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PREFACE

Mediane includes twenty onc of the twenty nine lectures
delivered during the winter of 1956-57 These lectures are
arringed annually by the Bntsh Postgraduate Medical Federa
tion and are destgned for graduates tn medicine looking forward
to careers as chimeal teachers and consultants in medicine and
surgery and their special branches or to careers 1n research m
the medical sciences
The lectures 1n this volume deal for the most part with sub
jects that carry further the problems dealt wath in the earher
volumes, and reflect the use of new techmques and the trends of
modern resetrch Thus there 15 again a number dealing with
ochemical and metabolic problems and the action of enzymes
and others that apply the methods of the physicist to biological
problems The former are represented by the lectures by Long
on Phospholipids , Greenbaum on The Control of Fat Meta
bolism , Whelan on The Synthests and Degradation of Poly
sacchandes, and by Sinclair on  Essential Fatty Acids m
Nutniion’ and the latter by the lectures by Melrose on the
Principles of Heart Lung Machines  Gilson on Lung Function
Tests’, and Smthon The Electron Microscope in the Study of
Viruses The centenary year of the birth of Shernngton 1s
reflected 1n Liddell s lecture on  Cajal and Shernngton  and
also 1n a group of lectures dealing with apphication of physico
chemical methods to the study of the nervous system, viz
Mcllwain on Neurochemustry Whittaker on  Metabolism of
Acetylchohne 1n Nervous Tissues , Zaims on  Neuromuseular
Blocking Substances, and keele on Causes of Pamn  The
metabolic action and fate of hormones are gainmg ncreasing
recogrution as important factors i health and disease and these
are dealt with in two lectures one by Hadfield on the Endocnine

Tm—: sixth annual volume of Leetures on the Saentific Basts of



vi PREFACE

Svstern in Breast Cancer’, the other by Myant on ‘Bibary Secre
uon of Thyroid Hormones The preservation of healthy hving
tissues outside the body and thesr substitution for diseased struct-
ures 1n patients 1s a subject of practical importance to surgeons
as well as biologusts, and three lectures dlustrate the advances in
this field, by Fell on “The Physiology of Skeletal Tissue in Cul
ture,' Dempster on Homo-transplantation of Organs’, and Rob
on ‘Arterttl Substitutes

In addition to these lectures that can be regarded as con
unuing and developing subjects and methods dealt with mn
carlier vears, this volume includes four on problems of 1m
mediate practical interest and new methods of investigation Sir
John Cockeroft s lecture on “The Biological Sigmificance of
Atorme Energy suggests many new fields that may require
medical 1nvestgators tramed 1n new wavs, as does also Lews’
lecture on Social Psychiatry’, while Barbers on Resistance
of Staphylococer to Antibiotics and Seddon s on Poliomyelttis
llustrate new methods of attach on urgent problems

The lectures delnvered during the winter of 1957-58 ate now
being prepared for publication in a further volume, Volume VII
of the senes, and will include many that, i additon to vlus
trang continued progress 1n subjects and by methods already
discussed 1n the earlier volumes, will stress how the study of the
cell, 1ts structures and therr functions 1s becoming possible and
necessary for 1 better understanding of health and discase ~

Fraxcis R Fraser
Dusector British Postgraduate

5 February 19,8 Medical Federation
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The Biological Significance
of Atomic Energy

SIR JOHN COCKCROFT

important  biological imphcations The facihties pro-

vided by nuclear reactors for producing radioactive
1sotopes 1n wartually unlimited amounts have provided a major
new research tool for the biologist, particularly the brocherst,
whilst the new sources of radioactivity have greatly helped the
radio-therapist On the other side of the picture there are the
potential hazards whach might anse in the widespread use of
rad e 1 and the develop of nuclear power
1 will try to show that these hazards can be controlled by the
scientific approach to radiation protection which has been
adopted

Tm: post war developments of atomic encrgy have very

today p about twenty two radio-
actwve 1sotopes for biological rescarch Amongst these the most
smportant are Tritium, Carbon 14, Sodum 22 and 24 Phos
phorus 32, Sulphur 35 Iron 55 and 59 and Cobalt 6o
Carbon 14 15 produced by wrradiaung mtrogen 1n a reactor
Alummum mitnde 1s placed 1in the Windscale reactors for a
pertod of about a year or more during which time about 3oo
me/fyear of carbon 14 are produced from each lilogram of
alummum mtride The carbon 1415 then extracted at the Radio
chemical Cenite Amersham, and 15 usually incorporated into
one of a number of componds required by the biologist Insome
cases the classical methods of the orgamc chemst are used In
other cases biological synthesis 15 used For example, tobacco
B
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plants are used to synthesize glucose and starch, a diligent hen
was fed on chlorella labelled with carbon 14, the hen then pro-
duced egg albumen labelled with carbon 14 About 180 com
pounds are now available

Tue Uses or AToic ENcroy IV BioLocicar. RESEARCH
These radioactive 1sotopes have been applied to a very wide
range of problems in brological research where they have pro
wided a new tool of comparable importance to chromatography
As a physicist, I am not competent to describe their applications
in detail, I can only give some general impressions gathered
mamly at the Geneva conference on the peaceful uses of atomic
energy

The radioisotopes are of course used as tracers The great
sensitivity of the modern methods of detection of radioactivity
allows their passage through the organisms to be traced as they
pass from one molecular form to another just as though the
tracer atom carbon 14, or iron 59 was visible to the expen
mental biolomst throughout 1ts passage from ntake to excre
tion

A general result of these studics has been to change 1n a major
way carlier 1deas on metabolism On the old 1deas, food was
thought of as 1 fuel to be used for supplying energy or repairing
wastage 10 tissues A major attack on this viewpoint came from
the work of Schoenheimer using stable 1sotope tracers In sum
manzing hus results he has said that the large complex mole
cules in food and the less complex compounds which form them
—the fatty acids amuno acids and nuclear aads—continually
participate in rapid cherical reactions Lster peptide and
other kinds of bonds arc broken The fragments of complex
molecules so released are mixed with those from other similar
molccules and with these absorbed from the alimentary canal,
formung 1 metabolic resene: Some of the fatty acid molecules
are completely destroyed others of simlar structure are con
tinunlly formed from All kinds of substances and n parucular
from carbohydrates Similar reactions also tike place with the
decaying products of proteins Thus the brological system 1s a
yast cycle of closely nterrelated chemical reacuons *
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As a result of this work 1t has been reahized that many simple
substances, such 1s acetate, cirbon diowade, glycine and related
compounds have great importance 1n biological economy

The research worh has also demonstrated the rapid rate of
turnover of particular molecules Thus amino acids are assem
bled 1nto proteins 1n about 25 minutes Studies wath radicactine
won ¢ g Hevesy, show that of the 4 milligrams of ron present
mn human blood plasma, half of 1t leaves the arculation
about go minutes Half of this finds 1ts way 1nto the bone mar-
Tow to be used for the formation of haemoglobin of the blood
corpuscles So 18 mulligrams a day 15 used for haemoglobin
formation The other half finds its way to the hiver and other
organs In cases of refractory anacmia the 1ron atoms disappear
less raprdly from the plasma, so studies on anaemia are possible

Studies using radioactive sodium show that half the sodim
in the blood plasma leaves the plasma in one to two minutes
Studies with radio-carbon have shown that even the crystalline
structure of the bones 1s 1n a state of flux It has also been pos
sible to wotk out the exact metabolic pathways by which
mportant compounds have been made Thus the ongin of
every carbon atom 1n the complex porphynn molecule has been
determined, the pathways of formation of the blood pigment
haematin have similarly been unravelled

A recent paper from Russia by Grodzensky descnibed the
applications of 1sotopes to research on the pathogenesis of meta-
belic diseases Thus the metabolism of unic actd 11 healthy and
gout afflicted persons was studied Healthy and 1ll persons were
wjected mtravenously with unc acid marked with !N The
metabolic reserve of unc acd which 1n a healthy person 1s about
one gram, 1s increased by a factor of 15 1n gout The ongin of
the mcreased production of uric acid was found by oral adminis-

tration of glycine marked with 15N to healthy and sich persons
In the sick persons the uric acid was synthesized at three or four
times the rate found 1n healthy persons The establishment of
these facts makes 1t possible for the investigator to seek rational
methods of therapy for this disease—directed towards reducing
the synthesis of uric acid 1 the orgamsm

The general opiion at Geneva was that this new knowledge
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and change of concept was leading to important revistons i the
search for therapy of metabolic diseases However, only a begin
ming has been made—mamly by deseribing the metabolic pro-
cesses—we are apparently sull fir from understanding in detut
how they work It remauns for the future to reveal how the
new knowledge can be used for the conquest of disease *

In plant physiology the use of carbon tq as a tracer has been
of great yalue 1n the study of the mechamsm of photosynthesis—
the process by which plants take m carbon dioade together wath
water to produce cirbohvdrates and oxygen The expeniment
consists of adding carbon droxde contamning carbon 14 to un
labelled carbon dioxide and this 15 absorbed by algae After
quite a short time—16 seconds or 66 seconds for example—
the plant 1s klled by sudden treatment with boiling ethanol,
so that all enzymaue processes are halted Extracts of the plant
matenal are made and two dimensional chromatography 15
used to study the synthesis of molecules A drop of the solution
15 put on to the corner of a large filter paper The solution then
diffuses down and the different compounds are separated The
filter paper 1s then turned through a nght angle and the com
pound again diffuses down so that a two-dimensional separation
1s achteved A photographic film 1s then placed aganst the
filter paper and any molecules which contan carbon 14 blacken
the flmas:n Phate ¥ Figures 1 and 2 1 After 10 seconds phospho-
glycenc acid 15 predomunant so that 1t must be the first com-
pound nto which carbon dioxide 15 bwlt By the end of 60
scconds sugar phosphates and acid phosphates have appeared
The process of bwild up of the carbohydrates, proteins and fats
1s an extremely complex one and a great deal of hght has been
thrown on the successive steps in the reaction

Radioacun ¢ 1sotopes are also used as sources of radiation for

the treatment of malignant discase Twenty years 1go radiam
was used 10 quantties of several grams for radio-therapy 1n the
so-called radium bombs of the tme Radio-therapists now use
radiocobalt umts a thousand umes as strong using the cobalt
6o produced 1n nuclear reactors

We can now produce 1n thus eountry about to a0 curies g

year, and, with our new reactor DIDO in operation, we shali
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and change of concept was leading to smportant revistons in the
search for therapy of metabohic diseases However, only 2 begin
ning has been made—mainly by describing the metabohc pro
cesses—we are apparently stil far from understanding 1n detail
how they work It remans for the future to reveal how the
new knowledge can be used for the conquest of disease *

In plant physiology the use of carbon 14 as a tracer has been
of great value in the study of the mechanism of photosy nthesis—
the process by which plants take 1n carbon dioxide together with
water to produce carbohydrates and oxygen The expennment
consists of adding carbon dioxide contaiming carbon 14 to un
labelled carbon dioxide and this is absorbed by algae After
quite a short ime—to0 seconds or 60 seconds for example—
the plant 1s killed by sudden treaiment with boihing ethanol,
so that all enzymatic processes are halted Extracts of the plant
material are made and two dimensional chromatography 13
used to study the synthesss of molecules A drop of the solution
1s put on to the corner of a large filter paper The solutron then
diffuses down and the different compounds are separated The
filter paper 15 then turned through a right angle and the com
pound agamn diffuses down so that a two dimensional separation
1s achieved A photographic film 1s then placed agamnst the
filter paper and 1ny molecules which contain carbon 14 blachen
the film asin Plate I, Figures 1 and 2 * After 10 seconds phospho
glycenc acid 1s predominant so that 1t must be the first com
pound 1nto which carbon dioxide 1s bwilt By the end of 66
seconds sugar phosphates and acid phosphates have appeared
The process of build up of the carbohydrates, proteins and fats
1s an extremely complex one and a great deal of hght has been
thrown on the successive steps in the reaction

Radioactive 15otopes are also used as sources of radiation for
the treatment of malignant disease Twenty years ago radwum
was used 1n quantiites of several grams for radio-therapy n the
so called radrum bombs’ of the ime Rndio therapists now use
radiocobalt units a thousand times as strong using the cobalt
60 produced 1 nuclear reactors

