis of the results produced by these

larger doses shows that the ultra-violet light produces !Mi p.c.

of the severest typc of injury as compared with the 1 p.c.

produced by the X-rays.

Holthuscn and /weifel found that there was a general

resemblance in the qualitative effects produced by soft and

hard X-rays and by beta and gamma rays of radium, whereas

the effects produced by ultra-violet light were similar to those

produced by heat. The work of Redfield and Bright (litl8)

provides another example of a graded effect produced by short

radiations. These authors studied the effects produced by

hri a rays of radium upon Nereis eggs, and showed that a

thickening of the membrane was produced that could be

measured quantitatively. These results are discussed on p. 260.

Stimulant Action of Irradiation

The question as to whether sub-lethal exposures to X-rays

or radium stimulate cells is a matter of great practical im-

portance. The evidence, which is very conflicting, has

bccn summarized by Packard (1931), who concluded that:

" The primary effect of radiations was always to injure

cells. The cells might recover from this injury completely

and the degeneration products produced by the injury might

temporarily accelerate certain processes such as mitosis."

Canti and Spear (1929) found that the effective doses of gamma

rays caused a primary depression of mitosis, but that over a

certain range this primary effect was followed by a temporary

increase in the rate of division. A diphasic effect such as

this might easily be mistaken for true stimulation.

Kinetics of the Effects produced by Radiations

The primary photochemical or radiochemical effects produced

by radiations in living tissues are followed by a chain of

secondary chemical processes which result in biological effects.

Moreover the primary biological effects produced may cause

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



OF THE ACTION OF KADIATIONS 247

secondary effects. For example, Strangoways and Fell (1927)

found that the effects produced by irradiation on the chick

embryo more than 2 days old were very largely duo to the

irradiation destroying the circulation and thereby causing

asphyxia. The relation between initial dosage of radiation

and the time before a given biological effect appears is there-

fore complex in all cases and may lie extremely complex.

The duration of the latent period can he studied most con-

veniently in cases where the duration of irradiation is short

compared with the latent period. Kuhn (IMl) quotes figures

obtained by Woertz for the relation between ultra-violet

irradiation of chick's red biood-corpuscles and the appearanee

of hujmolysis. The results, which are given below, show that

the product of the exposure and the duration of the latent

period is approximately constant.

Quantity of U-V irradiation (I) (duration in

minutes) . . . . . . .4 8 111

Time in houra ut which fid \n-r cont, iurmolv.-is

npiu-,uvil (0 24 11-2 .',,-i

K . .... . . . . Ml 90 88

The relations found by Waller (1931) between U-V irradiation

of the skin and time before erythema appears are more complex.

Tinio ni ex|Hisure in

minutes . . 3 6 ti 12 15

Latent poriod in

hours . . . 2-6-3-5 2-3-2-5 1-75 2 2-5 I'5 1-3

In this case there appears to be a minimum latent period of

about 1 hour.

When the duration of exposure and the duration of tho

latent period are of similar lengths, the results are more diffi-

cult to interpret. For example, Martin and Westbrook (1930)

studied the production of the browning of leaves by ultra-

violet light. They obtained the following figures :

A. Timo of irradiation by U-V

light in rninutos . . 12 10 H 6 4 3 21 Z.1

13. l.ntei'l period in minuies

nfler termination of irradia-

tion . ...0-536 12 19 27 42 68 co

In this case the effect obviously began as soon us the irradia-

'on started. If as a first approximation the latent period
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248 QUANTITATIVE MEASUltEMENTS

is taken-OH JA -(- B, then It, i.e. A(\A -f- B), gives an approxi-

maiely constant product.

The tciii|x-riilnre coellicieni Q/lo of the latent period of

effecis produced by irradiation lies usually between 2 and 3

(Martin and Westhrook, 1930). Thi.s is natural because the

Infill of the latent period depends un the rate at which

secondary chemical processes proceed.

The latent pcriod of visual processes resembles the case of

the browning of leaves by ultra-violet light in that there may

In- no nn-ai dillcrence in the lengths of the latent period and

of the exposure. For example, Hecht (I!KM) obtained the

following times in the rase of Ctona :

Duration of i'Xii.ISIIIV (ill . 'â€¢

m-.-on.ls) . . . 0-I6 Oâ€¢29 0-311 049 0-58

I.U(i-||I lx-rioil (ill Hl-l-Oluls)

afl.-r ,-x|>,.-.,,!,- . . 3 15 2 15 I-liti 1 42 1 26

Uiviproral of lull-Mi

i..-ii.ni . . . u :ns n-Ki.-, d-r.!t o-7oÂ» (i-7Â»:t

lfi-cbt concluded that there was a linear relation between

the duration of the exposure and the reciprocal of tho latent

lM-rind. He also found a linear relation between the logarithm

of the intensity of the illumination and the reciprocal of tho

latent period.

Adrian and Matthews (1929) found in the eel's eye u linear

relation between the quantity of light and the reciprocal of

the reaction time. Hccht and Adrian and Matthews agree

that the temperaturc coefliciont of tho latent period is high

(y/10 -2).

â€¢ In the rase of the time relations of drug actions it was

tihown that usually the time measured was a mixture of tho

time taken for the drug to penetrate the tissues, tho time

taken by a chain of chemical processes and tho latent period

of the t issue. As has been shown, there is a similar confusion

in some eases of physical excitation, but in. those cases where

the duration of exposure is small in comparison with the

dura i ion of tho latent period the two factors can be distin-

guished clearly. The relation between duration of latent

period and intensity of stimulus found in most cases is that

tho produci of the two is approximately constant. Moreover,

tho temperature coetlicient of the latent period has usually
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OF THE ACTION OF RADIATIONS 241)

a value characteristic of chemical rather than physical pro-

cesses. These facts are consistent with the hypothesis that

the latent periods of the forms of physical excitation con-

sidered measure the duration of a series of secondary chemical

processes.

Individual Variation in Response to Radiations

Radiations show a remarkable selective action on tissues.

The tloses needed to kill different cells vary enormously.

For example, 50 p.c. of iiru.iolihild eggs are killed by. 180 r.

(Packard, IlKtl), whereas ITiOO r. arc needed to product- tho

same effect on ascaris eggs (Holthusen and Xweifol, 1932),

and 80,000 .r. to produce this action on Colpidium (l'rowther,

I'.C-'ti). liergonie and Trihondeau (I'.M)ti) concluded that I ho

â€¢sensitivity of cells to radiations varied directly with the

reproductive capacity of the cells and inversely with their

degree of differentiation. This principle will not explain the

contrasts mentioned above, hut is true in many cases. For

example, embryonic heart-tissue is fairly sensitive to radiations,

whereas adult heart-tissue is extremely insensitive.

There is a very marked individual variation in all cell

populations on which the action of radiations has been

measured. There is indeed a great practical difliculty in

obtaining material of adequate uniformity. For example,

Holthusen (1027) noted that with ascaris eggs it was necessary

to compare results obtained with eggs from a single individual

because the eggs of one worm might 1m twice as sensitive as

those of another worm. Packard (I'.UTu) found that the

resistance of Drosuphilu eggs increased rapidly with age and

that in order to. obtaia consistent results it was necessary to

use eggs of exactly similar age.

(iates (1929) studied the action of ultra-violet light on Â»St.

aureus and found that the dose needed to kill 28-hour cultures

was nearly twice that which sufficed to kill 4-hour cultures.

Individual variation was shown in Chapter VI to be one of.

the main difficulties attending the biological measurement of

the potency of drugs, and it appears to be an equally im-

portant factor in regard to the response of cells to radiations.

Influence of Wave-length on Biological Action of X-rays

Differences in wave-length and consequent differences in
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2.10 QUANTITATIVE MEASUREMENTS

penetrative power are believed to influence grcatly the action

produced liy X rays in clinical work. It was expected that

the same differences would be found in quantitative measure

mcnis of X-ray action made on populationH of cells.' A

number of workers concluded that soft X-ruys produced a

more intense uction than hard X rays, but the most recent

and extensive work has failed to confirm this opinion. Wood

(It.'Jl, IltiT.) stndiod the action of radiations on finely-minced

tumours and found that equal lethal effects were produced

by equal doses of X-rays with wave-lengths of 0-08 and 0-22 A.

Packard (1929) worked with Drosophilu eggs and found

that 50 p.c. of the population was killed by ISO r. whether

the rays were tillered gamma rays from radium (0-02 A),

or by X-rays of the following types : very hard (0-15 A),

hard (0-22 A), soft (0-6S] A), or very soft (1-70 A). Other

workers who have confirmed the biological equivalence of

X-rays of varying length are Braun and Holthusen (1929;

ascaris eggs) and lilocker, Hayer and Jtingling (1920 ; beans).

The Relation between Amount of Irradiation and Graded

Effects

Very few of the effects produced by ultra-violet light and

X-rays on biological material arc suitable for the measurement

of the relation between quantity of irradiation and the amount

of action produced, but some of the effects produced by

visible light arc suitable for this purpose. The information

required is the relation between the amount of irradiation

and the amount of chemical change produced in some material.

The Action of Light on Photosensitive Systems

The relations between intensity of illumination and sensa-

tion produced in the eye are of particular interest because

the retina is a photosensitive tissue capable of responding to

very feeble stimuli and also capable of distinguishing gradations

of illumination over an extremely wide range of intensity.

The theoretical significance of the relations found between

the intensity of illumination and the effect produced are how-

over uncertain', and therefore it is worth while considering

first the relations found in a simpler system, namely the photo-

graphic plate.

Harter and Driflield in 1890 showed that the sensitivity of
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OF THE ACTION OF RADIATIONS 251

a photographic plate could be expressed by plotting the

logarithm of the exposure against the amount of chemical

change produced. The characteristic curve thus obtained is

of a sigmoid shape, with a middle portion that is almost linear

between 20 and so per cent. of the maximum action.

(Sheppard and Mees, 11K)7, p. 282.)

This curve closely resembles in general shape the curves

relating the concentration and action of ucctyl choline (Fig. 33)

and adrenaline (Fig. 3fi), and also the curves relating the

concentration and the incidence of etlccts of these drugs

(Figs. 34 and 37).

The general theory developed by Sheppard and his co-

workers is given as follows by Trivelli and Loveland (1930):

"On the surface of the grains of a ripened photographic

emulsion are scattered specks of a sensitizing material con-

taining silver sulphide, as has been shown by 8. E. Shoppard

(L925), and which serve during exposure as nuclei for silver-

silver sulphide centres of sufficient size to cause the grains

to become developable."

The grains of a photographic emulsion vary in size and tho

distribution is usually of a highly skew form with a great

majority of small grains. The larger grains have the larger

specks and it minims more energy from light to convert the

smaller specks into centres of sufficient size to produce develop-

ability. Tho developability of any grain is an all-or-none

character. Wight man, Trivelli and Sheppard (1923-4) in a

series of papers showed that there was a close correlation

between the size of grains in emulsions and their sensitivity.

This theory therefore explains the characteristic curve of an

emulsion as an expression of the skew distribution of size,

and in consequence of sensitivity, in the grains composing the

emulsion. The action. of light on the individual grain is

regarded as a gradual production of a photo-chemical change,

whilst developability is an all-or-none effect which results

when a certain amount of photo-chemical change has been

produced. Sheppard, Trivelli and Loveland (1925) concluded

that between 500 and 800 quanta of light were needed to

produce developability in a single grain of l/<* surface area.