We can now produce 1n this country about 10 000 curies a
year, and, with our new reactor DIDO 1o operation we shall



BIOLOGICAL SIGNIFICANCE OF ATOMIC ENERGY 5

be able to increase our annual output by 30,000 cures a year
We are also just beginming to provide 1,000 cure sources of
radioactive caestum 137 extracted from radioactive waste pro-
ducts Radiocaesium has a half ife of 27 years and emuts a
gamma ray of about hall the encrgy of radiocobalt  We hope
that 1n three or four years time we shall be able to produce 1t
at lower costs than ridiocobalt Because of uts long half Iife 1t
wall be swtable for doing the work of 200 kilovolt ™\ ray sets
as well as having important industnial applications

Besides their use as an alternative to radium and X ray sets,
radioisotopes have a special value 1n therapy becausc of their
flexability i use Thus radioactis e sodium which emuts a gamma
ray has been mjected as a solution 1nto the bladder to treat
malignancy, colloidal solutions of radioactive gold 1gg or radio-
actine yttrium are injected into lung tumours because they stay
reasonably well located and also decay rapidly with a half
hfe of a few days

The use of thulium 170 and xenon 135 has been developed by
Professor May d and lus colleag These sources emit
gamma rays of low energy—8;, kV and 81 LV So the sources
are easily protected and can be used n locahities where . rays
would be mapplicable For exampleitis possible to take pictures
from 1nside the rectum showing the lower end of the vertebral
column, or from mside the mouth showing one side of the jaw
(Plate 11, Figure 3)

A new method of treating brain tumours 1s being tried at
Brookhaven 1n the United States Compounds contaung
boron 10 are injected intravenously mnto the patient Rapid
permeation of the tumour occurs so that a hugher concentration
builds up there than 1n the brain The tumour 15 then irradiated
with a neutron beam from a reactor for a period between 10
and 50 minutes after injection The neutrons disintegrate the
boron 10 and a high speed « particle 1s emitted which affects
the tumour The present statistics show a sigmificant lengthen
1ng of survival ime of the patients

An 1nteresting new develof 1s the application of radia
tion to viruses to change their structure and ehmnate thewr vir
ulence but leave theirantigemcity unaffected Some 1nteresting
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Radiograph of dried skull taken with weak source of thulium
Fe ?,o (from Mayneord V% V. (19,2} Brt J Radiol 25 s517)
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wnsect pests and weevils 33 25 to 50 per cent, other foodstuffs
also suffer great losses Radiation has heen used expenmentally
1o destroy insect mfestation m cerenls and grain products at
costs whach are favourable compnred with chermeal methods
The sp g of § can be ntubited by the effect of
radhation on the enzyme system (Plate IV, Figure 5}  The
shelf bfe of certan foodstuffs can be substantiallv increased
The economic importance of this can be shown by the fact that
one Brtish manufacturer tost £1 mtbon 1n the hot summer of
1955 by detenoratton of hus products

‘We arc m the process of founding the Wantage Radiation
Laboratory where large sources of radiation will he avarlable to
study food preservation and other problems requmnng igh
radiation rates

Raviarion Hazaros ann PROTECTION

This widespread use of radiation 1n hospitals research labora-
torzes and tndustry will undoubtedly increase greatly and st s
ymportant 1o reahize that radiation must be used with care and
m conformity with stnict codes of pracuce Thus has been made
clear by a recent report by the Medical Research Council on
the hazards to man of nuclear and allied radiations

Radiation produces mutations i human germ cells of a kind
exactly ssmiar to the natural mutauons The effect of the muta.
tions varies widely 1n seventy Ihus about one m 500 children
born today suffers from a severe mental deficrency 1€ the num
ber of mutations were to be doubled by radation there would
be an wncrease of t 500 cases of thus partcular deficiency in the
next generation The numher of hospital beds required, due to
additional schizophrema and mamic depressive cases would
increase by 400 The number of cases requiting medical care
would be 5 to 10 nmes larger This 1s only one example of the
effects of doubling mutation rates

In addstion to these major ills resutting from mutatons there
would be an accumutation of less smportant mutations which
would wncrease the general load of 1il health 1n the population

For all these reasons genencists are unimmou. 3n saying that
a doubling of the mutanion rate of the whole population could
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results have been obtamed with a strain of foot and mouth
disease virus There 15 a possibility here of a new method of
producing vaccines

Radiation has proved to have a role in plant breeding by
enabling the natural mutation rate to be increased 1 hundred
fold The advantage of radiation 1s that the plant breeder does
not have to wait so long before finding a mutant with destrable
properties Examples of the wy mutations affect a stramn of
barley are shown 1n Plate TII Figure 4 * In the United States
thus method has produced a rust resisting strain of oats which 1s
of economuc importance In Canada a new strain of barley has
been produced which matures earlier and so enables barley to
be grown successfully in regions further north where the summer
15 short

Rachation has also been used successfully to control some
msect pests Thus the screw worm has been almost elimmated
1n some areas of North America by sterthzing male flies by doses
of radiation The male flies are then released, and since the
female mates only once the production of new flies 15 greatly
reduced

The radiation of hog carcases has also made possible the
control of the parasitic disease Trachinosis which is transmutted
by larvae 1n pork The irradiation sterlizes the female and
breaks the disease cycle

In the country the Forest Products Research Laboratory 1s
interested 1n the use of radiation for the preservation of timber
of hustorsc buildings from attacks of deathwatch beetle and
other msect pests Research has shown that the fertlity of
beetles can be greatly reduced by doses of a few thousand
roentgens This work has not yet reached the stage of apph
cations to particular buildings

In agncultural resexrch the use of radioisotopes 1s tracers 1s
of value 1n the study of the comparative utihzation of fertilizers
by crops, m the method of action of wsecticides and selecinve
weedhillers and many other problems

Very active work 15 proceeding on the preservation of food
stuffs In tropical parts of the world the loss of grain cereals by

1 Plates -V will be found between pp 13-13
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should be reviewed to reduce thus dose There ss hittle doubt that
substantinl reductions can be made

Figure 6 shows the relhtn e magmitude of different sources of
radiation The contnbution to the total population dose due to

Natural background

Jomagnostie
Rad ology

Occupationat Exposure
Luminous watches
Shoe titting ete

Fall Out
1001 22, 31 Belowl]

Fic 6 A companson of various radiological doses

exposure of industrial worhers to radiation sources 1 mdustry
1s about g per cent Codes of practice and regulation are soon
to be 1ssued to bring thas more under contral The contnbution
to the total population dose from the exposures of 20,000 atomic
energy worhers 15 less than one tenth of one per cent

Besides protecting the general population we have to protect
mdividual workers and here again the M R C report provides
valuable guidance In the past indinidual workers have been
protected by a requirement to hmt the dose of radiation to
0 3 roentgens per weeh which 1s at most 15 roentgens per year
The M R G now make two additional recommendatons First
the dose to the age of 30 should not exceed §0 roentgens The
reason for this 15 to keep the odds against producing harmful
mutants i the mdividual s children to ittle less than the
natural odds So the exposure of individuals should be reduced
to 2 maximum of 5 rocmgcns ayear

The second recommendation hinmts the hfetime dose to 200
toentgens This 1s a protection agamst radiation mduced
leuhaemia and shortemng of hf span  The natural incidence of
leukaerma 1s at present one 1n 20,000 a year So n the Atomic
Energy Authonty staff of about 20 000 we should expect one
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not be accepted, and Dr Muller, one of the most eminent of
geneticists, has said that an mcrease of 25 per cent would be
the most which could be tolerated
One important and difficult question 1s what radiation dose 1s
required to double the mutation rate? Experimental evadence
on human beings 1s neghgibly small Experiments have been
carnied out mainly on fruit flies and mice These experiments
led the Medical Research Council commuttee to conclude that
the best esumate they can make 1 the hght of present know
ledge 15 that the doubling dose lies between 30 and 8o roentgens
Therr overall assessment of the tolerable dose to the whole
population has been given 1n terms of the radiation to which
we are naturally subjected by the cosmic rays showered down
upon us from outer space, from radiopotassium 1n our food and
from radium 1n the ground and walls of our houses From these
we can recetve 1 our first 30 years of hfe (which are most
important genetically) a dose to the gonads of about 3 roent
ens
The M R C commttee consider that 1t 1s unhkely that when
the matter has been given further consideration an additional
dose of more than twice the natural dose will be considered
tolerable In other words the additional dose to the gonads
due to all man made radtation should be less than 6 roentgens
It seems possible that research mnto genetics and particularly
human genetics will be greatly increased, i1n order to provide
information about effects of radiation on mutation rates
The commuttee also collected figures for our present dose
from man made radiations By far the greatest dose was from
diagnostic radiology From a sample survey 1n some well run
hospitals and from the number of radiological exposures now
made 1 the Umted Kingdom, which amount to 12 mllion
per annum the average dose 1s 0 66 roentgens 1n 30 years or 22
per cent of the natural dose The greater part of the exposure
to the gonads 15 from exammation of the pelvis and spine A
smular survey made m the United States showed that the
average dose was over four 4imes larger than in the United
Fungdom and reached 5 roentgens The MR C commuttee
recommended that present practice mn diagnostic radiology
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the useful and long lived components such as radioscaesium
and use these under safe wnd controlled conditions for mediend
and mdustral purposes This will reduce the storage problem
for the residual components

‘We must also guard agunst the possibility of reactors getting
out of control, whsch would lead to melting of the fuel elements
and the release of radioactive products Qur first Line of defence
15 to design reactors to have good inherent safety characteristics
and to provide also a muluphiaty of automatic safety devices
which shut down the reactor if anything goes wrong Thus 1s
combined with stnct operating codes Qur second line of defence
15 the containment of the reactor inside a closed pressure 1 essel
The reactors of Calder Hall are so enclosed In the case of expen
mental reactors a third hineof defence 1s added by contamment of
the whole reactor mnside asteel sphere or cylinder The Dounreay
and DIDQ reactors are examples of this (Plate V, Figure 7)

The MR C report discusses the radiation dose due to fall
out from the testing of atormic weapons At present the external
radiation dose 1s small and in this country contnbutes Jess than
one tenth of 1 per cent of the natural dose when account 1s
taken of shielding by houses and weathenng of the deposited
acuvity It could mse to 1 per cent in a hundred years of
present rate of testing continues

A more 1mportant pont 1s the amount of strontium go find
ng 1ts way into human bones This comes by way of the food
chain, starting with the grazing of contaminated grass by the
cow The strontium go 1n the grass finds 1ts way into milk and
then finds 1ts way 1nto bones The amount of radiostrontium 1n
human bones at the present time 1s measurable but small A
new umit has been coined for this known as a strontium unit’
Ths 15 one tt dth of the level dered to be tolerable
for occupationally exposed workers The MR C report set a
maximum level for the general population at 100 strontium
umts but was of the opinion that serious consideration would
be necessary 1f the level rose appreciably above 10 strontium
units At present the level in human bones in the Umited hang
dom 15 about one strontum umt, and three times higher n
some parts of the world
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natural case a year The effect of a hfe dose of 200 roentgens 1s
expected, from the evidence of Dr Court hrown published in the
MR G report, to increase the incidence about tenfold Soaf
we had 200 staff exposed to 200 roentgens, we should expect to
have only one additional leukaemma due to radiation every 1o
years Since the numbers exposed to these hugh doses are small,
1t 15 possible to programme ther work to keep the dose to
within the speafied level

An often posed question 13 the future effect of generating a
large part of our electnaity from nuclear power, since st seems
prabable that by 1970 all new power stations mn Brtam wall
denve their heat from atomic energy

Our expenence of operanng existing nuclear reactors at
Harwell and Windscale has shown that the expasure of reactor
operators can be kept to below 5 roentgens per year, so that
the hozards 1o mdmvduals can be effectnely prevented

The number of operators of nuclear power stations seems un
likely to exceed 10,000 by 1975 and, if thewr radiation dose 15
Limted to 50 roentgens by age 30 the contribution to the aver
age papulation do e wauld be only ane thousandth of a roent
gen or one three thousandth of the natural radiation dose
Since all the chemical processing of spent fuel will be concen
trated m one or two large plants, and since their operators will
be hmated to 5 roentgens per year ther contmbution to the
population dose will also be neghgible

The mam danger we have to guard agamnst 1s the release of
large quantities of radroactive «flluent from the chemical separa
tion plants where spent fuel 15 processed either i the form of
gaseous effluent or in hiquud effiuents or as a result of accrdents

As a result of the work of the last decade by the Medical
Research Council and the experimental work of a number of
org we have blished codes of practice govermng
the discharge of radio-effiuents and there should be no difficulty
1 conunuing to adhere to safe practices The important pomnt
35 that the lughly radioactve wastes will be concentrated into
a relatrvely small volume—a few cuine metres a year—and they
can be safely stored 1n Jarge tanks following our present practice
We expect also to extract from the radioactive waste some of
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World wide measurements of radio strontium 1n foodstuffs
have been undertaken by the United States Atomic Energy
Commssion We are carrying out similar measurements
this country and there 1s likely to be a great increase of such
momtoring as a result of the formation of the United Nattons
Commuttee on Radiation

Radiological protection has the great advantage that radia
tion doses to indviduals can be accurately and ssmply measured
Thus 1s 2 much better position than 1n our exposure to viruses,
carcinogens and other hazards of our present hfe We have also
the advantage of a good tradition of radiological protection
bult up during the last ten years We believe therefore that in
Britain atomic energy and 1ts allied activities can be developed
safely

The situation may not be the same 1n other countries which
do not have the same expeniences and traditions The United
Natons has taken the lead by appointing an international com
mttee to study these problems We hope that this wall result
1 the adoption of umversal codes of practice, simular to those
n operation 1 Britam and the Umted States We hope also
that 1f the International Atomic Energy Agency of the Umited
Nations 1s established one ofits principal cares will be to advise
on radiation protection and to see that a1d given through the
Agency will be conditional on adherence to these codes of
practice

The human race has a great deal to gain from this enormous
potential increase mn ats source of encrgy and from the oppor
tumty radiation provides to obtain = greater insight into Itving
orgamusms Like all new activities of the human race these new
powers introduce new nishs We should not be afraid of these
hazards, but should study and control them with the powerful
tools of science and so enable the fruits of atomic energy to be

enjoyed
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Homotransplantation of Organs

W J DEMPSTER

to the larger laboratory mammal can be transplanted pro-

wided that 1ts blood vessels are of a reasonable calibre

Whether such a transplanted organ will function or not 1s

another matter An organ may be transplanted from 1ts normal

site to another site on the same amimal and this procedure 1s
N

referred to as autotr autot 1 d organ,

such as the kidney, can function indefimtely A homotrans
planted organ 15 one which 15 transferred from one ammal to
another of the same species A homotransplanted organ, such as
the kidney may function for only a few days 1n dogs or for a
few months 1n certamn human reapients Organs such as the
heart and lung are technically transplantable but function 1s un
certain even m the autotr 1 d state gst the factors
complicating the transplantation of these organs which are
still Iittle understood are ventricular fibnllation and pulmonary
oedema Transplantation of smaller organs such as thyrod
ovary and adrenal, 1s more difficult One requrres to transplant
with these organs the large artery from which the organ distn
bution arises In the case of the thyroid it 15 the common carotid
artery (Sterhng and Goldsmith 1954), 1n the case of the ovary
and adrenal 1t 15 the renal artery, and this involves transfer of
the adjacent kidney with these organs (Levy and Blalock,
1939, Dempster, 1955b)

1 wash to consider here the behaviour of the kidney, adrenal
and ovary m the transplanted state I wall make no further
reference to the transplanted heart and lung because no suffictent

Fnou a purely technical point of view, any organ belonging
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abnormal function appeared to be hydronephrosis which invan:
ably develops to some extent in ‘neck’ kadneys Thus disturbance
of function, however, required further nvestigation and, for
this reason hidneys were autotransplanted to the pelvis The
pelvic’ kudney begins to function normally about threc weehs
after 1ts transfer This immediate postoperatve hyposthenuria
15 quite obscure, no doubt some enzyme processes have been
temporanly disturbed Deneryation 1nd total temporary hypos
thenuna do not appear to be 1nvolved since these procedures
per se, do not affect marhedly the concentrating power of 1
kudney In Table 1, the results of a series of expeniments are
Listed It can be seen that neither denervation nor thurty minutes

1schaerma sertously disturbs the concentrating capaaty of a
kidney

Taste 1 Effects of denervation and 1schaemia on urine output
and specific gravity

S G after § hr 1schaemma

SG beforede S G Aterde

Dog nervation
mervation g prgmples st hr sample ’““f‘“:’;‘f’ hes
1 single ldney 1030 1020 1028
*L=1030
2 R-1035 1035 1035 1035
*L-1035 1035 1025 1030
3 smgle kidney 1040 1030 1035
*L=1040
4 103 1082 1012
1012 1030 1040
5 R—1037 1030 1036 1036
*L-1035 1035 1022 1030

* Denervated and rendesed sschaemie

The fact that a kidney nutotransplanted to the pelwisis unable
to concentrate normally immediately after operation means
that any defimitive assessment of 1ts function cannot be made
until signs of recovery are evident It appears from the work of
two groups of authors that the pelvic kidney usually regams
1ts preoperative functional state withun a month after transfer
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data are available to allow any reasonable assessment to be
made at present Itas obviously a very difficult task to transplant
hearts and lungs The kidney 13 easy to transplant and 1ts func
tion 1s easy to assess For thus reason, I am wn a position to review
some of the labaratory and clmical work concerning kidney
transplantation which has been reported in recent years

Transplantation means the transfer of an organ with an
wnmedtate re estabhishment of its cirenlation The results of
this procedure have httle m common with that i which frag
ments of tissue are transferred, thus latter procedure 13 calied
implantation nd, while frequently successful 1 rodents, s
hardly ever of any value i larger laboratory mammals or in
man

AUTOTRANSPLANTED haoney

Before discussing the behaviour of the homotransplanted kidney,
T wish to make some wtroductory remarks about the autotyans
planted kidney Without adequate autotransplant contral, one
can become hopelessh, confused by the occurrence of certam
phenomena in homotransplanted kidneys

In the dog, the sites chosen for the reception of the ladney
were the nech, 1o which situation the renal vessels were anasto
mosed to the carondo yugular crrculation, and the pelvis, where
the renal vessels were anastomosed to the thac vessels In the
former site, the ureter was brought on to the skin as 1 uretero
stomy, but 1 the pelwis the ureter was resmplanted mto the
bladder The first techmque has many advantages, one can
keep the kidney under constant direct observation, one can note
readily when it stops functioning one can remove biopsies oF
perform arteriogram —all without disturbing the ammal very
much All these advantages are of great importance i any study
of the homotransplanted kidney In the human, homotrans
plantation of a hidney to the femoral region offers similar
advantages (Hume Mernil, Miller and Thorn, 1g55) One
important disadvantage of the neck hidney 1s 1ts inabihity to
cancentrate unne (Dempster and Joekes 1953) In spite of thus
2 kidney can mantaa hfe It can handle sodium and potassium
very adequately but urea excretion 15 poor It 1510 a constant
state of polyuna The most reasonable explanation for this
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The natural history of homotransplanted kidneys follows a
fairly well-defined pattern The homotransplanted kidney func-
tions for a varying penod of ume and during this interval under
goes certamn physical changes mvolving increase 1n size and
weight, extensive details are available in the dog only (Demp-
ster, 1955a) Part of the increased weight 15 due to considerable
oedema of the renal sumus fat and penrenal tissues At some
stage after a pertod of fauly adeq function, I
planted kidneys suddenly become anunic and at the same time
the reciprent becomes toxic (Dempster, 19532) The cause of
this type of anuna 15 obscure but 1t 1s thought to be the result
of immunological reactions (Dempster, 19552), this s the second
type of anuna so far descnbed The toxic syndrome 15 con
sistently severe m dogs {Dempster, 19532} It has to be stressed
that this clear cut toxic syndrome 13 not seen in bilaterally-
nephrectomized dogs Dogs deprived of both kidneys sink 1nto
a ureamc state as the homotransplanted hidney begins to fail
The toxic syndrome 15 clearly defined 1n unilaterally nephrecto
mized dogs only Thus, one would not expect this syndrome to
appear i humans deprived of the function of both kidneys and
1 whom a homotransplanted kidney 1s faihing  as, indeed 1t
did not appear 1n the experience of one group (Michon, Ham
burger, Oeconomos Delmotte, Richet, Vaysse and Antoine,
1953) In chromc nephntics who are recipients of homo-
transplanted kidneys, 1t appears that a toxic syndrome can
occur (Hume ef af 1955} This group of workers describe the
toaaty as mild compared to that reported as occurning 1n the
dog It should be pomted out that some of these chromc ne-
phritics received ACTH and cortsone Cortisone reduces the
toxic state 1n dogs and indeed a pseudotoxic syndrome has
been described (Dempster 1953c) A towc state has been ob
served 1n goats but this does not appear to coincide with the

d gration of the homot 1 d kidneys
(Humphnes 1956) In both dogs and m man, removal of the
disintegrating kidneys brings prompt relief (Dempster, 1953b,
Hume et ol 1955) The cause of the toxic syndrome remams
obscure (Dempster, 1953a)

If an arteriogram 1s taken of a homotransplanted kidney 1
c
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Thas sustamed normal function has heen followed 1n one dog
by a group of workers for about two and a half years (Murray,
Lang, Miller and Dammn, 1956) Avother group studied several
dogs for peniods of up to rune monthe (Dempster, Joekes, and
Qeconomos, 1955, Dempster, Fggleton and Shuster, 1956) In
terms of human results, these follow up studies are tnvial in
length but they do give some indication of what to expect 1n the
human
HoMOTRANSPLANTED hIDNEY

Usually, 2 homotransplanted ladney starts to function within a
few mnutes of establishung the new blood supply Sometumes,
however, no urine appears or at the most a mere drop from
time to tme The same ph occurs N autotransplanted
kidneys and the cause 15 obscure (Dempster, 1954) In dogs,
this anunt appears 10 be irreversible In humans, however,
anurias of this type have been described but the kidneys have
resumed function several wecks later (Flume et of |, 1955) This
type of anuna has becn found to ocour m goats (Humphries,
1956) The site of transfer mav be sigmficant since some
authors (Egdahl and Hume, 1956), using exclusively the renal
fossa site, have discounted the importance of thus comphication
whuch they claim to have experienced on only one occasion
Hadneys, whether auto~ or homo-transplanted, which hecome
immediately anunc after operation can be grouped mto three
hustologncal types

1 those showing clondy swelling of the tubutar cytoplasm

2 those showing widespread casts

3 those showing widespread casts and extcnsive proximal

tubular necrosis

The last type of Jesion has been reported as occurring m a
human homotransplanted lidnev (Porter Joekes and Dempster,
19,7} Ths type of anuria must be recognized since 1t could
be confused with the gemune anurias d with obscure
smmunological reactions (Dermpster 1954} Indeed, m view of
the expenence of Hume et al 1055 1t 13 imperative that one
allows the ymmedtately anune kidney to remamn undisturbed
as function may be regamed 1n a few days tume
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renal reticulum cells has been traced (Darmady, Dempster and
Stranack, 1555) Thas cellular infiltration has becn reported 1n
dogs (S 19534, Demp: 1953b) '} (Michon
etal 1953), and 1n goats (Humphries, 1956) It appears, then
that thxs 152 farrly generahized reaction of lidneys 1n the homo-
transp d state If a nepl dissection 18 made, a curious
leston 1nvolving the neck of the tubule can be seen (Darmady
etal, 1955) The area affected 1s collapsed and the epithehum
appears translucent the remainder of the nephron appears
normal This leston can be prevented by administering corti
sone Another feature shown up by the pyronine stains 1s the
pyrommnoplulta of the renal vascular endothelium

2 If a ludney 1s allowed to remain 1 its host for about
twenty four hours after the onset of anuria the histological
picture 15 that of commencing disintegration  Many tubules
are necrotic and are surrounded by a cellular infiltration which
15 no longer composed only of transitional cells and 1mmature
plasma cells, polymorphs are now very much 1n enidence The
glomerular tufis remain essennially normal Thus lustological
preture could quite easily be labelled—infection!