There is general agreement that tho devclopability of halido

emulsions depends on light activating certain specks in the
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252 QUANTITATIVE MEASUREMENTS

grains. 'Chere arc, however, two theories regarding the mode

of action of the specks. The topochentical theory outlined

iibove regards tlie specks us centres around which collect the

products of a primary photo-chemical action. The alternative

theory is that the specks are activated by a single quantum

and then produce some form of catalytic action on the grain.

This quantum theory implies that the area of the speck is

about 1/100,000 of the area of the grain, and that in conse-

quence only a very small proportion of the quanta of light

absorbed by the emulsion produces any photo-chemical effect.

The existence of these two rival theories of photo-chemical

action is of considerable general interest, because there is a

somewhat similar division of opinion regarding the mode of

action of radiations on living cells. The topo chemical hypo-

thesis put forward by Kheppard appears to have the greater

amount of experimental evidence in its support and therefore

may be accepted for the purposes of the present discussion.

This theory implies that the shape of the characteristic curve

relating exposure to light and photo-chemical change in a

nilver halidc emulsion is due to skew distribution in grain

si/.e. and to the sensitivity of t lie grains depending on t heir si/.e.

The characteristic curves of ultra-violet light ami of X-raya

nre probably similar to those of visible light, but the evidence

for this is much less complete. Figures given by l'lark (1924)

nhow that when ultra-violet light nets on lithophonc paint,

the relation between duration of exposure and amount of

darkening shows an approximate linear relation between effect

and logarithmic duration. This relation would agree with the

middle portion of the characteristic curve obtained in the

case of visible light.

Action of Light on the Retina

Henri and Larguier des Bancels {1912) pointed out the

general relation that the logarithm of the intensity of the

illumination plotted against the effect produced gave a sigmojd

curve with a linear middle portion, and that this was true

for the results obtained by the following authors : Koenig

and Hrodhun, who studied visual discrimination ; Haas (1903),

who measured the retinal current; Henri and Henri (1912),

who measured the phototropic effect of ultra-violet light on

cyclops.
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OF THE ACTION OF RADIATIONS 253

There 1ms Iieeu u general agreement amongst subsequent

workers that the characteristic curve relating the logarithm

of the intensity of illumination and the amount of sensation

produced follows u sigmoid course. The middle portion of

.such a curve shows a linear relation hctwven log. 1 and sensa-

tion and therefore is in accordance with the Webcr-Fcchner

law, but there is u general agreement that this law does nut

express the general form of the curve. . J .'

Two explanations have been advanced to explain the curve

as a whole, and these are as follows :

(u) That the relation depends upon the fact that the light

produces a primary photo chemical change that is rapidly

reversible, and the sensation depends upon the amount of

this substance present in a changed form at any moment.

(b) That the relation expresses a skew distribution of varia-

tion in the sensitivity of the receptors.

Hecht (I'.).'{1) made exhaustive experiments on the response

to light by various invertebrates (Mya arenaria, l'ion a, bees)

and found in these cases the same variation in . -. that had

been noted by previous workers in the human eye. The

variation in this ratio as determined by Koenig and Brodhun

is shown in Fig. 45. It will be seen that the ratio remains

approximately constant while the intensity varies about 1000-

fold (i.e. from 50 to 50,000 in the units used in Fig. 45). It

was this constancy that led to the belief that the action varied

as the logarithmic intensity. When, however, the intensity

is reduced below 50, the ratio rises steadily with falling

intensity, and when the intensity rises over 50,000 the ratio

also begins to rise.

This U-shaped variation in -.- proves conclusively that

there is no linear relation between the effect and the logarithm

of the intensity. It is, however, the variation that would In;

observed if the relation between intensity and ellect followed

a rectangular hyperbola. Hccht's explanation is as follows:

Light acts on a photo-sensitive substance (S), splitting it into

P and A. S ;- P -j- A. The rate of this action varies as

intensity I and the amount of S present which equals (a â€” y),
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254 QUANTITATIVE MEASUREMENTS

where a is the amount present in tho resting eye and y is

the amount, trunHformed. Tho uction is reversible and the

V*

reverse process 1* -t- A -> S varies us wv Hence KI -â€” â€” -â€”.

u~y

This formula was found to give an approximate lit to the

variation!* observed in -.- in tho various oycs studied. Adrian

and MatthowH (IW29) studiod the electrical res|mnse produced

in the.optic nerve of the conger eel by irradiation of tho retina.

They considered that their results agreed with I Iccht's in

indicating that the primary effect produced by light in the

retina was a reversible photo-chemical change. There is

therefore reasonable evidence for tho assumption that tho

action of light on the eye is due to light acting on a photo-

sensitive substance and converting it into a compound which

|xTsists only a short time, and that tho physiological stimulus

(measured either by sensation or by electric variation in the

nerve) varies directly as the quantity of compound produced.

This relation bet \\een stimulus and effect follows a hyperbola,

and hence action varies as the logarithm of the concentration â€¢

over a wide range of intensity.

The relations between illumination and discrimination ob-

tained by Koenig (Is'.iT) are shown in Fig. 57. liis interpreta-

tion of his results is shown in the iigure. Ho concluded that

with low intensities of illumination only the rods were stimu-

lated and that there was a linear relation between the logarithm

of the illumination and the power of discrimination. Higher

intensities of illumination stimulated the cones, and with these

also there was a linear relation bet ween the logarithm of tho

illumination and the power of discrimination, but tho slope

was much steeper.

lleeht (I'.tlH) concluded that the relation between illumina-

tion and discrimination really followed a hyperbola. Fig. 58 â€¢

shows two curves. Curve' A was obtained by Hccht from

the averages of Koenig's figures ; it follows approximately

the formula H':-' . . .,. Curve B expresses tho results

(100â€” y)

obtained by Hccht in experiments of tho visual acuity of bees.

y

This curve follows approximately the formula Jtl* â€” -râ€” .

100 â€” y
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OF TUB ACTION OF RADIATIONS.' 2S5

Both curves have IKJOII reduced to percentages of luuximuiu

acuity.

Hccht explained these relations between intensity and effect

18

oooot ooot ooi oi t i0 i00 wuo IODOU tuuuui tuooauo

Fig. '67.â€” Tho relation between tint intensiiy of illuiuinulion und thn

of diHeriiniiuition.

: illununutiuu on logurithtni.e HculÂ». ORIIINATIO : |Hiwer of 'lin-

friininution in Arbitrary unitx.

' The curvoH H|IOW thu ruHnlU ohIiiiiuul with whiUt, rod, Kn;en uiÂ»l bLiui light.

(Kuouig. 1HH7.)

as follows. He aswuined that the relation bctwwn light

intensity (I) and amount of chemical change produced at any

Â«>

moment (y) followed the formula kl = â€” , and that

100 â€” y
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256 QUANTITATIVE MEASUREMENTS

the units of the visual apparatus (e.g. rods and cones or

ommatidia) varied OS regards the amount of ij that was

required to produce stimulation. He assumed that there was

a wide variation in this rcspect HO that the relation between

concentration of // and total number of units stimulated (K)

was more nearly line.tr than sigmoid. In consequence of this

approximation to a linear relation between y and K the rela-

tion beiween light intensity (I) and number of units stimu-

-i

-I

2 Log.!

Kin. fâ€¢H. Tin- rolutiou betwccn intrnsity of illuminution and visual

acuity.

Ans, ISSA : ln^',n.iilnM of llui intciisiiy of illnmiimtion. UHDINATK : vimiui

wnily nHpruHHoil us iinr cont, of inuximoin.

i'l'nVK A. HIT|II'H inUirpriitution of Kufnig'H li^ures for hiinuin viaion.

L'i'KVK H. ViHnul iteuity of U'D'H eyn. (Itueht. 1931.)

lated (K) approximated to the formula relating light intensity

(1) and chemical change (</). This explanation is of the same

ty|Hâ€¢ as that adopted by the writer to explain the skew char-

acteristic curves found with inHCcticideu and various other

tlrugs (cf, C'hapUn- VI).

IIoustun (193:2) put forward the alternative hypothesis that

nil the characteristic curves obtained that related illumina-

tion and sensation expressed individual variation of the

receptors. Ho poinied out that the ratio AI/I did not
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OF THE ACTION OF RADIATIONS 257

measure the power of discrimination hut that this was ex-

pressed by the reciprocal I/AI, a value that was greatest

when the power of discrimination was greatest. He showed

ihat if 1/A1 were plotted against, log.â€¢ i, the figuros titled the

( Jiiussian curve of error that is expressed by the formula

y =â€¢ e~JCiI'. He therefore interpreted the sigmoid curves re-

lating log. I both with discrimination of illumination and with

acuity of vision as an expression of an individual variation

amongst the receptors in the retina. The resemblance of the

curves under discussion to the curves expressing the relation

between concentration and action of tmoh drugs as ucetyl

choline and adrenaline (cf. Figs. 33 to 3ii) is obvious. Since

. the curves are almost identical it is only natural that in both

cases the same two rival explanations should have bceti

advanced.

The statement that the curves can be interpreted as integra-

tions of a variation distributed according to the normal curve

of error Bounds an attractively simple explanation. Ii is.

however, scarcely an accurate statement of tiio facts. This

agreement is only obtained by distributing the variation

according to the logarithm of the intensity, and if it is dis-

tributed according to the intensity, then a highly skew or

J shaped distribution heromes appareni... In the case of the

photographic plate there is direct evidence that the variation

of one characteristic of the grains, namely their size, is dis-

tributed in this unusual manner, but there is no evidence in

support of such an assumption in the case of the retinal cells.

Furthermore, it has been shown by Adrian and Matthews

(1927) that the stimulation of a limited area of the eel's retina

spreads excitation over a much wider urea, and this fact

seems to preclude the assumption that the individual variation

of the retinai units is measured by the sensation produced.

Action of Light on Chlorophyll

This is a biological effect in which it is possible to measure

accurately the amount of radiation and the total amount of

chemical action induced. Warburg (1919) measured the

relation between intensity of illumination and the rate of

carbon dioxide assimilation by C'hloreUa, while Kmerson (1929)

on the same preparation measured the relation between

lighting intensity and Oxygen production. Their results,

M.A.D. H
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258 QUANTITATIVE MEASUREMENTS

which are shown in Fig. 50, suggest the general relationship

Kl" where //is the amount of action expressed as

JMT cent. of the maximum. The curves show values for Â«

intermediate between I and 2.

The relation bet ween exposure and chemical response .can

be interpreted perfectly simply in this case aa the expression

of a reversible primary photo-chemical process that is followed

2 Lot) I

Fig. 59.â€”Tho relation hotwtu'n ox|xisuro to IiÂ«I't. and tho CO, 'u*imilu-

ILÂ«I\ of tho greon ulgn CMurclla.

AUSCIHHV : logarithm of tho ox|KiBura to light. OliDIMATB : rate of twai-

mihttioo of CO, tixpreH8Â«il UH |mr m't. pf maximum.

CIUIVB A. Wrtrburg (I919).

CI'BVE H. Kiuoraon (I929).

by irreversible secondary processes. It seema to be a strain-

ing of probabilities to attempt to interpret a chemical action

of this type as the expression of an unusual and unproven

form of distribution of variation amongst some hypothetical

receptors.