3 Ifalidney is allowed to remarm 1 ats host for about forty
eight hours after the onset of anuna, the histological picture 1s
that of very advanced disintegration The tubules have largely
melted away m an ocean of polymorphs Here and there one
can detect the remains of a tuft which stll appears to be normal
The nature of this rapid lysis 15 still obscure

This somewhat artifical staging of the parenchymal disinte
gration has been worked out 1n detail mn dogs only It would
appear that the human material has been examined at stages
2and 3 (Humetal, 1955) Itisofsome considerable importance
to be aware of this evoluuon of parenchymal disintegration In
rymg to assess the cause of anuna in homotransplanted krdneys
one must consider the evidence presented 1n stage 1, and when
this 15 done, 1t 15 very difficult to come to any conclusion If
on the other hand, one examnes stage 2 or 3 unaware of stage 1,
1t 15 €asy to be nusled 1nto assuming that mfection, 1if not alto

gether responsible for the anuna at least has to be taken mto
account
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its anunc phase, an intense vasoconstriction 1s evident (Demp
ster, 19553) The cause of this vasoconstriction has not been
determined It was thought, at one time (Dempster, 1953b),
that vasoconstriction, per se, was the cause of functionat arrest of
homotransplanted kidnevs Experiments wwvolving cortsone
did not support this thesis (Dempster, 1953¢) It would appear
that the vasoconstriction 1 precipitated by factors other than
mere stretching of the arterial tree induced by the enlarging
kidney (Dempster, 19552}

When a homotransplanted kidney stops functiomng 1t usuatly
does so qute suddenly Certun gualifications require to be
added In dogs (Dempster, 1954) and mn one normal human
{Michon et al , 1953) the mode of sudden onset of anura was
dentical In goats there is a slow dechine In dogs on cortisone
(Demp ter, 1953¢) there may be a slow dechine 1n unne output
In humans suffuong from chrome nephnits (Hume e al,
1955) there would appear to be quite a dufferent process at
work Homotransplanted kidneys i such patents survive
longer and the anuria 1s slow to establish aself (see also Murray
and Holden (1954} who report survival for exghteen months}
‘That the reaction of the chronic nephnitic 13 somewhat different
from the normal 1s naturaily of great interest

‘When a homotransg d ludney suddenly stops secreting,
it 1s tempting to consider leaving well alone 1n case secretian
returns  The chmean, espenially, 1s tempted to regard the anuna
2s the onset of 3 reversible tubular necrosis Butitsnotawie
policy to delay removing an anuric homotransplanted kidney
because parenchymal disintegration ensues quite rapidly Three
main stages in the histological appearances of anuric home
transplanted kidneys can be defined but 1t should be reahized
that each stage ships progres wely mto the other

1 If a ladney 1s removed withun a few hours of becoming
anuric, remarkably httle tubular damage can be detected by
the usual hustolugical techmques One 1s attracted to the inter~
stiial tssues by a marked mfiltration of round cells, with
pyronune stams (Dempster 1953b, Sunonsen 1953a), these cells
can be wdennfied as immature plasma cells and the cells of
Fagraeus {Fagracus 1918) The evolution of these cells from
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1 Infection This has been considered a likely cause mn the
past (Wilbamson, 1926) There 1s no evidence, from modern
work, which would suggest that mfection plays any important
role The hustolagical picture rules out this posability provided
one remor es the homotransplanted kidney as soon as st becomes
anuric

2 Increased interstitial pressure chused by oedema Thus 15
unlikely to be important since the tubules show no sign of col-
lapse, on the contrary, many of the tubules appear dilated Thus
of course can be explained, m part, by the mild hydronephrosis
which develops in the early stages after a hidney 1s transplanted
to the neck reglon of the dog

3 Hydronephrosis This 1s unlikely to be a cause of anunain
homotransplanted lidneys stnce this complication can occur 1n
autotransplanted kidneys without anuna enswing Together
with this one can der the bility of lar stretch.
The kidney can tolerate marked dcgrccs of vascular stretch
without anunia ensuing (Dempster, 19553)

4 Tocahzed tubutar lesion Thus lesion 15 abolished by treat
g the dogs with cortisone A lesion similar to this occurs in
amyloid disease of the hidney without anuna ensmng Since
cortisone abolishes the lesion but does not prolong the survival
of homotransplanted kidneys, the tubular leston would not
appear to be the cause of the anuna

5 The immature plasma cell infiltraon This 15 not hkely
to be the cause of anuna since plasma cell infiltrations are of
everyday occurrence in chromcally infected hidneys How-
ever both cortisone admimstration and local x irradiauon can
abolish the appearance of the immature plasma cells in homo-
transplanted kidneys (Dempster, 1g953¢c) without any effect on
the survival of such kidneys

6 Vascular spasm Fvidence p Isewhere (D

1955 see Figure 5 2 b, ¢) v.ould atits face value suggest that
vascular spasm was thc cause of anuna However, cortisone can
maintam a remarkably good flow through homotransplanted
kidneys dunng their anunie phase, the vascular spasm 1s reduced
and some patchy cortical filhing occurs Thus reduction 1n nro
way prevents the onset of anuna Vascular spasm 1s, nonetheless,
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It 15 understandable that m the chmc one hopes for an
eventual resumption of function The advantage of using dogs,
in this context, 1s that one can remove homotransplanted hid
neys at any stage thought desirable In practice, however, the
nportant reason for removing homotransplanted hidneys as
soon as possible after the onset of anura 1s on account of the
toxte syndrome It subsides soon after the removal of the hudney

The next lustological item one requires to constder 13 the
capsule of a homotransplanted kadney This 13 markedly thick
ened and infiltrated with pyromne staimng cells—such as have
been descnibed previously In certan instances, the Judney
capsule becomes strongly adherent to the tissues of the host
One should perform an intracapsular removal of such kidneys
because smportant data can be obtamned by a study of the cap-
sule adherent to host tisswe There 1s no evidence of a Jocal celln
lar reaction {Dempster 1953b) Nor 15 there any evidence of 2
local cellular reaction around the homotransplanted adrenal
and ovary Simiar histological findings as regards smmature
plasma cells and the absence of a local reaction around the
capsule have been reported 1n the homotransplanted adrenal
and to some extent m the ovary (Dempster, 1g55b) However,
the ovary, at a time when the kidney and the adrenal appear
histologically damaged, looks remarkably normal There 1s some
evidence that homommplanted ovanes are more able to survive
their transfer to a foreign environment than most other tissues
(Billingham and Parkes, 1955)

The local cellular reaction, so ably studied by Locb (1947,
has mfluenced studies on 1mplantation of ussue for fifty years
So far as one can detect at the moment, the local ceflular re
action 13 quite 1rrelevant for ussues in the homotransplanted
state, what 1ts sigmificance may be 1n the homoimplanted state
15 stilf not clear

FunerionaL ARREST 0F HOMOTRANSPLANTRD RIDNEYS
Why, after an mtenal of quite adequate function, does 2
homotransplanted kidney become anunc at some penod after
ats transfer? Ths 1s by noe means clear There arc various posst
bilitses whach can be constdered
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1 Infection Thus has been considered a likely cause in the
past (Wilhamson 1926) There 1s no evidence, from modern
work, which would suggest that infiction plays any important
role The hustological picture rules out this possibihity provided
one removes the homotransplanted kidney as soon as 1t becomes
anunc

2 Increased interstitial pressure caused by oedema Ths 1s
unltkely to be amportant since the tubules show no sign of col
lapse, on the contrary, many of the tubules appear didated Ths,
of course, can be explamed, 1n part, by the mild hydronephross
which develops in the early stages after a kidney 13 transplanted
to the neck region of the dog

3 Hydronephrosis Thus 15 unlikely to be a cause of anuna in
homotransplanted kidneys stnce this complication can occur in
autotransplanted lidneys without anura ensmng  Together
with this one can der the possibility of lar stretch
The kidney can tolerate marked degrees of vascular stretch
without anuria ensuing (Dempster 1955a)

4 Localized tubular lesion Thus lesion 1s abolished by treat-
g the dogs with cortisone A leston stmilar to this occurs i
amyloid disease of the kidney without anuna ensuing Since
cortisone abolishes the Jesion but does not prolong the survival
of homotransplanted kidneys the tubular lesion would not
appear to be the cause of the anuna

5 The immature plasma cell mfiltration This 15 not hkely
to be the cause of anuna since plasma cell mfiltrations are of
everyday occurrence in chronically infected lidneys How
ever both cortisone ad ration and local x urad can
abolish the appearance of the immature plasma cells 1n homo-
transplanted kidneys (Dempster, 1953¢) without any effect on
the survival of such kidneys

6 Vascular spasm Fvidence presented elsewhere (Dempster
1955 see Figure 5a b, ) would, at1ts face value, suggest that
vascular spastn was the cause of anuria However cortisone can
maintain a remarkably good flow through homotransplanted
kedneys duning their anuric phase the vascular spasm 1s reduced
and some patchy cortical hlling occurs This reduction 1n no
way prevents the onset of anunia Vascular spasm s, nonetheless
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It 15 understandable that mn the chmc one hopes for an
eventual resumption of function The advantage of using dogs,
m this context, 1s that one can remove homotransplanted Lid
neys at any stage thought desirable In practice, however, the
1mportant reason for removing homotransplanted ladneys as
soon as possible after the onset of anuria 1s on account of the
toxic syndrome It subsides soon after the removal of the hidney

The next histological item one requres to consider 15 the
capsule of 2 homotransplanted kidney This 1s markedly thick
ened and mfiltrated with pyronme staiming cells—such as have
been described previously In certamn instances, the kidney
capsule becomes strongly adherent to the tissues of the host
One should perform an 1ntracapsular removal of such kidneys
because important data can be obtamed by a study of the cap-
sule adherent to host tissue There 1s no evidence of a local cellu
lar reaction (Dempster 1953b) Nor 1s there any evidence of 2
local cellular reaction around the homotransplanted adrenal
and ovary Similar hustological findings as regards 1mmature
plasma cells and the absence of a local reaction around the
capsule have been reported 1n the homotransplanted adrenal
and to some extent 1n the ovary (Dempster, 1955b) However,
the ovary, at a time when the kidney and the adrenal appear
histologrcally damaged, looks remarkably normal There 1s some
evidence that homoimplanted ovares are more able to survive
therr transfer to a foreign environment than most other tissues
(Billingham and Parkes 1955)

The local cellular reaction, so ably studied by Loeb (1947),
has influenced studies on implantation of tissue for fifty years
So far as one can detect at the moment the local cellular re
action 1s quute 1rrelevant for tissues 1 the homotransplanted
state, what 1ts sigmficance may be in the homoimplanted state
1s still not clear

FuncTioNar ArRREST oF HOMOTRANSPLANTED KIDNEYS
Why, after an interval of quite adequate function, does a
homotransplanted kidney become anurnc at some pertod after
1ts transfer? Thus 1s by no means clear There are various posst
bilities which can be considered



HOMOTRANSPLANTATION OF ORGANS 23

can be seen as a precipitate 1n the subcapsular space A whole
range of intermediate reactions can and have been produced
experimentally

There 15 considerable evidence that the fibrinoid material
which one can see in the media of vessels 1n cases of periarteritis
nodosa 15 a manifestation of an antigen antibody reaction A
similar lesion occurs 1n scleroderma and other obscure collagen
diseases In all these diseases the renal manifestation takes the
form of a fibrmord necrosis of the media of the blood vessels
and the tuft capillanies Other than these two main groups of
lesions we know nothing of how a kidney mamnufests an antigen-
antihody reaction

Ifwe approach the problem of what constitutes evidence of an
antigen antibody 1 a homotranspl d kidney by
keeping 1n mind that any given tissue can react to trauma m 2
limited number of ways only certain pomnts emerge for discus
sion

No evidence whatsoever of an antigen antibody reaction can
be found in an anunc homotransplanted kidney—of a human
a goat or a dog Most workers agree that the tufts remain essen
ttally normal when all the surrounding tissue 1s disintegrating
{Sumonsen 19533, Dempster, 1953b Hume e of, 1955,
Humphnes, 1956)

One mght argue however, since hefero antigens and Aetero
antibodres are used 1n experimental nephntis and ketero antigens
1 the form of bacteria, may be involved 1n the climcal forms of
glomerulo-nephritis—that our preceding criteria are not vald
for homo antigen antibody reactions This 1s a perfectly permssible
objection However 1f one analyses the hustology of a second
homotransplanted kidney one sees all the signs of the established
critersa Iisted above (Dempster 1953b) This 1s unequivocal
evidence that when an antigen antibody reaction does occur
m a homotransplanted kidney, the nature of the tissue damage
and the site of reaction correspond to what could be predicted
from chinical and experimental evidence The above objection
therefore, 15 not vald so far as one can judge at the moment

The evidence so far presented would support the theory of
an actively acquired 1mmurnity on the basis of the accelerated
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closely assocrated with whatever happens to the kidney mn the
immediate pre anuric phase

7 Immunological processes These are by no means clear and
a consideration of ths aspect of the problem will now be pre
sented

ImmuNoLOGICAL REACTIONS

We must pass now to consider any possible immunological
cause for the arrest of function of homotransplanted kidneys

The theory of an actively acqmired :mmunity, on the part of 2
host, 1s based on the accelerated disintegration of a second set of
skin grafts on a recipient which had already recetved shin from
the same donor (Medawar, 1944) From this sort of data, 1t has
also been mferred that the first skin graft evoked and was
destroyed by host antibodies The theory has been elaborated
over the ycars and has been combined into brilliant work con

cerming the production of an actively acqured tolerance to
skin grafts (Billingham, Brent, and Medawar, 1956)

A fair amount 15 known about the tissue damage concerned
1 renal antigen antibody reactions and this will now be con
sidered There has been for a long time some indirect evidence
that an antigen antibody reaction 1s tmvolved m such drseases
as glomerulo nephnitis, renal amyloidosis and pertartentis
nodosa The nature of these reactions was obscure Recent
evidence, which 1s of a more positnve kind, has shown that
gamma globulins can be demonstrated tn all these natural and
expenimental renal lestons (Mellors and Ortega, 1956) Globu
Iins have been demonstrated, by the Coons test (Coons and
Raplan 1950), 12 the glomerul: in glomerulo nephritis and
the medial coat 1n penarterstis nodosa

The glomerular lestons produced 1n experimental nephritis
were constdered to be a mamsfestation of an an antigen antt
body reaction—-the nature of which was obscure Various inter
pretations have been put forward to explam the evolution of
these lesions (Simonsen 1953b, Lippman 1955) Most workers
are agreed that a mild reaction produces endothelal prolt
feration of the tuft and that a severe reaction produces whole
sale renal damage in the course of which the tuft vessels are
usually torn asunder or leak large quantittes of protein which
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therefore, should be unable to produce antibody or, if ant:-
body 15 produced, 1t should be of low avidity Histological evt
dence does not support the latter possibility If one states quite
frankly that the cause of arrest of function of first homotrans
planted kudneys 1s not obvious 1t leaves the problem open for
further consideration When a kudney 1s removed after the onset
of anuna, the further ehmination of antigen from that kidney
ceases and all traces i the blood stream are rapidly swept into
the reticulo endothelral system the host 1s now 1n a position to
produce airculating antibody By the time 2 second kidney 1s
transplanted, antibodies have been manufactured and are de
ployed agamst tlus ladney with resulting tissue damage typical
of a severe antigen antibody reaction The exact sequence of
events remaimns obscure The second kidney secretes soon after
the establishment of its new circulation Some hours later
anuna sets1n and by twehv e hours the kidney 1s totally destroyed
Are antibodies circulating at the time of the operation® Is
kidney antigen required to reach the reticulo endothelial system
of the host 1 order to evoke this antibody response? There 1s no
defimte answer at the moment Thus very rapid destruction of 2
second kidney 1s at vanance with the relatively slow destruction
of a second shin homograft, six days 1s the average figure
(Medawar, 1944} It may be that the assessment of the survival
of skin homografts on the basis of hstological integnty 1s not
vahd
Certain aspects of the histological features of homotrans
planted kidneys reman to be assessed These relate to the sigm
ficance of the immature plasma cells and the endothehal re
action observed 1n first kidneys There 15 a great deal of circum
stantial evidence which suggests that the immature plasma cell
has to do with antibody production (Fagracus 1948) Can we
conclude from this that the homotransplanted kidney 1s actually
producing anttbody aganst 1ts host? The pyromne positivity
of the vascular endothelial cells becomes of immunological
sigmficance if one accepts the opmion of Maximow (1924)
that endothelial cells are merely flattened reticulum cells This
activity of interstiial and vascular endothelial cells may repre
sent a mobilization of the renal reticulo endothelial system to
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disintegration of a second hudney, or of a first kidney following a
skin graft (Dempster, 1953d) The cause of arrest of function of
first kidneys remains obscure (Dempster, 1955) We can say
that there 1s no s1ign of an antigen anttbody reaction 1 a kidney

homotranspl d to a non d host One further prece of
evidence must now be presented If a idney be homotrans

planted for four days (Simonsen, 1953a), or even for two days
{Dempster, 19553), and then returned to 1ts ongnal donar, 1t
will continue to secrete for several days and then suddenly will
become anunc The hstological features seen wn thus kind of
ludney resemble those seen in undisturbed homotransplants If
a hidney 1s homotransplanted for twenty four hours and then
returned to the onginal donor, 1t will continue to secrete inde

finitely and, histologically, 1t remains normal All that can be
concluded from this experment 1s that some element of the host
enters the interstittum of 2 homotransplanted kidney and starts
a process which that hdney 15 quite unable to control even
when 1t 15 returned to its normal environment Host ant

bodies cannot be clamed to have caused the anuna and
the disintegration under these conditions The cause of the subse

quent complete disntegration of the homo autotransplanted
kidney remains obscure

Much cir 1al evidence 1nd that host antibodies
mav not be mvolved aganst first homotransplanted hidneys
Thus can be hsted as follows

1 Fistological cnteria of renal anugen antibody reactions
are not detectable or obvious (Dempster 1955a)

2 Total body rradiation of the host in no way prolongs the
survival or in any way impedes the hustological changes in
homotr inspl d kidneys (Demp 1953h)

3 The embarrassment of antibody production so long as
antigen remams in the blood stream should be consdered
Recent work has shown that the elimmnation of antigen from
the blood stream precedes the appearance of antibody (Tal
madge, Dixon, Buhantz and Dammn 5g51) A homotrans
planted kudney, placed as 3t 1s 1n the blood stream of the host,
moust eliminate antigen mamnly via the renal vein One must
assume that the eltmunation of antigen 1s continuous The host,
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deal with some antigemc element of the host There 15 some
evidence that the homotransplanted lidney may be producng
antibody aganst the host Muwirhead and Groves (1955) have
reported that the red cells of the host become Coombs positnne
several days after the transfer of a kidney This finding 15 of
very great significance for 1t may mean that the gamma globu

Iin coating the host red cells may be of renal onigin The source
of the raw material used by the homotransplanted kidney i ats
synthesis of gamma globulin must be the host This complicated
aspect of tissue transfer cannot be predicted from work on tissue
such as skin For thuis and many other reasons one cannot
attempt, therefore to formulate general laws of nssue transfer
smmumty at this stage That the cause of the mcompatibility
of homotransplanted tissue 1s n some way related to the gene
pattern was known manv years ago (L och 1947) Recent work
has shown that this 1s true since hidneys have been successfully
exchanged between umovular twins (Mernll, Murray, Harrison,
and Guld, 1956) Whle this work takes us no fusther forward
1n the eluadation of the processes at work in the disintegration
of homotransplanted organs, 1t does indicate that, within 2
hmited clincal field life can be saved by homotransplanted
kidneys
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clot and planted 1n fresh medium Larger explants are grown in
vanous types of watch glass cullures 1 myself generally use a
simple moist chamber (Figure 1¢, d), consisting of a watch
glass enclosed by a Petr1 dish carpeted with wet cotton wool

gxplant

b

Fic 1 (a) Diagram of 2 hanging drop culture surface view (b) Samein
longitudinal section {¢) Diagram of a watch-glass culture surface view
(d) Same 1n section (Fell 1940)

(Fell and Robison, 1929} The watch glass contains a clotted
mixture of plasma and embryo extract and the explant grows
on the surface of this medium Every two to three days the
tissue 13 transplanted to a fresh clot I will mention a few
examples of the vanous types of skeletal tissue that can be
grown 1n a differentiated state by these simple techniques

(1) At one time 1t was sometimes thought that there was no
such thing as an osteoblast and that bone was formed by
fibroblasts 1n response to local humoral conditions In em-
bryomc hfe this 15 certainly not true and the osteoblast repre
sents 2 highly speciahized type of cell which will form bone under
the s)tandardlzcd humoral conditions of ussue culture (Fell,
1932
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The Physiology of
Skeletal Tassue m Culture

HONOR B FELL

InTrRODUCTION
HE fact that differentiated bone and cartilage can both be
l grown 1 tissue culture opens up many new possibilities
for studying the physiology of skeletal tissues under stmplt
fied and controlled conditions
At first expeniments were concerned marnly with the effect on
skeletal explants of vanous chemical agents such as hormones
and vitamins but recently the development of synthetic culture
media and the synthesis of labelled metabolites hayve greatly ex
tended the scope of physiological studies on sheletal cultures
I will first give you some 1dea of how skeletal tissues behave i
2o and of the dufferent types of sheletal cultures that can be
praduced and then go on to tell vou about some of the physio-
logical observations that have been made on such matenal
dunng the past few years Part of the work I am gong to
describe has not yet been published

Tvres or SkELETAL CULTURPS
If you onkv want to grow small pieces of cartilage and bone, the
large version of the old fashioned hansing drop method 15 quite
sausfactory (Fagure 1a, 8) The prece of tissue 1s embedded 1n 2
clot compo ¢d of plasma and embryo extract on the surface of
a covership The coverslip 1s then sealed over a hollaw ground
shde and incubated at body temperature Every two to three
days the preparations are opened, and the tissue 1s cut out of the
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Biocuzscat Stupics
Phosphatase actictty
The first biochermcal study to be made on skeletal explants m
pilro was an imestigation of the phosphatase actusty of femora
from 6-dav chick embryos, after different pertods of cultivation

o]

Scole for Afw
seale for 2{mgP)

[LRNEE]

1y 5
Durat on of Incubation (days)

Fic 6 Production of phosphatase in the femur of the embrvomc fowl
during normal development i oo

A = pho-phatase per femur given as the amount of hydralysis (mg P) of
sodcum glycerophosphate in 24 hrs atg7 G and pH 8

P
A{W = phosphatase per mg dry weight of femur (w;lghtd after extrac
tion!