The relations between the intensity of illumination and the

effect produced on CMortlht, on the retina and on the photo-

graphic plate show a resemblance that is striking. Tho

characteristic curve in the ease of Chlori'llu appears almost

certainly to he an expression of a reversible photo-chemical
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OK THK ACTION OF KADIATIONS 250

The evidence available regarding the characteristic

curve of silver halido emulsions is in favour of the view that

this expresses the individual variation in the size and Honsi-

tivity of tho grains in the emulsion. In tho case of the retina

tho evidence is inconclusive.

The writer favours the opinion that all the curves under

discussion obtained with biological material att) expressions

of a reversible photo-chemical change. This hypothesis

provides a rational physico-eheniical Imsis for the effects

observed, and does not involve the unproven assumption of

an unusual form of distribution of variation in the receptors.

In Chapter VII it was shown that the curves relating tho

concentration and action of acetyl eholine and certain other

drugs probably expressed a reversible chemical reaction, but

that they might express some form of individual variation.

Curves of a very similar type are found to relate tho intensity

of illumination and the effect produced on a variety of living

and non-living systems. Unfortunately this resemblance docs

not help in the least to solve the problem as to tho nature of

.' tho curves obtained with drugs, fur tho characteristic curves

obtained with irradiations appear to express individual varia-

tion in tho ease of light acting on tho photographic plate and

to express the progress of a reversible reaction in tho case of

light acting on chlorophyll.

Action of Radiations on Enzymes

Many enzymes are destroyed by radiations and their rate

of destruction has been measured quantitatively. Hunscy

and Thompson measured tho action of beta radiation on trypsin

(1923), on pepsin (1924) and on invertase (KI21U). Clark and

Northrop (191'6) measured the action of soft X-rays on trypsin.

!' llussey and Thompson also measured the action of ultra-

! violet light on pepsin (i!li'lin) and amylaso (1032). All those

workers agree that tho rate of destruction of ferments follows

tho course of a monomolecular reaction, i.e. a constant pro-

portion of tho ferment present is destroyed in unit time. Tho

same relation is observed with heat inactivation of ferments.

There is therefore a linear relation between the logarithm of

the quantity of ferment present and the duration of exposure,

and there is an exponential relation between the exposure

and amount of action.

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



260 QUANTITATIVE MEASUREMENTS

Graded Effects produced by Short Radiations

Unfortunately the evidence regarding the graded effects

produced by short radiations is scanty. Indeed it is so scanty

that Home writers have assumed that these radiations can

only produce all or none effects. This assumption already has

bren show n to be untrue, and there are some measurements

of graded effects sufficiently extensive to indicate the nature

of the relation between exposure and effect.

Kedficld and Bright (1918) measured the quantitative effect

of irradiation on Nereia eggs. Such treatment causes thicken-

ing of the membrane of the egg, and the average amount of

thickening was measured. The eggs were exposed to the beta

and gamma rays of radium emanation, and the effect was

measured (in minutes after radiation. Their results are puzzling

in that they do not agree with the Bunsen-Roscoo law, for

the authors found that the same total amount of radiation

produced a greater effect with long exposures at low intensity,

than with short exposures at high intensity. The general

relation found was that the effect varied as the logarithm of

the intensity, but with low intensities the effect became more

nearly proportional to the intensity. The results suggest that

the relation between amount of irradiation and amount of

action follows a similar curve in biological material as it does

in the photographic plate.

The General Shape of Characteristic Curves obtained

with Radiations

There is a general agree,neat that photo-chemical processes

stre of a highly complex nature, and that the nature of the

processes involved can only be analysed in the simplest systems.

The theory of the subject in relation to biological processes

has been discussed by Kisse (1930) and Guilden (1930). It

Hccms quite certain that in all biological systems radiations

must produce a complex chain of reactions. The examples

quoted in the previous pages show that in many cases the

relation between amount of radiation and effect produced

y'

approximates to the typo of formula Kx = --â€” . In the

100 â€” y

case of enzymes their destruction follows a monomolecular

course. In all eases, however, the relation between amount of

irradiation (It) and effect produced (E) does not follow the
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OF THE ACTION OF RADIATIONS 261

simple relation K varies as It, but more nearly approximates

to the relation E varies as log. It.

It seems probable that a wide variety of relations will

obtain according to the nature of the secondary processes in

the chain of reactions sot up by the primary photo-chemical

change. There is, however, no reason for assuming any direct

linear relation between amount of irradiation and effect

produced. Moreover, there appears to be a fair probability

for the occurrence of a sigmoid relation between the logarithm

of the amount of irradiation and the effect. This curve

implies the following approximate relations between effect (E)

and amount of irradiation (It) :

l(itnmâ€¢ ill olTuot .ts P.O.

ni maximum puwiiblo Hulution Imtwoon E and II

0 to 20 . . . . . " . E voi'ieH as It

20 to 80 . . . ."'.... E vurios as \og. It

80 to 95. ,' . . . . E varies as (!<)Â» to (II)*

Characteristic Curves of Deaths produced by Irradiation

The rate of destruction of cells by chemical and physical

agents has been discussed in Chapter VIII. The relation

between exposure to a chemtcal agent and percent ago of

death in .'.lie population must be determined by the rate of

entry of the drug. The rate of death due to exposure to dry

air is presumably determined by a chemical process, namely,

loss of water. The rate of death due to heat in the case of

a large organism might measure the time taken for the tem-

perature to change, but in the case of a micro-organism the

temperature change must be instantaneous and the rate of

death must be determined by the rate of the chemical changes

induced by the rise of temperature.

In the case of deaths produced by irradiation then; are two

variables, namely intensity and duration, but HS the Roscoo-

BunHcn law is approximately true in the case of the biological

effects produced by irradiation it is simplest to relate the

amount of irradiation (I/) with the amount of effect, and to

regard the curves obtained as concentration-action curves

rather than as time-action curves.

The shapes of the characteristic curves obtained with radia-

tions show, however, a remarkable resemblance to the time-

action curves obtained with drugs. In consequence their

G
e
n
e
ra

te
d
 f

o
r 

jjy
o
rk

 (
U

n
iv

e
rs

it
y
 o

f 
M

ic
h
ig

a
n
) 

o
n
 2

0
1

1
-0

9
-1

5
 1

6
:5

4
 G

M
T
  
/ 

 P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g
le

-d
ig

it
iz

e
d
  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



262

QUANTITATIVE MEASUREMENTS

interpretation IIUH evoked a controversy parallel to that con-

cerning the significance of time-action curves. Fortunately

there is a fair agreement about the shape of the characteristic

curves obtained with irradiation. Fig. (iti shows typical results

obtained by Packard (l92fl) with X-rays acting on Drosophila

eggs. Irradiation of a feeble intensity resulted in a curve

that was sigmoid in shap6, whilst the more intense irradiation

produced a curve that approximated to a logarithmic curve

50 Min

Fig; 60.â€”The relation between exposure to X -niyn and the incidence

of death in DrosophiUt oggs.

ABSOIUSA : duration of exposure in miuutea. OBDINATE : per cent, mor-

tality.

CI'UVKS A, H, and C show the effooU of irradiation at respective diaUnws

of 23 cm., M cm., uu.l 71i era, (Packard. 1926.)

(i.e. a period of lag followed by a linear relation between

the logarithm of the survivors and the dosage).

Condon and Tcrrill (1927) concluded that some of Packard's

curves were truly logarithmie, but the latter author (1929)

states that those results were probably inaccurate and that

probably all these curves are sigmoid in type. This doubt

about the shape of the omves is not very important, however,

because other observers have obtained curves that were

accurately logarithmic. For example, such curves have been
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OF THE ACTION OF RADIATIONS 203

obtained. for the destruction of bacteria by cuthotlo rays

(Wyekoff and Rivors, 1Â«30), by X-rays (Wyckoff, 1930), and

by ultra-violot light (Wyckoff, 1930).

It acenia probable therofore that these characteristic curves

may vary from the sigmoid to the logarithmic form, and that

.-.noli variations-may occur in .a Hingle population when the

intensity of irradiation is varied. The controversy dotw not

'concern the shape of the curves but the manner of their inter-

pretation. Blau and Alteuburger (I '.U.') first suggested that

death was produced by the absorption of a limited number of

quanta. This would result in a curve showing a |ieriod .of

lag followed by a linear relation between log. p.c. survivors

and amount of irradiation. The number of quanta altsorhed

in-oiled to kill the cell can, according to this theory, be calcu-

lated from the shapes of the curves. The tutmlieiâ€¢ of quanta

calculated to kill a cell by the upholders of the quantum theory

varies. In the case of bacteria Wyckoll (1930) found the

number to be one. I'. Curie (1929) and UtcnKsagne (1U29)

and Holweck and l^acassagne (l!i30) found 4 and 9 quanta

for varied wave-lengths, whilst with colpidia, Crowthor (1'J26)

found this number to be about 40. In actual fact the agree-

ment regarding the sha{ie of the curves obtained is not too

good. For example, in the case of ultra-violet light several

observers have obtained logarithmic curves. Clark and tJage

(1903) action of sunlight in killing It. cull mmmnnis; \joo

and Gilbert (191H) destruction of It. coli communi by ultra-

violet light; Wyckoff (1932) destruction of bacteria by ultra-

violet light. There is, however, no unanimity on this point,

for the following authors have obtained sigmoid curves with

the same system: (Jates (1'X'U) destruction of ,S. aureus;

Baker and Nanavatty (1929) destruction of II. coli. Tho

writers who have made the most extensive observations on

the action of X-rays on biological material ap|war to agree

that the characteristic curves are sigmoid in slmpo.

A summary of the evidence up to 1930 has boi-n made by

Packard (1931). Tests have been made on a wide variety

of cell |iopulations: Packard (llt^il '.)) DroHOphila eggs;

Wvckoff (1930) and Holwcek (l'J29) bacteria; Crowther

idium coljtoda; Glocker, Hayer and Jiingling

Bjdrling (1930) horse beans ; Braun and Hoi-
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264 QUANTITATIVE MEASUREMENTS

thusen (1929) ascaris eggs; Langendorff (1931) sea-urchin

lnspection of any of the curves under dispute will show

that the distinction between a sigmoid curve and a logarithmic

curve preceded by a lag depends almost entirely on the rate

of death of the first 10 p.c. of the population. There are,

however, very few populations that give 100 p.c. survivors

in the controls, and hence the figures for the commencement

of destruction are the least certain of any in the curves.

The writer's general belief is that in any system containing

living cells there are nearly always too many variables present

to allow of absolute proof of the nature of the processes causing

quantitative relations, and hence controversies such .as the

one described must lie decided on general probabilities.

The most obvious method of approach to a problem of this

nature is to consider the relations that obtain in simpler

systems, and silver halide emulsions are the most important

of such systems because the action of light on the photographic

plate has been studied very carefully. The evidence that has

lieen considered shows that the nature of primary effects

produced by light on the photographic plate is still uncertain,

and that although the relation between exposure and effect

in this system is very similar to that observed when light acts

on photo-sensitive living tissues, yet this fact docs not atlord

much help because there is a similar uncertainty regarding

the significance of the relation obtained in non-living as in

living systems. The mere fact that there is still an uncer-

tainly regarding the nature of the effect produced by light on

the photographic plate shows, however, that it is absurd to

expect any conclusive proof regarding the nature of the

effects produced by light on living systems. The writer con-

siders, however, that the hypothesis that cells are killed by a

few quanta of light implies postulates that are so improbable

that they verge on the impossible.

The quantum theory postulates that the cells do not vary

significantly in their resistance to radiations, that the action

of radiations is a non-cumulative process, and that the cells

possess no power of repairing the damage done.