AW, = phosphatase per mg dry weight of femur (calenlated on dry
weight of corresponding unextracted ferur)
(Fell and Robison 1929 )

(Fell and Robusen 1g92q) Robison found that normal hyper
trophuc cartilage from the intact chick embryo contains large
amounts of phosph xtase (Figure 6) We were able to show that
this enzyme was also produced by the femora growmng imn
cutture (Figure 7)
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If we exammne a section of the normal tbia of a 6 day chick
embryo (Plate VI, Figure 2a)! we see that the cartilage cells
the mddle segment of the shaft have begun to hypertraphy and
1n this region the perichondrium has differentiated 1nto an inner
layer of osteoblasts and an outer layer of fibroblasts If we stp
the perichondrium from this middie region and grow 1t m nitro
wm a hangung drop preparation 1t will form a plate of bone
(Plate VI, Tigure 2b)

(2) In those parts of the body which will form both cartilage
and membrane bone, the apparently undifferentiated mesoderm
35 already divaded into sharply defined chondrogemc and osteo~
gemc regions which are self differentiating when grown 1
culture Themandibleofag—4 daychick embryo provides a good
example of this reglonal specifiaity (Jacobson and Fell, 1941}
When a block of tissue 15 excised from the mandible of a 3 day
chick embryo (Plate VI, Figure 3a) and grown i vufre, a cartila
gmous rod differentiates duning cultivation (Plate VI Figure 38),
because the explant contamned the chondrogenic region destined
to form Meckel s cartilage Other areas, hustologically indistin
gushable from the rest of the mandible, are predetermined to
form membrane bone  Thus when part of the proximal region
of the mandibleof a4 day embryoisculuvated (Plate VII, Figure
44), an ossification centre differentiates (Plate VII, Figure 46)
because potential osteogenic tissue was icluded in the explant
1t1s a curtous and rather paradoxtcal fact that in the apparently
undifferentiated mesoderm of the early embryo, the chondro
genc and osteogemc areas should be so ngidly determined,
whereas 1n the adult animal ectopic bone and cartilage can
develop almost anywhere 1n the body

(3) Entire skeletal rudiments do very well when grown by the
watch glass method { Plate VII Figure 5), the rudiments enlarge
to several umcs their ongmal size and continue to develop both

y and istologically We are using such explants
extensively for studies on the physiology of sheletal tissue
wlro
1 The plates referred o0 this Iecture will be found between pages 36-7 and 44-5
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BiocuevicaL STUDIES
Phosphatase actuity
The first biochermcnl study to be made on skeletal explants 1
wtro was an mnvestigation of the phosphatase actuaty of femora
from 6-day chick embryos after different periods of cultivation
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Fic 6 Production of phosphatase in the femur of the embryome fowl
during normal development in 1120
= phosphatase per femur given as the amount of hydrolysis (mg P) of
sodium glycerophosphate m 24 hrs at 37 C and pH8 5

AfW = phosphatase per mg dry weight of femur (weighed after extrac
tion]

A[W, = phosphatase per mg dry weight of femur (calculated on dry
weight of corresponding unextracted femur)

(Fell and Robison 1929 )

(Fell and Robison 192g) Robison found that normal hyper
trophic cartilage from the intact chick embryo contains large
amounts of phosphatase (Figure 6) We were able to show that
this enzyme was also produced by the femora growing in
culture (Figure 7)
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Bone rudyments wn synthetic meduum

Bone rudiments can be grown m a chemically defined
medium This was first shown by Dr Etiecnne Wolff and his
collaborators (Wolff, Haffen, kieny and Wolff, 1953) who
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femora from 6-day fow! embryos
A = phosphatase per femur
AW = phosphatase per mg dry weight of femur (wesghed after extrac

tion)
(Fell and Robison 1g29)

used 2 very simple medium consisting of agar and a few ammo
aads Better growth (Figure 8) can be obtained 1n the media
prepared by Dr Raymond Parker and hss associates at Toronto
Unwersity (Healy, Fisher and Parker, 1954 1955) The com
position of these nutrient solutions 1s complex, the media most
frequently u ed 1in our laboratory contamn about sixty com
ponents which include some twenty amino acids as well as a
range of vitamins coenzymes, nucleotides glucose and salts
These chemically defined solutions 1n contrast to the natural
media used hitherto enable the nutntional requirements and
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metabolic activaties of organ and cell cultures to be studied, and
certam aspects of the metabohism of 1solated bone rudiments in
Parher s media Nos 858 and 929 have already been investigated
by Dr Biggers n collaboration with Dr Webb Dr Parker and
Dr Healy (1957)
Days Growth
Initigt

[

W

=

(e

TiBlIA ] FEMUR
Fic 8 Camera lucida drawings of ubia and femur from a 7-day chick

embryo during 7 days culuvation in Parker s synthetic medium g29
(Biggers Webb Parker and Healy 1957 )

In these expentments the bones were cultivated by Chen’s
modification of the watch glass method (Chen 1954), 1n this
technique the explants are grown on rafts of lens paper floating
on the surface of the flid medium Dunng the culture period
there 15 an increase 1n length (Figure g) and also 1n the total
mitrogen content of the explants, although this s less than 1n
serum During cultivation considerable amounts of the amuno
acids are utiized This has been shown bv estimations of the
total amino nitrogen of the medium before and after cultavation
(Figure 10), while the utihzation of the indwvidual amino acids
of the medium has been followed by Moore and Stein's (1951)
chromatographc technique (Figure 11) an illustration of the
application of this method to tissue culture work has been given
by Biggers, Rinaldim and Webb (1957)

D
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Although the mcorporation of an amino acid into the protemn
of the bones has been demonstrated by the mclusion of glycinie—
3G 1n the medam (Biggers, Webb, Parker and Healy, 1957),
considerable amino acid deamination must occur dunng the

ic o

[ 2

[
Days cultivation

Fio g Average growth curves of tibia and femur wn synthetic medum 929
(Biggers Webb Parker and Healy 1957)

culture penod since only a fraction of the amino nitrogen which
disappears from the medium s taken up into the explants

To find which amino acds of the defined media are essential
for growth, Dr Biggers prepared twenty solutions, each deficient
n one amuno acd and compared merease n weight of bones
cultivated on these deficient media and on a control medium
contaxmng all the amino acids Hhs results showed that eleven
amino acwds were essential {Plate VITT, Figure 12) and nine non
essential for normal growth The requirements for some of the
essential amino acids {e g threonine, argumne and trypophan)
swere such that the effects of their deficiency were obvious after
only 48 hours growth with others {eg lysine}, signs of
deficiency appeared more slowly

Although nine amino acids were judged non essentiat on the
bass of the absence of any sigmficant response to their omussion
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from the medium, they are present as essenttal components of
the protens of the rudiments In consequence, Dr Biggers and
Dr Webb have mvestigated the possible synthesis of these
amino acids from other components of the nutrient Glucose 15

770 MEDIUM 858

1O 225 Glucose 1
MGML

o
]

o

Amino N, ug
o

Tio 10 Histograms showing the total amino-nitrogen utilized (1e the
percentage removed from the culture medium) by femora and tibiae from
7-day chick embry wn h d; P d 1
glucose (Biggers \Webb Parker and Healy 1957)

the source of six of these This has been established by expen
ments 1 which bone rudiments were grown for 24 hours
m a defined d ¢ glucose g Hy labelled
with MC  After growth the bones were fractionated to
1solate the protein which was then hydrolysed and the radio
active amino acds located by autoradiography of the paper
chromatograms were as follows alanine glutamic acid, aspar
tic aad serine glycine and proline

B r Y

of collagen in cultures
Dr Fitton Jackson and Dr Ronald Smuth (Fitton Jackson
and Smith 1957 Smith and Fitton Jackson, 1957) have been
using cultures of osteoblasts to study the biosynthesis of collagen
The frontal bones of 11 day chick embryos were disintegrated
mto suspensions of isolated cells by tryptic digestion, the
b were then cul d 1n a flud, fibnin free medium
on a sheet of glass by a method devised by Dr Fitton Jackson
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Although the incorporation of an amino acid mto the proten
of the bones has been demonstrated by the mclusion of glycine-
*4C n the medium (Biggers, Webb, Parker and Healy, 1957),
considerable amino acid deamunation must ocour dunng the

o Q.

o oTibia

Length {mms)

Days cultvation

F1g g Average growth curves of ibia and femur 1n synthetic medium g29
(Biggers Webh Parker and Healy 1957 )

culture period since only a fraction of the amino nitrogen which
disappears from the medium 15 taken up mto the explants

To find which amino acids of the defined media are essental
for growth, Dr Biggers prepared twenty solutions each deficient
m one amuno acid and compared tncrease i weght of bones
culuvated on these deficient media and on a control medum
contaamng all the amino acids His results showed that eleven
amino acids were essential (Plate VIII Figure 12) and mne non
essential for normal growth The requrements for some of the
essential ammo acuds (e g threomne argimne and trypophan)
were such that the effects of their deficiency were obvious after
only 48 hours growth with others (eg lysine), signs of
deficiency ppeared more slowly

Although nine amino acids were judged non esscattal on the
basts of the ab of any sigmfy P to their
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The cells spread out on the glass to form a thin sheet of ussue
m which collagen fibrls appeared after about two days’ growth
(Plate VIII, Figure 13) and rapidly increased n number Cul
tures of this type provide a very convenient closed system 1
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Fic 11 The utihizatson of individual amino acids analyses by Moore and
Stemn s chromatographic method showing the concentrstion of indivadual
amino acids i unused synthene medim No 8,8 (dotted Iine) and in the
same medium after embryome femora and tibiee had grown m st for 4 days
{continuous hine 4honesperml of medum) (Biggers Rinaldintand Webb

1957)

which the biochemical aspects of collagen formation can be
studred 1n the absence of the metabohc influences of the body as
a whole

TFarst of all Fitton Jackson and Smith investigated the rela
tionship between growth (as measured by increase in dry
weight of the tissue) the formation of collagen protein (based
on the esimation of hydroxyproline) and the appearance of
typrcal coll fibrls (as d ated by electron micro-
graphs of pieces of tissue from the culture)

The results of these expenments showed that dunng the fitst
48 hours growth, there was a mean increase of 40-50 fold n
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the amount of hydroxyproline present 1 the tissue (Figure
14), although, as I have just smd, demonstrable collagen
fibnls did not appear until about the sccond day or shortly
afterwards  Collagen fibres were formed profusely dunng
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§m 14 (a) Curves showing the increase 1n dry weight and formation of
k yproline (¢t 1n osteoblast cultures grown 1n the pre
sence of YC praline and harvested at different stages (b)) Histograms White
total amount of labelled proline incorporated 1n the prot . Suppled
amount of protein hound MC-hydroxyproline Black amount of labelling in
glutamicacid (Fitton Jackson and Stusth )

the later stages of cultivation but the mcreasing production of
fibnls was not panied by any sigmf rise 1n the mean
hydroxyproline content of the tissue

Smuth and Fitton Jackson then made experiments to sec
whether the osteoblasts i these cultures would convert proline
mto hydroxyprohne (Figure 14) They added 14C labelled
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mouse embryos near term Though small, such bones are 1t an
advanced stage of development, with a stout shaft of bone
enclosing a narrow cawity, and large cartilaginous ends One
of each pair of bones was grown in normal medium and the
other 1n medium to which 1 500-3 000 1u of vitamin/100 ml
of medium had been added

The controls remarned healthy and intact for about ten days
and enlarged shightly but the corresponding A bones rapidly
disappeared The cartilage matrix lost its metachromasta and
shrunk and the bone was resorbed, although the surrounding
soft tissue migrated 1nto the medium and grew profusely (Plate
I\ Figures 15 and 16)

We then went on to study the effect of excess vitamin A on
very early long bone rudiments from 6 day chick embryos
In normal medrum, as I have already shown, such rudiments
grow to several ttmes their ongmal length, acquire a sur
pristngly normal shape, and continue therr histological differen
tiation In the presence of excess vitarmn A however, first
growth was arrested and then the rudiment began to shrink and
eventually disappeared almost completely although as in the
case of the mouse bones, the soft tissue grew profusely (Figure
17) This shrinkage 1s accompanted by loss of the metachroma
tic staning of the matrix (Plate X Figure 18)

‘We were naturally anxious to find out something about the
metabolic changes which accompanied these drastic histological
effects At the time of Sir Edward s death, he and I were
collaborating with Dr Stephen Pelc m studying the uptake of
radio-active sulphate (25SO,) by normal and +A bone rudi
ments m culture Dr Pelc and I finished the mvestigation and
the results have been published (Fell Mellanby and Pelc 1956)
This work was done by means of autoradiography We used
Dr Peles stupping film method 1n which photographic film 13
superimposed on histological sectrons (Domiach and Pele 1950)
After the autoradiograph has been developed, the underlying
section can be switably stained and the histology correlated with
the autoradiograph

As before control bones were grown 1 normal medium and
the +A bones in medium to which 2 800-3 00011 fr00 ml of
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L-praline to the culture medium and studied 1ts subsequent fate
m the tissue A significant amount of the mcorporated radio

acuvity appeared in the hydroxyproline and glutamic acid
fracttons of the cultures The most rapid rate of formation of
fabelled hydroxyproline occurred during the first two days, 1€

before collagen fibres had appeared i the cultures, 1t then fell
exponentially as the age of the cultures increased although the
formation of collagen fibres had become very active From this
and earlier work (Fitton Jackson, 1956), Futton Jackson and
Smuth concluded that under the influence of the osteoblasts,
proline 1s first incorporated mn peptide linkage and part s then
hydroxylated to form a hydroxyproline nich precursor which
subsequently becomes directly transformed 1nto typical
collagen fibnls

Tne Errect or CHIMICAL AGENTS
At the beginning of this lecture I said that skeletal tissue 1n
culture can be used to study the effects of phvsiologically active
agents such as vitamins and hormones I will now give a few
examples of the kind of results that can be obtained 1n such
expenments

Vitamin A

Sir Edward Mellanby and I studied the effect of excess
vitamun A on bone rudiments from embryonic mice and chicks
(Fell and Mellanby, 1952) It has long been known that when
young ammals are fed on a diet containing excess vitamn A,
there 15 2 rapid resorption of cartilage, and rarefaction of the
bone often causes spontaneous fractures But there was some
doubt as to whether this effect was directly due to the vitamin
or whether 1t was mediated through some other system or organ

The abject of our early experiments was to see whether vitamin
A would have a divect action on shelet1l rudiments ssolated 1n
culture, when 1t was added to the nutrient mecdum 1n con

centrations simlar to those found in the blood plasma of
bypervitaminotic ammals The bones were grown by the
watch glass method which 1 have already descnaibed Qur first
experyments werc made with the tibia, radius and ulna from
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mouse embryos near term Though small, such bones are at an
advanced stage of development with a stout shaft of bone
enclosing a narrow cavity, and large cartilaginous ends One
of each pair of bones was grown 1n normal medium and the
other 1n medium to which 1,500-3 000 11 of vitamin/roo ml
of medium had been added

The controls remained healthy and intact for about ten days
and enlarged shghtly but the corresponding +A bones rapidly
disappeared The cartilage matnx lost 1ts metachromasia and
shrunk and the bone was resorbed, although the surrounding
soft tissue migrated 1nto the medium and grew profusely (Plate
IX Fagures 15 and 16)

We then went on to study the effect of excess vitamin A on
very early long bone rudiments from 6 day chuick embryos
In normal medium as I have already shown such rudiments
grow to several tmes their ongnal length acquire a sur
Pprsingly normal shape and continue their histological differen
tiation In the presence of excess vitamn A, however first
growth was arrested and then the rudiment began to shrink and
eventually disappeared almost pletely although, as in the
case of the mouse bones the soft ussue grew profusely (Figure
17) Tius shrinkage 1s accompanied by loss of the metachroma
tic statung of the matnx (Plate X Figure 18)

‘We were naturally anxious to find out somethung about the

bolic changes which panied these drastic histological
effects At the time of Sir Edward s death, he and I were
collaborating with Dr Stephen Pelc 1n studying the uptake of
radio-active sulphate (35SO,) by normal and +A bone rud:
ments 1 culture Dr Pele and I finished the mvestgation and
the results have been published (Fell Mellanby and Pelc 1956)
This work was done by means of autoradiography We used
Dr Pelc s stripping film method 1 which photographic film 1s
superimposed on histological sections (Domach and Pelc 1950)
After the autoradiograph has been developed, the underlying
section can be suitably stamed and the histology correlated with
the autoradiograph

As before control bones were grown 1n normal medium and
the +A bones i medium to which 2 800-3 000 1 u /100 ml of
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vitamin A had been added One drop of Tyrode s solution con
tamning 200 uc Na,® SO, was deposited on each explant and
the excess was pipetted off after 30 seconds Some explants
were fixed after 2, 4, 24 or 48 hours 1n labelled medum, others
explant

2 days

4 days

7 days

9 days

T
9950

Fic_17 Camera luada drawings of a parr of explanted femora from the
same 6-day chick embrye (a) during 9 davs cultivation in normal medum
(b) during g days 1n medium contaming excess vitamin A (15001 U per 100
m!l of medium) (Fell and Mellanby 1952)

were kept 1n labelled medium for 4 hours and fixed 24 or 48
hours after transfer to unlabelied medium

In the control explants treated with Inbelled sulphate after
six days growth n witro, the autoradiograph was heaviest over
the newly formed hypertrophic cartilage and weakest over the
oldest hypertrophic cartilage 1n the intertor of the shaft, 1t was
also dense over the epiphyses If a control bone was transferred
from labelltd to untabelled medium for two days little bound
sulphate was lost from the carulage When +A explants were
treated with 3580, after four days growth they took up
sulphate but 1f the bones were then transferred to unlabelled
+A medium much of the sulphate was lost, especially from the
rmddle segment of the shaft and the peniphery of the rudiment
After six days growthin +-A medium the peripheral cartilage
and the middle segment of the diaphysis ceased to incorporate
sulphate This was cotrelated with the loss of metachromatic
staining of the matnx with tolurdine blue
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From these results we concluded that excess vitamuin A both
mubits the synthesis of new cartilage matrix and causes the
dussolution of that already formed

Hormones
The effect of varous hormones on skeletal tissue 1n culture
has been studied

In our laboratory we have done a good deal of work on the
action of thyroxine and related compounds on the devel
of long bone rudiments in culture This research was begun m
collaboration with Str Edward Mellanby and part of our recent
worh 15 being done 1 comjunction with Dr Rosalind Pitt
Ruvers and Mrs Valerte Galton

Thyroxine 1s known to affect the skeleton in 20 For example,
Stmpson, Asling and Evans (1950) found that njection of
thyroxine into the young rat or mouse caused premature ageing
of the skeleton, 1t accelerated the differentiation of the long
bones but had no growth promotng effect So we had reason
to believe that sheletal elements might prove swtable materal
for the investigations we had 1 mmd The expertments I am
gong to describe had two main objects 1o see whether the
compounds would act on the target organ under the stmphfied
condittons of growth i wure and to compare the relative
potenctes of the compounds if they proved to be active 1n
culture

As experimental matenal we used the femur ti1a humerus,
ulna and radiws of 6 day chick embryos The bones were dis
sected from the chick and explanted 1n the usual way on the
surface of a plasma embryo extract clot contained 1n a watch
glass culture The effect of thyrowne and related compounds
on such explants was investigated 1n the following way Ofeach
pair of long bone rudiments one was grown in medium to
which the compound had been added, and the other 1n normal
medium as a control Every two days the bones were drawn
with the ard of a camera lucida and therr growth 1n length was
measured from the sertal drawings The compounds were added
1n concentrations similar to the levels of thyroxine found 1n the
blood m cases of hyperthyroidism
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The results showed that thyroxime (T4) (Fell and Mellanby,
1955), truodothyronme (T'3) (snd, 1956) “nd trnodothyro-
acetic acd (TAg) (Fell, Galton and Pitt Rivers, unpublished)
all have a pronounced effect on the long bone ruduments m
culture All three compounds accelerate differentianon Thus
they hasten the formation of intercellular matenal m the
epiphyses, so that the epiphyses are larger 1n the treated rudi
ments than in the controls, thev also accelerate hypertrophy
m the cells of the shaft which causes a great reduction 1n the
width of the proliferative zones, because the cells hypertrophy
faster than thev are replaced by multipheation This effect 15
already seen after only four days m culture

An 1nteresting fact came to hght in these expeniments for a
gven do.e of hormone, the growth rtes of the variouslong bone
rudiments from the same chick were affected m widely different
degrees (Plates X X1 Figures 1g, 20 and Figures 21, 22) For
example the growth rate of the ubw and femur was always
snhibited while that of the rads was stmulated Thas was true
of all the three effecuve compounds so far invesngated

One of my colleagues, Miss harstie Lawson has measured the
wet weight and total nitrogen of the T3 treated and control
bones (personal communication! She finds that the T3 treated
tibiae are lighter and contain less mitrogen than the controls m
normal medmm, but the T3 treated radu are heavier and con
tain more mtrogen than the corresponding controfs

Why the vanous rudmments should show this constant
difference 1o response 1s not entwely clear 1 mvesugated the
normal diffcrentiation of the five long bones 1n the embryo, and
found that the rate of diffe ration of the five rud as
yndicated by the degree and extent of cellutar hypertrophy
the shaft, varted wm the same sense as their response to thvroxine
and related compounds 1 culture The differentiation was
most rapid 1n the ibia next 1 the femur then in the humers,
then 1n the wina and siowest 1o the tidies So the more rapudly
she bones develap 1 o the more severely are thev affected
by the compounds 12 ritre But at present I do not know i there
15 any causal relationstup between these two facts and Mass
Lawson 15 tnvestigiting @ number of other powstbilittes




PHYSIOLOGY OF SKELETAL TISSUE IN CULTURE

43

Oday 0 days Oday Bdays
Humerus j I i T

Femur
oA N o)
=) .
Ving < =
= 7

Tibio
=
Radws T @
2 - ¢
c

Fic 21 Camera lucida drawings of the living long bones from the legs
and wings of a 6-day embryo One of each pair (T) was grown for 8 days m
medum contamning 16 pg thyroxine per 100 m! and the other (C) 1n control
medium Note the differential effect of the hormone on the growth of the
various rudiments (Fell and Mellanby 1955 )

67 Humerus ] Radius

utng Femur Tibia

Length {mm)
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~—Thy o ne
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Fic 22 The differential effect of 16 pg/100 ml of thyroxine on the aver
age growth rates of the humerus radius ulna femur and tibia of 6 day chick
embryos during 8 days cultvation i ztro (Fell and Mellanby 1955)
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We have done some expernments to compare the relative
potencies of T4, T3 and TA3 Tomake these comparisons, bone
rudiments from one side of each emhbryo were grown in medmm
contamning one of these compounds, and those from the opposite
side 1n medmm contamming another, the growth rates of the
pared rud were then d and plotted We found
that 1n a miven concentraton, the wmihibitory effect of T3 on the
growth rates of the femora and ubiae was about four times that
of T4

In the single experiment that we have done so far, Tg and
TAg seemed to be equally potent

Conerusion
In this lecture T have shown how bone and cartlage will develop
m culture m a surpnsingly normal wav, how moderm mcro-
chemical methods can be used to mvestigate the metabolism
of these skeletal explants and how thewr structure can be modi
fied by such agents as vitamuns and hormones So far bio
chemucal studies on sheletal tissue cultures have been concerned
mainly with explants growing under as neatly normal con
ditions as possible, but we have just begun to make smilar
expenments on cultures of cartlage and bone treated with
vitamins and hormones It 1s already obwious that such ex
peniments are hikely to extend our knowledge of the direct
action of these agents on sheletal tissues and I expect that we
shall sce a constderable expanston of this field dunng the next
few years
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Prate VI

Fio 12 Living femur rudiments from the same 7 day embryo after 6 days
cultnation 1n (4) normal synthetic medium No 8,8 and (b} the same
medum but without argimme  (Biggers Webb Parker and Healy 1957)

Fic 13 Eleciron micrograph of collagen fibnls formed 1n an osteoblast
culture after 2 days growth (x 75 000}
(Fitton Jackson and Smith unpubhished)



Prate XI

Fic 20 Ulnae from the same chick as the ttbiae 1n Fig 10 after 6 days 1n
culture (a) in normal medium (4} 1n medium contasning 16 pg/100 ml of
thyroxsne Cellular hypertrophy 1s more advanced in (§) but there 1s 10
reduction 1n growth { x 20) (Fell and Mellanby 1955)
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Arterial Substitutes

CHARLES ROB

fair way The first possibly successful operation of this
type was carrted out by Hallowell of Newcastle upon
Tyne m 1759 at the suggestion of Lambert, and reported by
him n 1764 He closed a lateral defect in the brachual artery
and at no time did the patient lose his radial pulse Over 100
years were now to elapse before Jassmowsky (188g) using 2
careful aseptic techmque succeeded 1n twenty two out of twenty
six end to end anastomoses of the carotid artentes of sheep
The modern techmque of vascular anastomosis using two of
three interrupted stay sutures and then a continuous everting
mattress or over and over suture of fine silk was worhed out by
Jaboulay and Brian (1896) and Carrel (1907) and has not altered
stnce The first successful end to-end arterral anastomosis 11
man was performed by Murphy (1897) using an mvagmation
techmique, and the first porta caval anastomosis ;n a patient was
performed by Vidal in 1903 The stage was therefore set at tht
turn of the century for the use of artental substitutes to brdge
gaps when end to end anastomosis was not possible
The first artenal substitutes were sohd 1mplants of rvory with
a homologous vem transplant placed in the tube as a himng
(N1tze, 1897) a method the principle of which was revived 1n
1942 when Blakemore, Lord and Stefko introduced thesr
method of inserting vem transplanis mside vitelium tubes
Even earher Abbe (1894) had used a sumple glass tube and later
a vancty of other solid tubes were used but as might be ex
pected, the failure rate was very hugh and today the only usc ofa