There is direct evidence that all these assumptions are

untrue. Unless the greatest care is taken to obtain uniform
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OF THE ACTION OF RADIATIONS 205

populations it is impossible to get accurate quantitative

measurements of the action of radiations. The evidence in

general indicates that cells are extremely variable. in their

response to radial ions. Experiments such as those of Ucdticld

and Bright (1U18) show that radiations can produce graded

actions on cells. Finally, all observers agree that unless the

irradiation attains a certain intensity it produces no effect

on cells, and that in consequence the Hunsen-Koscoo law docs

not hold for irradiations of low intensity.

The explanation the writer advances is that the curves

express individual variation. If all the cells were absolutely

uniform they would all die after the same dose of irradiation.

The cells vary extensively and the curves express cell varia-

tion distorted by various factors. In tho first place the cells

possess powers of repair, and hence with irradiations of low

intensity there is -a " tail " of resistant individuals in whom

injury and repair are nearly balanced. The irradiation pro-

duces some mechanical effect in tho cell and the relation

between amount of irradiation and amount of chemical

is not linear in any biological system for which it has

measured. As a first approximation we may assume that

amount of effect varies as the logarithm of tho amount of

irradiation, a relation that has been shown to occur in the

case of enzymes. If, now, tho. cells show a sigmoid variation

in respect to the amount of effect (chemical change) needed

to kill them, then tho relation between amount of irradiation

and the per cent. of cells killed will be highly skew. This

is the same explanation as was advanced to explain the skew

frequency curves observed in the case of drugs.

This hypothesis regards the action of radiations as a cumu-

lative process, and assumes that the cell possesses a limited

power of repair in rcs|iect to tho injuries produced. The ex-

posure-action curves may cither express the individual variation

in the power of repair (sigmoid curves) or the rate of accumu-

lation of the toxic effect (logarithmic curves). This hypo-

thesis is supported by the fact that a similar range of curves

are found in tho case of the destruction of bacteria by heat

(Fig. 40), and in this case it is impossible to suppose that

death is due to the absorption of a few quanta. Moreover,

a similar range of curves can be obtained in the case of simple
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2M QUANTITATIVE MEASUREMENTS

systems in which it is fairly certain that tho change measured

cxpresHCH two factory namely, tho action of an injurious

agent and tho variation in tho resistance of tho cell. The

exosmosis of salts from poisoned trouts' eggs (Fig. 61) provides

a good example of such u process.

Formal proof of the action of radiations on living cells is

impossible to obtain us our present knowledge is far too im-

tltis, 1 lwever, is no reason for accepting any hypo-

ao so 100 in no 130 lie iso lea in uo lfOioo^lo^^o ao

Fig. til.â€”Graphs Hhowing rate of OXOSIIIOHIS from tloud (A) and living

trout, oggs (B, C, D).

In A u ilriul ogg WUH saturated with 0-125 M CaCl; Urn graph shows tho

cuurmt uf oxomnosis into 'A o.c. of dml illnl water. In U a living egg wua

nxlHmntl in 3 u.c. of 5 |Â«T cont, aniline iu dmtillud water; in C un ogg WUH

r\|iusril Iu 1 .*. |MT f.'iil. anilino in ilistilhnl wator, and iu D an ogg WUH oH-

ituHtol lo O'Tt ix)r r,uii. Hnilino in dJHlillod wutor. In all caaun thoro was no

In!rnl tx-iio,l owing to I In, ixiworful aclion of thn anilino solution combinoil

with I In- nioclumirul agitation oxiHiruinrud by tho ogg in tho conductivity

â€¢â€¢I'll; lull-Hi tirri,itlH appour wluni either of thoae factors ia roducod in intensity.

(Gray. 1932.)

(Koprixlucod by iioriniHiiion of tho Editor of tho Journal of Experimestal

Binloyy.)

thesis that gives an approximate interpretation-of the pheno-

mena regardless of its inherent improbability.

Tho safest guide in those matters is the principle of William

of Occam that forbids tho assumption of unnecessary hypo-

theses, and this rules out the theory that the destruction of

living cells by radiations is produced by tho absorption of a

few quanta, because the evidence available can be interpreted

in a simpler manner.
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CHAPTEK XIII

EFFECT OF TEMPERATURE CHANGE ON DRUG

ACTIONS

General ..-.'.

The effects produced by changes of totulH)raturo on the

action of drugs ought to provide evidence regarding the nature

of the reaction between drugs and cells for two reasons.

In the first place a rise of temperature greatly increases the

velocity with which a chemical system proceeds towards equi-

librium. Usually the velocity is increased two- or threefold

by a rise of 10Â° C. On the other hand, the velocity of

physical processes usually is increased less than 1-5-fold by

a rise of 10Â° C. Hence the effect of temperature change on

the kinetics of drug action ought to provide evidence whether

this action depends on a chemical or a physical process.

In the second place, a rise of temperature causes a dis-

placement of chemical equilibrium in the direction in which

the reaction takes place with absorption of heat. The effect

of temperature changes on the extent of the action produced

by a drug at equilibrium ought therefore to provide evidence

as to whether the action of the drug is ondothcrmic or

exothermic.

In actual practice it is extremely difficult to draw any

conclusions from the effects produced by temperature change

on drug action. The first obvious difficulty is that the action

produced by drugs is estimated by measuring some function

of living tissues, and no conclusions regarding drug action

can be drawn until we know exactly the effect of tcmpcraturo

change on the functions measured in the absence of the

drug.

A second fundamental difficulty is that the rate of any

chain reaction is set by the rate of the slowest reaction in the

chain. Most chemical processes involving living tissues are
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270 EFFECT OF TEMPERATURE CHANGE

chain reactions and hence the effect of temperature change

only measures the effect produced on the rate at which a

single step occurs. This fact which appears almost self-

evident has been termed the law of Blackmatl (1905) and

Putter.

The general theory of the action of temperature on chemical

reactions has been expressed by Nernst (191(5, p. 719) as

follows:

" Since chemical equilibrium is established aperiodioally, we

are concerned with a process of the same kind as the move-

ment of a particle under great friction, the displacement of

ions in a solvent, or the diffusion of dissolved substances.

In all those cases the velocity of the process is at each instant

directly proportional to the driving forces, and inversely to

the frictional resistance ; so that we conclude that an equation

, ,.'â€¢,,, .. t ,. chemical force .

of the form Veloctty of reaction = â€”; ;â€”.â€”â€”;â€” stmtlar

chemtcal resistance

to Ohm's law must hold. The ' chemical force' at any

moment may be derived from the change in free energy ; of

the chemical resistance we know little. . . . According to

all experience the chemical resistance increases rapidly with

fall of temperature, and becomes infinitely great at the absolute

zero."

Van't lloll (1884) expressed the relation between the rate

of a chemical reaction and temperature by the formula

V1 = ertr.-T.i or ki& v, log. V. - 0(T, - T.)

â€¢0

whore V0 and V, are the velocities of the reaction at tempera-

tures Ta and Tl.

This formula implies that the rate of increase of a reaction

caused by a rise of temperature is constant for all tempera-

tures. This rate of increase is usually calculated over a range

of 10Â° (J. and expressed as

rateaU+10_Q/10

rate at* **/*

This formula was found to be inaccurate, because the values

obtained for Q/10 nearly always fell as the temperature rose,

and Arrhoniufl (1889) put forward an improved formula, which

expressed accurately the influence of temperature on the rate
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ON DKUG ACTIONS 271

of.

v,

v-

â€¢â€¢

I u:ui-i.iiiiin in homogeneous systems. This had the form

= fa\ t.T,/. 'j^ rt|ij 'i1, are expressed as absolute tem-

peraturos.

The relation between Q/10 and /i has been plotted as a

nomogram by Buchanan and Fulmor (liUo) and a few figures

are given in Table XVI. The divergence)i observed in the

TAIILK XVI

Tho values of Q/10 that oomiH|Hmtl to various vulutm of 1i in the

biological rimgo of tttmpuruturo

Yalin-H of c.

fi.lMHI

ui.nitn

tfi.tMHI

in .in in

J.l.mui

Tompuraturo

5Â°C.

1-37

1-93

2-65

:<-un

.1-00

15Â° O.

1-34

1-84

2-50

3-30

4-fif,

25" C.

1-32

l-76

2-35

3â€¢uri

4-ir,

35UC.

l-2Â»

1-68

2-20

2-H5

3'75

â€¢

: two sets of figures within the biological range of temperature

.are worth noting because the constant Q/10 is easier to

determine than the constant //, and these figures indicate the

' extent of the variations in Q/10 that can be corrected by

the use of Arrhenius's formula.

It is rarely possible to study living cells over a range of

more than 30Â° C. A comparison of Q/10 at 5Â° C. with that

at 35Â° C. shows that when p â€” 5,000 Q/10 falls only 6 p.o.

in this range of temperature; when /i - 15,000 the change

in Q/10 is 16 p.o. and when /i = 25,000 the change is 25 p.o.

1 If, therefore, a series of biological observations shows a

: variation of Q/10 of more than 25 p.c. it is extremely unlikely

that the employment of Arrhenius' formula will give a con-

stant value for /i. In most cases- the substitution of the

Arrhenius for the Van't Hoff formula will only correct varia-

tions of about 10 p.c.

Tho measurements of temperature coefficients of processes

occurring in homogeneous solutions has been found of general

value in distinguishing between chemical and physical pro-

cesses. Even in such cases abnormal results may bo obtained.

Hoober (1924) mentions that in many reactions in watery
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272 EFFECT OF TEMPERATURE CHANGE

solutions the Q/10 is not constant but has a maximum value

at about 20Â° ('. Moreover some chemical processes have

abnormally low temperature coefficients. For example the

Hnponificntion of many esters has a Q/10 of less than 1-6.

Temperature Coefficients in Heterogeneous Systems

Since living cells are complex heterogeneous systems it is

unwise to assume that they will follow kinetic laws based on

the chances of collisions between molecules moving freely in

homogeneous systems. Certainly it is advisable to examine

the evidence provided by simpler non-living heterogeneous

systems before making such an assumption. Even in homo-

geneous solutions exceptions are found to the rule that physical

processes have temperature coefficients lower than those of

chemical processes, and in heterogeneous systems the dis-

tinction is very uncertain.

The sorption of gases by charcoal is a simple physical

process, but this has a Q/10 of 2 (Francis and Burt, 1927).

Similarly the rate of catalysis by colloidal metals or by en-

zymes is believed to be regulated by diffusion and it might

therefore be expected to have a low temperature coefficient,

but actually the Q/10 in such cases is usually higher than 2

(Lewis, 1926, p. 458). The combination of carbon monoxide

with haemoglobin represents another extreme, for its rate

is not influenced by temperature change (Hartridge and

Roughton, 1925).

In some cases abnormally high temperature coefficients are

found iti relatively simple systems. For example, Kassel

(1929) found a Q/10 as high as 12 for the dehydration of

calcium carbonate hexahydrate in the presence of water.

This abnormal value he explained as being due to the reaction

proceeding as a chain process. Bell (1928) found a Q/10 of

13 for the oxidation of benzoyl o-toluidine in benzene by an

aqueous solution of potassium permanganate.

These examples suffice to show that temperature changes

may produce very curious changes in the rate at which

reactions proceed in heterogeneous systems.

A study of the temperature coefficients of actions of enzymes

suggests that in these processes the Q/10 is not constant but

falls as the temperature rises; moreover the change observed

is too great to be corrected by the use of Arrhenius's formula.
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ON DRUG ACTIONS 273

For example, Harris and Creighton (1915) found that the

Q/10 of tissue reductaso rose from zero at 0Â° C. to 2 at 10Â° C.

and remained constant at this figure between 10Â° 0. and

40Â° C., but fell when the temperature rose above 40Â° C. Van

Slyke and Cullen (1914) found with urease a constant Q/10

between 10Â° C. and 50Â° C., but the Q/10 rose when the tem-

perature fell below 10Â° C. Kuhn (1925) has tabulated the

temperature coefficients for about 30 ferments and in some

cases these cover a range of 20Â° C. These latter figures give

the following average values for ft. â€¢ .

10-20Â° C. 80-30Â° C. 30-40" C. â€¢

Avorugn of 4 cases .... 9,100 6,800 â€”

Avorugo of 0 camm . . . . â€” Iti.OOO 11,700

There is therefore a fairly general agreement that the tempera-

ture coefficient of enzymatic processes falls as the temperature

rises.

In the case of lyophobic sols Freundlich (1926, p. 466)

mentions that the value of /i for the velocity of coagulation

is 4500, but in the case of reversal of adsorption /i = 13,925,

which is a value very high for simple chemical processes, but

common in biological systems.

Very higli temperature coefficients are found in some cases

of denaturation of proteins, and Freundlich (1926, p. 612)

quotes v. Halban's suggestion that when a reaction involves

the rearrangement of small molecules such as water inside

a large molecule then the value for /t usually lies between

10,000 and 30,000.

The tempo*attire coefficient of protein denaturation ia,

however, far higher than the values mentioned above, for

values of Q/10 from 100 to 0OO have been found in the case

of haemoglobin and egg albumen (Anson and Mirsky, 1925).

On the other hand, the temperature coefficient of the rate of

syneresis of silica gels (Q/10 = 1-8) is of the same order as

that of an ordinary chemical reaction (Ferguson and Appleby,

1930), and the temperature coefficient (Q/10) of the rate of

precipitation of egg albumen by phenol is about 2-0 (Cooper

and Haines, 1928).

Changes in temperature often produce very striking discon-

tinuous changes in heterogeneous systems, and in particular

M.A.D. T
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274 EFFECT OF TEMPERATURE CHANGE

iu the viscosity of such systems. Gasser (1931) investigated

examples of this and showed that the viscosity and also the

electrical resistance of certain mixtures might rise almost

vertically at certain critical temperatures. He pointed out

that " Chemical reactions in heterogeneous systems can have

very low temperature coefficients ; and physical qualities can

be cited which have temperature coefficients covering the

whole range possible for chemical reactions and extending

beyond it." â€¢ .

In the case of heterogeneous systems the influence of tem-

peraturo change both upon the rate of chemical reactions or

changes of physical state and also upon the equilibria attained

- is extremely complex. This suggests that great caution is

needed in attempting to interpret the effect of temperature

changes on biological processes.

The influence of temperature on equilibria in heterogeneous

systems is very irregular. As a general rule the amount of

substance adsorbed has a negative temperature coefficient,

and this is nearly always true for the sorption of gases. On

the other hand, the sorption of substances from solution often

has a positive temperature coefficient (Me Bum, 1932, p. 11)

and therefore no generalizations are possible.

The Temperature Coefficient of Biological Processes

The extensive literature on this subject has been sum-

marized by various writers (Kanitz (1915) ; Pr/ibram (1923);

Janiseh (1927) ; Cameron (1930)). Arrhenius (1915) empha-

sized the approximate correspondence of the temperature

coefficients of living processes with those of chemical reactions.

Crozior and his co-workers (1924-9) have sought to identify

the temperature coefficients of living processes with those of

specific chemical reactions.

Doubts have been raised in recent years regarding the

value of temperature coefficients in interpreting the nature

of biological processes by various authors (Heilbrunn (1925) ;

Belehradek (1926, 1928); Gasser (1931)). Some of the out-

standing points of this dispute are as follows.

Warburg (1914) pointed out that the temperature coefficient

of very simple biological processes was not constant but fell

steadily as the temperature rose. Some of his results are

shown in Table XVII. A number of authors have measured
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TABLK XVII

Oxyg,-n i ptttku of wu iiirbin l-M#.

(Uiui. Quoted from Warburg, lull.i

Temperature range.

<J/>0

Hun- of fermentation of living yeut

cella. (Slator. 1906.)

Q/10

__

â€¢ , - j.

5Â°C.

5-6

0-16-4

5-0

10Â° C. 3-8

16-4-28

3-2

20Â° C.

2-2

28-38

2-4

30Â° C.

1-4

various simple forms of protoplasmic movement and have

found that Q/10 falls steadily as the temperature rises. A

few typical figures are shown in Table XVIII. The results

TABUS XVHI

Velocity of

ama)biu

(Pantin, 1924).

Q/10

Movement of

ciliu of Mytibu

(tlray, 1923).

Q/10

OHygen u*mgo Â°'

narcotized frog

(Krogh, 1914).

Q/10

Frequency of

isolated frog

heart

(Clark, 1920).

Q/10

Temperature.

_ â€¢'â€¢

0-5

16-9

3-52

4

5-10

3-19

3-00

3-19

2-78

10-15

2-31

2-37

2-47

2-55

15-20

2-04

2-25

2-41

2-43

. 20-25

â€” â€¢

â€” '

2-35

1-96

25-30

â€”

â€¢ â€” â€¢

â€”

1-66

show a remarkable uniformity and the changes in the value

of Q/10 are far too great to be corrected by the use of

Arrhenius's formula. The application of this formula shows

an average fall in the value of /i from about 18,000 at 5-

10Â° C. to 14,000 at 15-20Â° C. In the case of the frog's heart

the value of (i at different temperatures is as follows : 5Â° C.

p =â€¢- 17,000, 15Â° C. p ~ 13,000, 25Â° C. /i - 10,000. Figures

similar to this have been obtained with a very large number

of rhythmically contractile vertebrate and invertebrate tissues,

both in intact animals and with isolated tissues.

Crozier and his co-workers have interpreted this effect by

assuming that the process that sets the pace of the reaction
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EFFECT OF TEMPERATURE CHANGE

changes at different ranges of temperature. It is of course

alwayx possible to interpret a shallow curve UH being com-

posed of a series of linear relations. The chief objection to

this theory is that the variations in fi observed with complex

systems such as hearts and nervous systems are remarkably

similar to those found in unicellular organisms and even iu

0-4

0-6

08 Log. frequency

Fig. 62.â€”Tho influence of temperature on the frequency of the pul-

sation of the vuouoles of ciliated protozoa.

ABSCISSA : logarithm of frequency per minute. ORIMNATE : temperature

in degrees centigrade.

(1) Euplotea clutron (Kosubach, 1872). (2) Paramtecium candatum (Cole,

1923). (3) PuraiHwciuia (Khainxky, 1V11). (4) Glaucoma colIiidium (Dttgen,

1905). (5) Stylunychia puitulata (Koxaboch, 1872). (Figures collected by

Motzuor, 1927.)

ferments. In the case of ferments it seems improbable that

the pace-maker of the rate of reaction changes as the

temperature changes, although this may not be altogether

impossible.

Fig. 02 shows the effect of temperature change on the

frequency of contraction of the pulsating vacuoles of various

protozoa. This figure shows the relation between the logarithm

of the frequency and the temperature. Any deviation from
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ON DRUG ACTIONS 277

tho linear indicates a change in the Q/10. The figure shows

a constant Q/10 in one case, but in the remaining four oases

the Q/10 decreases as tho temperature rises. The' curves

have been expressed in the figure as discontinuous linear

relations, but they could have been drawn as shallow curves

without deviating markedly from the experimental results.

The changes in temperature coefficient shown are far too great

*o be corrected by tho use of Arrhenius's formula. Tho values

calculated for./* in tho four curves in Fig. 62 which extend

from 10Â° 0. to 30Â° C. are as follows :

Curvo . . . . .1 2 4 5

Vuluo of :

(a) From 25Â° C. to 30 ('. . . 5.8OO 9.31Hi 9.300' 9,900

(b) 1-Voni 10Â° 0. to 15Â° C. . , 13,500 27,800 21,000 9,000

Colo (19125) concluded in the case ot-Pammeecium cautlatum

. (l''ig. 62, curve 2) that since two clear changes occurred in

the value of /Â«there must be at least three underlying reactions

responsible for pulsation. Since these changes of /< can bo

obtained in unicellular organisms it is clear that similar changes

in this value in larger organisms do not prove the occurrence

of any change in the site of the pace-maker of the activity

that is being measured. Since, however, Very similar changes

in the value of ft are observed with ferments it seems simplest

to accept the outstanding fact that Anhenius's formula does

not interpret tho changes produced by temperature changes

in the activities of the ferments of protoplasm.

Belehradek (1930) concluded from a comparison of the

evirlence provided by ferments and living cells : " One cannot

expect that a chemical law, which does not hold good in

enzymatic processes, should yield better results in processes

taking place-inside the living cell. It may be said that tho

Van't Hoff-Arrhenius law has no real validity in biology."

A possible explanation of this fact is that a change of

temperature in a heterogeneous system containing lyophil

colloids causes a number of more or less independent changes.

Snyder (1911) and Filon (1911) both observed the constant

fall in temperature coeflicients with rise of temperature in

biological systems and the former worker suggested that it

was due to a fall in the viscosity of the protoplasm. Piittcr
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278 EFFECT OF TEMPERATURE CHANGE

(1914) made the same suggestion. Heilbrunn (1929) measured

the effect of temperature change on the viscosity of the proto-

plaHtn of various organisms, e.g. amwbao, eggs of olam, etc.

Ho found that a change of temperature from 18Â° C. to 12Â° C.

increased the viscosity of amoeba protoplasm sevenfold. The

viscosity was at a minimum at 18Â° ('. and a change from

18Â° C. to 22Â° 0. caused a threefold increase.

Belehradek (1930) supported the view that changes in

viscosity influenced the rate of diffusion and in consequence

caused changes in the temperature coefficient, but Stiles (1930)

showed that in non-living systems changes of viscosity did not

affect the rate of diffusion as much as might have been ex-

|KH-U'd and that the coefficient of diffusion was not inversely

proportional to the viscosity of the medium.

The influence of viscosity on diffusion is therefore too .

uncertain to permit the calculation of the probable extent of

its influence oh the rate of biological processes.

There is, however, no doubt that biological processes as a

class do not show a constant value for /i when extensive

changes of temperature occur, and this fact naturally raises

doubts as to the real validity of the application of Arrhenius's

formula to such processes. Belehradek (1920, 1930) argued

that since most of the biological processes on which the effect

of temperature change had been measured were arrested at

about zero centigrade, therefore this and not absolute zero

ought to be taken as the biological zero, and that there was

little theoretical justification for the application of Arrhenius's

formula to biological processes. He put forward the empirical

formula y â€” - . , where x is the temperature; measured in

degrees centigrade, y is the time taken by the process (i.e.

the reciprocal of the velocity), and o and b are constants.

He showed that this formula fitted most biolcgical data quite

well. Root (1932) has recently discussed this problem and

has shown that Belehradek's formula fits the effects produced

by change of temperature on the production of light by Vibrio

It has already been mentioned that temperature coefficients

cannot be relied upon to distinguish chemical and physical

processes in heterogeneous solutions. There is direct evidence
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ON DRUG ACTIONS 279

for this conclusion in the case of living cells. McCutohepn

and Liicke (1926 and 1927) found that a value of Q/10 - - 2 to 3

for the .swelling uf Arbacia eggs in hypotonic saline. Irwin

(1927) found that a Q/10 of more than 4 for the diffusion of

brilliant cresyl blue with Xitella. These processes appear to

be of a physical nature, i.e. diffusion, and there is no evidence

of any chemical change and yet the temperature coefficients

are those typical of chemical processes.

The Influence uf Temperature on the Kinetics of Drug

Action

The significance of time-concentration curves was discussed

in Chapter V, where it was pointed out that the time measured

might be composed of several different factors such as time

spent in fixation of drug, in diffusion into cell interior, in

production of slow colloidal changes, and might express chiefly

the lag between the production of the chemical change and

the appearance of the biological response.

It has been shown that the significance of temperature

coefficients in heterogeneous systems is very doubtful, and

therefore the study of the influence of temperature change

on the late of drug action involves at least two unknown

variables. There is, however, a chance of some information

being obtained because the temperature coefficient of a com-

plex chain reaction expresses only the coefficient of the slowest

process in the chain.

There!are a certain number of drug actions in which the

influence of temperature has been studied fairly fully and

these are the most favourable cases for consideration.

Kinetics of Disinfection

The estimation of the rate of disinfection is relatively easy

because when strong concentrations of disinfectant are used

the time-action curves approximate to the logarithmic form,

and the proportion of organisms killed in unit time is constant

over considerable periods. In such cases the velocity constants

can be compared. In other cases the time-action curves are

sigmoid, and in this case i'. is necessary to compare the times

required to kill a certain proportion of the population. In

theory it is best to measure the time at which 50 p.c. de-

struction occurs, but this is often a very short period and it
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280 EFFECT OF TEMPERATURE CHANGE

is more convenient to measure to 90 or 99 p.c. destruction.

The easiest end-point to measure is total destruction, iw this

makes it unnecessary to count the survivors, but theoretically

this is a poor end-point in the case of a population with

variable resistance.

('hick (1908) studied the temperature coefficients of the

rate of action of various disinfectants upon B. paratyphos-us

(Sho found a Q/10 of about 3 for metallic salts, but found

that in the caso of phenol the Q/10 varied from 10 to 2

according to the ago and number of the bacteria used.

Chick (193d, Table V) has published a summary of the

results obtained by a number of workers who have measured

the tcrnperature coefficient of disinfection. In the case of

acids the figures for Q/10 vary from 1-5 to 3-4, whilst in the

case of metallic salts the value usually lies between 2 and 3.

The ftgures for the Q/10 of phenol and of coal-tar disinfectants

vary, however, from 5-5 to 15. The last-mentioned figures

prove that the tomperature coefficient.of phenol is exceptionally

high, and that it can be altered by a variety of changes in the

experimental conditions. There appears to be little profit in

speculating on the significance of such a variable result.

Temperature Coefficients of Haemolysis

Arrhenius (1915, p. 65) quotes observations by Madsen,

Walbum and Noguchi on the temperature coefficient of the

hopinoiysis produced by ammonia, and calculated from them

a value for p of 26,760. This, he infe-red, was evidence for

a monomolccular reaction between the drug and the corpuscles.

It is, however, well known (Christophers, 1929) that the chemical

reaction between a base or acid and corpuscles occurs very

rapidly and is followed by a slow swelling of the haemoglobin

which fmally bursts the cell. The time measured in the

experiments quoted by Arrhenius therefore was not the time

required for ammonia to react with the cells, but the time

required for the altered htemoglobin to imbibe sufficient water

to burst the cell-membrane. The temperature coefficient in

this case gives no information regarding the primary reaction

between the drug and the cells.

Ponder and Yeager (1930) have examined carefully the

influence of change of temperature on saponin haemolysis.

They conclude that the effects produced on the hsemolytic
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ON DRUG ACTIONS 281

process by a change of temperature are too complex to be

adequately described by the Arrhenius equation. They point

out that many investigations made on systems much more

complex than red blood-corpuscles have yielded results which

are apparently simpler. They suggest that the reason for

this is as follows. It is difficult to analyse the effects produced

by even two variables and very difficult to interpret the results

when three variables are present. If, however, a largo number

of variables are acting the result is quite likely to be a smooth

curve or even a simple linear relation.

The most profitable line of investigation regarding the in-

fluence of temperature on drug action appears to the writer

to be of the qualitative description. For example, Arrhenius

noted that the rate of haemolysis by ammonia had a tem- .

perature coefficient (Q/10) of about 4-8, whereas with sodium

oleate haemolysis the Q/10 was about 1-3, and the hiumolysis

produced by cobra venom had a Q/10 of about 1-2. The

investigation of differences so gross as these might give some

hint as to the processes involved.

Kinetics of Cardiac Glucosides

Weizsacker (1913) measured the influence of temperature '

on the time taken by strophanthin to arrest the isolated frog

heart. He took the precaution of maintaining a constant

heart-rate and obtained the following figures :

Temperature range . . . 7-17 17-20 1G-5-31-5

Q/10 . . . . . . 3-8 2-1 1-0

Sollmann, Mendenhall and Stingel (1914) measured the influ-

ence of temperature on the rate at which ouabain produced

systolic arrest in the intact frog and in the isolated heart in

which the frequency was allowed to vary with the change

of temperature. They obtained the following results for the

intact frog :

Temperature rungu . . .5-15 10-20 15-25 20-30

Q/10 . . . . . 18-1 0-4 3-0 21

In the case of the isolated heart the ratios varied greatly but

the average values were about 10.

The frequency of the frog's heart and the oxygen consump-

tion both increase two- or three-fold when temperature rises
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282 EFFECT OF TEMPERATURE CHANGE

from 10 to 20Â° C. The simplest explanation of the figures

of tSollmann et al. are that the rise of temperature directly

incrc.nHcs the rate of action of strophanthin, as was shown

by Weizsiicker, and indirectly increases the rate of action of

the drug by increasing the heart frequency and oxygen con-

sumption, and that the Q/10 observed is the multiple of these

two effects (e.g. 3x3 = 9).

This is a fairly obvious example of the complexity of the

results that arc likely to be produced by temperature change,

and illustrates Putter's (1914) contention that temperature

change must always produce an action not only on the drug

but also on the animal. :,,:,..

A further point that requires consideration is that the delay

in the production of systolic arrest of the isolated frog's heart

by digitalis and its allies is due to two separate factors, namely,

the time occupied by the fixation of the drug and the time

occupied by the lag in the biological response after fixation

has occurred. (Jander (1932) tried to estimate these two

factors separately, but he found that in both cases the Q/10

lay between 2-7 and 3-0 in the temperature range of 14Â° 0.

to 28Â° C.

Various Drug Actions

Veley and Waller (1909, 1910) found that the temperature

coefficients of the rate of action of narcotics on the isolated

frog's sartorius were as follows : Alcohol and ether Q/10 â€” 2 ;

chloroform Q/10â€”1-6. Ing and Wright (1931) found that

the temperaturo coefficient of the rate of paralysis of the

isolated frog sartorius by quaternary ammonium salts was

Q/10 = 1-5 both for 3-5Â° to 13-5Â° C. and for 13-5Â° to 23-5Â° C.

In the case of narcotics the rate measured is likely to be a

diffusion rate, but in the case of the quaternary ammonium

salts the delay duo to diffusion could be excluded, and the

lowncss of the temperature coefficient is therefore of interest.

Hill (1909) measured the rate of action of nicotine in isolated

frog muscles at temperatures from 6Â° C. to 20Â° C. and found

values of /t varying from 11,500 to 23,000 with a mean value

of 17,000,

Hartmann (1918) investigated the influence of temperature

on the rate of poisoning of Cliulocera by about 40 different

poisons. The chief conclusion that the author drew from tyia

'
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ON DRUG ACTIONS 283

results was that the temperature coefficient of toxicity varied

markedly according to the substance used, the organism studied

and probably also according to its physiological condition.

Moreover, he found that it differed in different temperature

regions and, finally, according to the concentration of the

suspension fluid used. Inspection of these results shows thut

the Q/10 of acids and alkalies varies around 2-0. The Q/10

of neutral salts and heavy metals is distinctly lower and varies

around 1-5. The Q/10 of ethyl alcohol and of chloral hydrate

is about 2-0.

Huxley and Fulton (1924) found that the time taken by

insulin to produce convulsions in frogs over a temperature

range from 7Â° C. to 30Â° 0. showed a Q/10 of 2-4 with the

lower temperatures and of more than 3-0 with the higher

temperatures.

The Influence of Temperature on Equilibrium between

Drugs and Cells

Measurements have been made in a number of cases to

determine the effect of alteration of temperature on the action

produced by drugs when time is allowed for equilibrium to

occur. The usual method is to determine the concentrations

of drug required to produce a given action at varying tempera-

tures. Van't Hoff formulated the general principle that a rise

of temperature favours systems formed with heat formation

and a fall of temperature favours systems formed with heat

loss. If it is certain that the action of a drug on a cell is due

to a simple chemical reaction between the drug (D) and some

substance (S) in the cell, (D-f-S ^ DS), then the heat of

formation of DS can be calculated by measuring the change

produced by alterations of temperature in the dissociation

constant of this reaction. Such calculations have been made

in the case of the combination of haemoglobin with oxygen,

carbon monoxide, etc. Unfortunately in most cases of drug

action it is fairly certain that the reaction Iietween the drug

and the cell is a chain of physical and chemical processes (e.g.

adsorption on cell surface, distribution between solution and

cellular substance determined by differential solubility, reac-

tions between drug and cellular constituents resulting in

change in the colloidal state of the latter, etc.). In such

cases the influence of temperature on the equilibrium is
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284 EFFECT OF TEMPERATURE CHANGE

unlikely to do more than indicate roughly the nature of the

process that proceeds ut the slowest rate.

Influence of Temperature on Narcotic Uptake

This problem has been studied in detail in the hope of

proving or disproving the theory that narcotic uptake is

regulated by the differential oil/water solubility of narcotics.

Winterstoin (1926, pp. 135 ff.) gives a full account of the

controversy and the following are some of the chief facts.

Meyer (1901) showed that a rise of temperature decreased

tho oil/water distribution coefftcient of salicylamide, benz-

amide and monacctin and increased that of most narcotics

(e.g. ethyl alcohol, chloral hydrate and acetone). He claimed

that the minimum narcotic concentration for tadpoles varied

as tho change in tho distribution coefficient. Moral (1918)

confirmed this conclusion on nerve-muscle preparations.

Unger (1918), Diorich (1919) and Hoeber (1919) found the

activity of all narcotics increased by a rise of temperature.

Hoelicr concluded that the effect of temperature bore no

relation to distribution coefficients. Zehl (1908) estimated

tho concentrations necessary to arrest growth of alga; and

found that a rise of temperature decreased the action of

chloroform, ether, ethyl urethane and benzamide, but increased

that of alcohol and chloral hydrate. In most cases the Q/10

for the alteration of effective concentration was -f- or â€” 1-3

to 1-5. Hartmann's (1918) figures indicated that a rise of tem-

perature increased the action of alcohol and chloral hydrate

on Cladocera (i.e. reduced the minimum effective concentra-

tion). Collett (1922) found that temperature change affected

tho action of narcotics on tadpoles in a highly irregular manner.

Hedonnet (1919) concluded that temperature change acted

by altering the rate of diffusion and Donnecke (1920) showed

that this was not the case. Issekutz (1924) showed by analyses

that a cold frog was narcotized by a lower concentration of

narcotic in the brair. than was a warm frog. Montuori (1915)

found that sea animals w hen warmed showed a higher resistance

to most narcotics. Finally, van Leeuwen and van der Made

(1916) found that deccrebrate cats were most i-esistant to

chloroform at 38Â° C. and that raising or lowering the tem-

perature decreased the action of the drug.

The above account indicates the extreme complexity of the
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ON DRUG ACTIONS 285

results obtained. Every system studied appears to provide

a different result. This really is not surprising since the

results must represent the sum of two completely independent

variables, namely, the effect of change of temperature on the

distribution of narcotic between tissues and solution and,

secondly, the effect of temperature change on the organism

and in consequence its effect on the response of the organism

to the drug that it fixes. The results suggest that the latter

is the more important variable.

Temperature Change and Lethal Agents

Cooper and Haines (1928) measured the effect of tempera-

ture change on minimum lethal concentrations of disinfectants

on B. coli, and found that the drugs fell into three classes as

regards the effects noted.

1. Temperature change produced no effect.

2. The temperature coefficient (Q/10) was 2 to 3.

3. In the case of phenol the temperature coefficient (Q/10)

was 8 to 20.

Walker (1927) measured the effect of temperatureÂ» change

(05 to 27Â° C.) on the minimum concentration of various

drugs needed to kill Col indium in 3 minutes. Such results

express partly disinfectant rate and partly disinfectant power.

The following values for Q/10 were obtained : p-chlorophenol

1-0, formaldehyde 1-0, mercuric chloride 1-15 and nickel

chloride 1-3.

Temperature Change and Isolated Organs

The effect of temperature changes on the rate of response

in isolated organs usually gives temperature coefficients which

might be correlated with some physico-chemical alteration.

The effect of temperature changes on the extent of the effect

produced by drugs on isolated organs is however extremely

erratic.

Brand and Lipschitz (1930) studied the response of the

isolated rabbit-gut to pilocarpine and adrenaline and found

that a change from 37U to 17Â° C. made little difference, but

that reduction below 17Â° C. rendered the tissue insensitive to

the drug. Githens (1913), van Leeuwen and le Heux (1919)

found that reduction in temperature made the guinea-pig's

isolated uterus more sensitive to histamine. The action of
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286 EFFECT OF TEMPERATURE CHANGE

veratrin on the isolated frog muscle is greatly reduced by

cooling to 2Â° C. The Q/10 is about 2-2 (Lamm, 1901). Mans-

fcld and Horn (1928) measured the effect of temperature on

the minimum concentration of ouabain needed to arrest the

isolated KJI1IIH of the frog in an hour. They found that between

\5Â° C. and 25Â° C. the Q/10 was 2-0, whilst between 20Â° 0.

and 30Â° C. it was 1-5. Gander (1932) found a Q/10 of 1-2

hot ween IN" C. and 28Â° C. for the minimum concentration of

gitalin that produced systolic arrest of the isolated frog's heart.

The Effect of Temperature Change on Minimal Lethal

Doses

The effect of tempcraturo on the minimal lethal dose has

been studied in detail in the case of the action of digitalis

and Htrophunthin on frogs. Baker (1912) found that the

toxicity of strophanthus und ouabain was increased by a rise

of tompcrature, and this was confirmed by Sollmann, Menden-

hall and Stingol (1915). Baker concluded that temperature

changes did not affect the digitalis action. Smith and

McC'losky (1925) found that the effect of temperature was

exactly the same on digitalis and on ouabain. The results

obtained were as follows :

Q/I0 Q/10 Q/10

10-20Â° C. 1&-25" C. 20-30" C.

Ouulmin (Hukor, 1912) . . â€¢. . â€” 2-2 2-2

(Si.llnmnn rt nl., 1915) . . â€” 3-8 1-9

1iigitulm tincture (Smith and MoClosky,

1925) . . . . . . . â€” 24 1-6

(Itulh. l9ltt) . . . . 2-0 1-3

â€ž â€ž . . . . 1-45 â€” . 1-1

Increase of tomiierature therefore increases the susceptibility

of the frog's heart to cardiac glucosides both in the isolated

condition and in the intact animal. This fact is of practical

importance in regard to the biological standardization of these

drugs, but it docs not appear to give much information as

regards the nature of the reaction that occurs in this case

between the drug and the tissues.

The power of rats and mice to maintain a regular body

temperature is limited, and hence changes in external tem-

perature in these animals may alter profoundly their response

to drugs. This cllect has been found to be a very serious source
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ON DRUG ACTIONS 287

of error in drug standardization. Trovan and Boock (1926)

measured the convulsive dose of insulin in mice at 29Â° C.

and at 38Â° C. and found a Q/10 of :iâ€¢6. Cassidy, Dworkin

and Finney (1925A) fomid that insulin convulsions were

inhibited in dogs and cats when the body temperature was

lowered to 25Â° C., but they also found (1925u) that this

alteration in body temperature produced very little change in

the blood-sugar curves following insulin administration. The

elicet of the cooling must therefore be to make the central

nervous system insensitive to reduction in the blood-sugar.

Temperature Coefficient of Thermal Destruction

Thermal destruction of living organisms is in most cases

a fairly sharp all-or-none effect. Very frequently the organ-

isms can live indefmitely at a certain temperature, but a rise

of two or three degrees causes rapid death. Since a small

variation in temperature changes the rate of destruction from

nil to a high figure the temperature coefficient is necessarily

very high. ^ xV

A similar phenomenon is seen in the heat coagulation -isf

proteins. The process of destruction of living cells by'JjfjM^

shows many resemblances to the heat coagulation of proteins.

It is quite possible that heat actually produces cell death by

destroymg the proteins and therefore it is worth while con-

sidering the simpler system ftrst, ('hick and Martin (1910,

1911, 1912) showed that the heat coagulation of haemoglobin

and egg albumen proceeded in two stages, namely a chemical

process of denaturation which was followed by a physical,

process of agglutination. The second process proceeded much

quicker than the first : Lcpeschkin (1922) showed that agglu-

tination proceeded 200 times as quickly as denaturation.

The denaturation involves a combination with water, for dry

proteins can be heated without being denaturated. The

process is affected by the presence of salts and by the reaction

of the solution. Chick and Martin (loc. cit.) and Hartridgo

(1911) showed that the process of denaturation followed

accurately the course of a monomolecular reaction.

The temperature coefficient of the process is, however, far

greater than that of any ordinary chemical reaction. The

increase of rate per 1Â° C. rise of temperature is in the case

of egg albumen 1-3 to 1-9 (Chick and Martin), and in the case
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288 EFFECT OF TEMPERATURE CHANGE

of methoHuoglobiu 1-93 (Hartridge). The value for HbOa was

1-3 and for HbCO 1-18, but in these last two cases the rate

measured was probably the rate of conversion of HbOa and

HbCO to mctluemoglobin (Anson and Mirsky, 1925).

These extreme changes over a moderate range of tem-

perature show a certain resemblance to such changes in

physical state as the melting of solids.

In most cases the heat destruction of living cells proceeds

as follows. Up to a certain temperature very few colls are

killed and the survivors live and reproduce in a normal fashion :

over a narrow range of temperature there is a very rapid de-

struction and above a slightly higher temperature the destruc-

tion is almost instantaneous. Brown and Crozier (1927) found

that Vaphnia pulex lived and reproduced at 30Â° C. but died

at 32Â° C. and that M\KIUI macropa lived and reproduced at

39Â° C., lived a few days at 40Â° C., but died in a few minutes

at 41Â°0.

These authors have collected the figures for the tempera-

ture coefficients of the destruction for a large variety of living

organisms. Their table shows the value of /i in 28 cases, in

18 cases this value lay between 60,000 and 120,000, it was

above these limits in 4 cases and below this in 6 cases. Cal-

culation of these results by Van't Hod's formula shows a

Q/l between 1-5 and 1-7, or a Q/10 between 50 and 300.

There appears to be some close connection between the

heat denaturation of proteins and the heat destruction of

living cells, but it is difficult to compare cither process with

the effects of heat on any ordinary chemical reaction.

The Influence of Temperature upon the Biological

Effects produced by Radiations ,

The action of radiations on cells was shown in Chapter XII

to consist of a primary radio-chemical effect, which probably

was of a reversible nature in most cases, and that this was

followed by a series of secondary chemical changes which

were probably irreversible in many cases.

The primary effect must be of a physical nature, and will

therefore have a low temperature coefficient, whilst the

secondary chemical changes may be expected to have a

temperature coefficient above 2. The temperature coefficient

(Q/10) of the biological effects produced by radiations may
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ON DRUG ACTIONS V 289

therefore be near unity or above 2, according to whether

the rate of action is regulated by the rate of formation of

the activated molecules or by the rate at which the secondary

chemical processes occur. 'â€¢'â€¢.'â€¢â€¢â€¢',:.,;

Blackmail in 1905 showed that a low temperature coeffi-

cient was obtained when light of feeble intensity acted upon

chlorophyll, but that it rose to a value resembling that of a

chemical reaction when the light was intense/ This result

caused him to formulate the law that the temperature coeffi-

cient is a measure of the change of rate in the slowest process

in any chain of processes. Hecht (1931) found that the

temperature coefficient of the duration of the latent .period

in the. eye of dona .was about 3 and that the speed of dark

adaptation showed the same coefficient. On the other hand,

the temperature coefficient of the intensity of action of light

was between MM and 1-07 and the same value was found by

Adrian and Matthews (1927) for the action of light on the

retina of the eel.

Martin and Westbrook (1930) measured the rate at which

ultra-violet light produced browning of leaves and found that

the Q/10 for the latent period varied between 1-3 and 3-0, but

that the Q/10 for the duration of irradiation needed to pro-

duce a given effect was less than 1-5. Gates (1929) found a

Q/10 of 1-1 for the duration of ultra-violet light irradiation

needed to kill tituph. Â«â€¢Â«iâ€¢<â€¢Â«.â€¢â€¢â€¢, but Hill and Kidenow (1923)

found a value of 4 for the Q/10 in the case of ultra-violet light

. acting on hay infusoria. These examples indicate the com-

plexity of the temperature coefficients of actions produced by

radiations on living cells. . ' .

Irradiation with visible light can cause immediate response,

but other radiations are characterized by the long latent

. period that intervenes between exposure and the appearance

of the response. The production of X-ray erythema is an

extreme example of this. The commonest injurious effect

produced by irradiations appears to be that it renders cells

incapable of further division rather than killing them out-

right. Alterations of temperature alter the rate of all biological

processes occurring in cells and therefore are likely to alter

these slow biological responses to irradiation.

Packard (1930) found that Droaoyhila eggs were killed mure

M.A.U. u â€¢ â€¢
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290 EFFECT OF TEMPERATURE CHANGE

readily at 28Â° C. than at 17Â° C. by X-rays. The same effect

was observed by Strange ways and Fell (1927) in the case of

tissue cultures. Holthusen (1921) found that the amounts

of exposure to X-rays needed to kill ascaris eggs at 0Â° C.

and 23Â° C. showed a Q/10 of 1-6.

Discussion

The influence of temperature on the rate and extent of bio-

logical reactions to drugs and irradiations appears at first

sight to ia- a promising method of analysis. Unfortunately

biological systems are so extremely complex that the study

ol temperature coefficients seldom provides clear evidence as

to whether a process is of a chemical or a physical nature.

The best result that can be hoped for is information as to

the nature of the slowest process in a chain of processes.

hi most cases where it is possible to. measure the tempera-

ture coefficient of a biological response over a wide range of

tcmperature, it is found to fall as the temperature rises.

This phenomenon is observed with ferments, unicellular

organisms and .complex structures such as isolated' hearts of

invertebrates or vertebrates. Crozier and his school believe

that these alterations are discontinuous and indicate changes

in the " pace maker " of the reaction studied. Others believe

that these changes arc continuous and indicate that Arrhenius's

formula (Iocs not hold for living tissues. This question can

only be settled when furl.her information is available concern-

ing the influence of temperature on complex colloidal systems.

The study of the effect of temperature changes upon the

reactions between drugs and tissues is a more complex problem

than is the study of their effects upon the rate of biological

processes. The rate at which a drug produces its effects

depends in most cases upon two factors, namely the rate of

combination between the drug and the tissue and secondly

upon the rate at which the biological response follows the

chemical stimulus. Change in temperature is certain to affect

both factors and therefore the temperature coefficient of the

rate of action of a drug does not necessarily indicate the rate

ai which any primary chemical change is produced, unless it

happens to be possible to exclude changes in the rate of the

biological response.

The measurement of the effects produced by temperature
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ON DRUG ACTIONS 291

change on the mmimum effective concentration or dose of a

drug is subject to a similar error, for the temperature change

affects not only the reaction between the drug and the tissue

but also may change the response of the tissue. For example,

a fall of temperature may decrease the ease with which con-

vulsions can be produced in an animal, but this effect probably

depends upon a diminution in the excitability of the brain

and not upon any change in the reaction between the drug

and the central nervous system.
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INDEX OF DRUGS AND OTHER AGENTS

Aoetyl choline, 10, 17, 20, 23, 36.

39, 04, 110, 125, 140, 146,

189, 192, 206, 234, 251

Acidity, 16, 35, 36, 87, 89, 139

Aoonitino, 25, 103

Adrenaline, 10, 17, 20, 23. 25, 103,

110, 154, 156, 193, 205, 237,

251, 285

Albumen, egg, 9

Alcohol, amyl, 67, 86, 141, 146

Alcohol, ethyl, 9, 36, 86, 90, 110,

140, 143, 191, 208

Alcohols, higher, 17, 38, 54, 69, 70,

86, 145

Alkulinity, 16, 75, 87, 88, 89, 111

Aluminium salts, 93

Ammonia, 57, 88, 127

Ammoniuu i salts, quaternary, 63,

85, 194

Atoxyl, 141

. Atropino, 17, 150, 209, 234

Boric acid, 78

Caffeine, 17, 110, 136

Calciferol, 23

Calcium chloride, 33, 36, 229

Cardiac glucosides, 16, 84, 97, 101,

109; 281, 286

Cathode rays, 177, 241

Chloral hydrate, 55, 90, 145

Chloroform, 9, 37, 54, 145

Chrysarobin, 107

Citrates, 229

Coal tar disinfectants, 56, 79, 89.

Cocaine, 103

Cresol, 56, 90

Cyanides, 33, 37, 39, 91, 157, 191,

232

Digitalis, see Cardiac glucosidoB

Di-nitro-benzole, 233

Di-nitro-cioHol, 112, 114

Di-nitre-phenol, 169 \

Echitamine, 103

Erget, 101, 103, 237

Ergotaminu, 66

Ethur, ethyl, 145 . -â€ž'

Fluorescoine, 21

Formaldehyde, 87

Glycerine, 90

Heat, coagulation of proteins by,

174, 273

Heat, lethal action on bacteria,

117, 169, 173

Histumine, 17, 20, 140, 196, 285

Hyoscine, 22

Iodine, 89

Lactic acid, 37

Lead nitrate, 82, 93

Magnesium salts, 139

Mercuric chloride, 57, 68, 82, 89,

107, 168, 196, 285

Mercuric iodide, 107

Methyleno blue, 9, 35, 192, 237

Morphine, 22 â€¢

Mnscarine, 189

Narcotics, 33, 46, 52, 91, 143, 190,

232, 282, 284

Ncosalvarsun, 103, 105

Nicotine, 65, 108, 114, 157

Nitro-phenol, 141

tEstrin, 21,23, 224

Oleate, sodium, 11, 33, 69, 70

Ouabain, see Cardiac gluoosidea

Oxygen, 68

lack of, 37

Oxytocin, 207 .

Permanganate, pot sasium, 57

Peroxide, hydrogen, 89, 122
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296 INDEX OF DRUGS AND OTHEK AGENTS

Fhonol, 14, 15, 55, 73, 79, 90, 117,

124, 167, 100, 190 .

I'hym'Ht i^niine, 22

Picric uciil, 50

Pilocarpino, 193, 234, 285

Taurocholate, sodium, 57

Thulluim sulphate, 103

Thiocyanute, potassium, 141

Thymol, 54, 89

Thyroxin, 21, 209, 219, 224

Pituittiry extract, 20, 21, 142, Toxins, botulinua, 24

207, 210

PoUkwiura chloride, 17, 18, 31, 34,

36, 139, 140, 174, 186, 194,

230

Pyrethrum, 213

1'yridino, 112

Quinine, 141, I'M

Rudiam, 241^.

Rubidium, 31

"alicyht: -, Hodium, 103

Saponin, 15, 57, 09, 70, 87, 111,

117, 178

Silver nit nit c, 08, 89

Squills, 103, 105

Strophtuithin, aee Cardiac gluoo-

Hides

Sulphidu, hydrogon, 33

diphtheria, 24, 103

dysontery, 102.

tutanus, 24

Ultra-violet light, 171, 177, .

Urethuno, 54, 110, 135, 144, 145,

191, 233

Vasopressin, 207

Voratrin, 18iJ

Visible light, 241j0r. ...,â€”

Vitamin A, 21, 222 -

H, 222

C, 222

D, 21,23, 222

X-rays, 173, 177,241^.

Zinc sulphocarbolate, 115
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GENERAL INDEX

Active patches, 38, 46, 47

Adsorption, formulae expressing,

4, 43, 51

ruto of, 67

selective, 46 â€¢ â€¢ .

Aluminium hydrate sol, 174

Amoeba;, 10. 31, 33, 139, 191

Aplysia, heart of, 188

Arndt-Schulz law, 195

Arterial strips, 155, 205

Hitri i-rin, dimensions of, 10, 12

Bacteriophuge, 13

Bee, visual acuity of, 254

Bioluminescence, 19

Blackman-Piitter law, 270

Blood-pressure, 23. 156, 205, 206'

Hlciuil Mi^itr, 212

Hunsen-Roseoe law, 175, 242

CVlls, dimennioHH of, 8, 10

graded response of, 138

iimleenlrs in, 12

number in body of, 26

struotmii of, 30, 40

surface-area of, 11

('Imironl, as adsorbent, 46, 48, 53,

tis, 122, 141, 146, 153, 158,

272

Chlorophyll, action of light on, 251

dona, response to light, 248, 253

Colloidal sols, poisoning of, 20, 228

Depletion, 68

Diffusion, delay due te, 63

Disinfection, see Let lml actions

Distribution coefficients, 44, 53^.

Duration of action of drugs, 209

Erythrocytes, 11, 13, 15, 38, 46,

54,56, 111, 127, 163,170

Ferments, action of drugs on, 141

of radiations on, 259

influence of temperature on, 273

Formula;, application to biological

data of, 3

expressing adsorption, 4, 43, 51,

57, 68, 92

concentration-action relation,

74, 80, 83, 92 :

diffusion, 71

influence of temperature,

210 ff.

kinetics of drug action, 61

rate of contraction, 65

Gaussian curve of error, 100, 119,

198

Haemoglobin, 9, 51, 231

Haemolysis, 15, 46, 56, 87, 111,

117, 163, 170

kinetics of, 87 ff., 247

temperature coefficient of, 280

Heart of frog, 11, 16, 34, 36, 140,

148, 189, 235

Heart-ratie, distribution of in-

dividual variation, 180

Heat, lethal action of, \1Zff.t 287

Henry's law, 44, 52

Homoeopathic dosago, 24

Hypersonsitivity to drugs, 108

Hypoglycaemic convulsions, 215

Iron, cellular, 38

Lethal action of drugs and other

agents onâ€”

Aacaria eggs, 244

Aphis rum ids, 112, 114, 158

Bacteria, 73, 79, 83, 89, 117,

164, 167, 169, 249, 263

Beans, 250

Botrytis spores, 73, 80, 168, 174,

184 .

Cuts, 97, 103

Choose mites, 113

Chick embryos, 243

Culpidiumc'tlpoda, 243, 263
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298

GENERAL INDEX

Lethal aotion of drugH and other

agents onâ€”

Uromjphilu eggs, 168, 243, 247,

262

Fiith, 82, 90

Frogs, 98. 103

Goats, 91

Guinea-pigs, 103 â€¢

Mie.-, 103, 105, 125, 150, 156

Nereia eggs, 260

Puraiturcia, 19(1, 243, 276

Plankton, 86, 90, 111

Protozoa, 75

KahhitM, 91

Kuls, 103

Sea-urchin eggs, 110, 134, 135,

143, 265

.SV/r/n'ii ti'lrnlntririu eggs, 114

Spermatozoa, 114, 168

Tissue cult ures, 243, 244

Yeast i-lls, 14, 134, 196

Micro-injection, 33, 192

Minimum effective concentration,

19

â€¢ lose of drugs, 21, 22

of toxins, 24

Molrctlh'H, dimensions of, 9

number in t t cell, 12

reacting with a cell, 14

Mylilun, cilea of, 139

Nitella, 71, 83, 168

Noyes-VVhitney layer, 64

Overt ou-Moyiv theory of narcotic

action, 53

Oxidations performed by bao-

toriu, 39

Paranuecia, 35, 139

Photographic plate, 122, 242, 250

Plusmatic membrane., 30

Potential theory of drug action,

189

Pressure, sensation of, 199

Radiations, biological actions of,

241jflr.

influence 01 wave-length on,

249

lethal action of, 172, 242 jf.

Retina, action of light on, 26, 197

248, 252, 254

Sea-urchin eggs, 10, 233

Silver halide emulsion, 121, 241,

2->0

Skeletal muscle of frog, 17, 63

110, 136, 139, 148, 158, 235'

Skin, action of irritants on; 107

erythema of, 247

Smull, minimum concentrations

recognizable by, 20

Sorption, 67

Surface tension and narcotic

action, 69

Taste, 199

Temperature coefficients, formula'.

expressing, 270

of biological processes, 274

"f drug actions, 279, 281 :

of lucmolyses, 280 .

of reactions in heterogeneous â€¢

systems, 272

of thermal destruction, 287

sense, 199

Time-action curves, 72

Time-concentration curves, 74 . ;

'Tolerance to adrenaline, 192

to narcotics, 190

Trout eggs, oxosrnosis from, 183,

266

Ultra microscopic viruses, 13

Urease, 46

Uterus, muscle of, 10, 17, 66, 142,

237

Vocuoles, pulsating, 276

Valonia, 34

Variation, distribution of, 97^.

in biochemical factors, 104

in organ weights, 104

in unicellular organisms, 115

influence of age on, 116

skew distribution of, 124

static and dynamic, 105

Vision, 197

Wash-out of drugs, 37

Weber-Fechnerlaw, 4, 45,151,197

Yeast cells, 10, 50
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