Tm: efforts of surgeons to repair blood vessels go back a
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solid and rigid implant 1s to carry a valve as recommended by

Hufnagel, Rabl, Harvey and McDermott (1954) The accom

panying Table 1 hsts some of the matenals which have been
Tasre 1 Materals used as arterial substitutes

1 AUTOGENOUS GRAFTS Arteries (Hopfntr 1903)

Veins (Lexer 1907)
Skin (Javid et T3 Horton dal
56)

Pericardium (Sako, 1951)
2 HOMOLOGOUS TRANSPLANTS Artenes
Fresh (Hopfner 1903)
Refrigerated (Carrel 1901)
Frozen {Hufnagal and East
cott 1950)
Freezeded (Hyattetal 1951)
Veins (Watts 1907)
3 HETEROLOGOUS TRANSPLANTS Arteries (Carrel 1907)
4 IMPLANTS Sold
With vessel inlay (Nitz 1897 Blakemore Lord and
Stefko 1942)
Without vessel mlay
Glass (Abbe 1894 Tuffier 1915)
Alumimum and gold (Carrel 1912)
Sitver (Tuffier 1917)
Leucite (Hufnagel 1947)
Polycthylene (Donovan 1949)
Pliable and Pervious
Vinyon N (Voorhees Jaretzki and Blakemore 1952)
Orlon (Fufnagel and Rabil 1
Terylene (Dacron) (Dclcrlmg and Bhonslay 1955)
Mululayered (Shumacker and kang 1954)
Polyviny! alcohol (Shumway Gliedman and Lcwu
1955)
Cnmped nylon (Edwards and Tapp 1955)
Nylon (Poth ez ol 1955)
Teflon (Hufnagel 1955)
Absorbable
Caramel (Carrel 1902)
Fibnin (Swenson and Gross 1947)

used as artenal substitutes with the name of whom I believe
was the earhest user This st is not complete but 1t gives a
Beneral prcture of the vartety of arterial substitutes

The most usual arterial substitutes m climeal pracuce are
autogenous venous grafts and h logous arteral t
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B of the ob 1 ons of supply, autogenous artenal
grafts, the 1deal matenal, cannot be used to replace medium
sized or large arteries 1n man, although Sandblom, Moren,
Norden, Idbohun and Sandegard (1953) have devised 2 method
of making wide autogenous artenal grafis from natrow vessels
An autogenous venous graft has many theoretical advantages
over 2 homologous arterial transplant

Autocrnous VEIN GRAFTs
These bang g survive transpl and form 2
permanent Iiving umon with the ussues of the host but, as
Table 2 shows, our results with vein grafts in patients have
been unsatisfactory However, this may well be due to the type

Tasie 2 Follow up of 228 artenal reconstruction operations
(munimum follow up 1} years)

Number of Thrombosed Patent

Operauon patients  carlyandlate D% today
Direct suture 25 1 3 2t
‘Thrombo-endarterectomy 24 5 [\ 19
Autogenous vein 25 15 4 6
Homologous artery 109 34 10 65
Plastic cloth 19 [ 5 14
Polyvinyl alcohol 9 5 12

of patient for winch we have used them and ¢ 1s possible that
1fwe had used them purely for traumatic ineurysms as Weglow
skr did our results might be as good as his, when 1n 1925 he
recorded his follow up on fifty one such grafis mserted dunng
the first war and forty were chimcally patent Pringle m 191310
Burtain recorded two successful vemn grafts and, as stated
Table 1, they were first used 1n patients by Lexer (1g07)

Histological examntion shows that the wall of a vern when
subjected to a flow of blood at arter1al pressure thickens due to
an merease mn the fibrons tissue Tlus only happens if the vein s
supported by the tssues of the host If the vein s inserted mnto a
large artery within 2 body cawity 1t 13 unable to withstand the
increased pres ure and 1t ruptures i a high proporuon of
expenmental ammals
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Houorocous ARTERIAL TRANSPLANTS

These are today the most widely used arteral subststutes The
first essential 1 to have an artertal bank and, as given 1o Table
1 there are three mam methods of stormng artertes Refrgera
tion has the disadvantage that it 1s unsafe to use arteres which
have been stored 1n this way for more than six weeks The other
two methods work. well 1n clsmical practice and we use both the
frozen and freeze dnied product today at St Mary’s Hospueal

There was at one time considerable controversy as to whether
an artery should be stored 1n a vable state or not but 1t 15 now
known that homologous transplants do not survive m the host
and that an artersal transplant merely acts as an mert tube mto
which the tissues of the host grow and so survival during storage
which was thought to be important by Gross Bdl and Perce
{1949} 18 now taken to be unnecessary This hay the additional
advantage that the artenes can be stenlized by any method
which does not denature the protemns The followng methods
have been used to stenbze arteries before storage formaln
(Levinand Larkn, 1908} wradiaston (Meeker and Gross 1931},
ethylene omde (Hufnagel Rabil and Red 1933) beta pro
prolactone {Snlagyr ef o 1954) and anubiotics plus freeze
drymg (Fisher Adams Wilde and Fisher 1956) The first of
these methads with formalin 18 not very satisfactory because the
protesns are denatured to an appreciable extent but the others
‘have worked well

The fate of a homologous artenial transplant 1s of some wnterest
and since xgng we have altered our views on this subject as
human matenal has become avardabile for study (Rob 1954) At
anie time st was thought that the tissues of the host grew m to
replace the donor artery ntima grew out from the onds of the
host vessel to prowvide a new hnng for the transplant and fibrous
fissue grew in to replace the medra and adventina eventually alt
that remained were the elasuc fibres and these extracellutar
structures persisted for years 1n an apparently unchasged
state We now think that thes does not happen 1n man We have
had the opportunity of studying a number of human artersal
transplants which have been 1 po smon for several months or

£
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even more than 2 year smce msertion, all were much longer
than the usual experimental arterial transplants which have
formed the bass of former studies These human transplants
show only a little replacement by the tissues of the host After
one year the intima had grown out 1 to 2 cm from the end of
the host artery, in the gap between this truc intima the trans
plant 15 covered by fibrm and the media and adventitia have
died, but most of these layers have persisted as dead donor
tissue With the passage of time there 15 an increasing degree of
replacement wath fibrous tissue, particularly near the anasto-
mosss and on the adventitial surface of the transplant Lastly,
the elastic laminae remain This means that a human artenal
transplant more than 4 cm long consists over 1ts central portion
of a layer of fibrin, two Iayers of dead and almost amorphous
denor artery, the elastic laminae and some capillary tufts and
areas of fibrous tissue where the host tissues have grown m The
preservation of the elastic fibres 1s the main reason why homo
logous artenal transplants have proved successful 1 clmcal
practice and why the transplants do not become aneurysmal,
for as Creech, De Bahey, Self and Halpert (1954) have shown
with hererologous transplants the elastic fibres fragment raptdly
and aneurysms frequently form

Prastic IMPLANTS
As Table 1 shows, a vanety of implants have been used to
brdge defects 1n arteries but the only ones which have proved
to be of real value are the phable and pervious plastic materals
such as the plastic cloths and sponges These have given en
couraging results since they were first used by Voorhees Jaret
zk1 and Blakemore 1n 1952 Owen (1956) has histed the require
ments of the 1deal plastic implant for arteral surgery as follows

1 High tensile strength in wet state
2 Durabihty
(a) Resistance to chemical action, e g hydrolysts
() Resistance to mechanical action e g work hardening
g Smooth mner ining (non thrombogenic)
4 Fleability
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5 Stretch

6 Not hinkable

7 Ease of sutunng

8 Ease of manufacture

g Porous wettable outer surfice allowing fibroblast per
meation yet leakproof

10 Non carcsnogeme

11 Not produang allergy or sensttivity reactions

32 Ease of stenlization

13 Freedom from xmpurties

In chncal practice today a number of materals are 1n use
whuch fuslfil many of these critena but none 15 1deal Polyvinyl
aleohol sponge prepared n the manner recommended by Shum
way, Ghedman and Lews {1955} scores more powmts than any
of the other matenals when compared with the 1deal require
ments listed but unfortupately 1t has not stood up to the
most amportant test of all the test of ume If 3t 15 not made
sufficiently thick (at least 4 mm ) 1t may rupture and 1ts very
elasiaty may be a fault Jeading to delayed rupture My
opimion 15 that the ideal plastie for arterial replacement has
et to be mtroduced 1nto chncal practice that polyvinyl alco-
hol sponge was promssing but that woven or kmtted plastic tubes
of inyon N orlon terylene or mylon yam are more satisfactory
These plastic cloths have been 1n use for seven years i expen
mental animals the sponge tube for only threeyears AsTable
2 shows, the thrombosis rate with the latter has been very
high

A large vanety of matenals work well 1 the aorta and the
deaston as to which 1s the best will have to wart until at least
another ten years have elapsed because delayed ruptures may
tender unsmtable an wmutally promusing material  Another
problem 1s that some of these matenals may prove to be car

g Oppent ppenh Dansshefsky Stoutand
Einich (1955) have found that malignant tumours were 1nduced
1 rodents by subeutancously embedding films of the following
polymers cellophane dacron polyethylene polyvinyl chilonde
silastic phofilm nylon polymethyl methacrylate polystyrene,
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saran, 1valon, kel f, teflon and silk This complication has yet
to be reported 1n man, nevertheless this work rases the whole
question of the desirabihty of using plastics, not only as artenal
substitutes but for any surgical procedure where they are
embedded 1n the body, at least until this question 15 scttled

The behaviour of plastics as arteral substitutes n the
medium sized vessels 1s of particular interest In our expenence
nearly all plastic implants of the following materals—polyviny!
alchohol sponge, orlon cloth and crimped nylon—thrombose
within one year when nserted mto vessels distal to the bifur
cation of the common femoral artery of man On the other hand,
we feel that 1t will not be long before a suttable plastic 1 pro
duced which will function for prolonged pertods in vessels of
this size In this connection other authors have reported 2
number of successes with various plasuc mplants mto the
femoral or popliteal artenes, but we have not been so fortunate
The reasons why these small implants thrombose whilst the
same matenal gives a good result m the aorta are, we thuk,
multiple, but the following are 1n our view of specral importance
firstly the size of the vessel, secondly, the rate of blood flow,
thurdly, the relative immobility of the aorta compared with a
Limb artery particularly near toa jomt fourthly, the tendency to
kihing 1 a imb vessel after an implant has been wserted (this
usually occurs 1n the host artery a few inches away from the
suture line) and lastly the increased risk of wound infection
after a plastic impfant has been 1nserted, particufarly © &
region such as the grom Howeser, 1t 15 of special mterest that
m our experiments polyvimyl alcohol sponge tubes have 1¢
mained patent for more than two years m the femoral artenes
of four out of eight dogs a result we have been unable to repro-
duce in man

The mucroscopical and macroscopical findings of a plastic
artertal 1mplant after 1t has been 1 position for some weeks,
months or years will now be described A few hours after 1nser
tion the surface of the implant has become covered with 2
layer of fibnn or collagen like materal contaimng multiple
layers of flattened cells, the thickness of this lining layer varics
from 1 mulhmetre or less to 2 or 3 millimetres and appears to
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be thacker when the tube hins been made of polywvingl aleohol
sponge rather than one of the plastic cloths To the naled eye
this mner lmng resembles ntima but it 15 not a true endothe
bum, from each end of the host artery true endothehum grows
out but 1t does not do more than cover the mmediite region
of the suture hse One possible disady antage 1 that this snner
fayer 3¢ not necessanily firmly adherent to the plastic—it could
become detached, this has been cited 23 2 cause of Iate throm
bosis Queside the plastic a thick layer of fibrous tissue 1s lad
down, 1n the ease of the plasuc cloths this outer layer grows
mto the smplant and ¥ 15 frmly mcorporated nto the host
but with some other plastics the ingrowth 1s not so sausfactory
and the smplant hes almost free withmn a fibrous sheath

1t 15 of 1nterest that the Abrous or scar tisste which encloses
the smplant shows no constricting tendency In our experrence
postoperative constnction in these pruients 1 either due to
faulty techmique so that narrowing oceurs at the anastomoss
or to the formation of fresh plaques of atheroma on the host
vessels close to the suture lines The most hkely reason why this
scar tusue does not constrict the implant 15 that the blood at
attertal pressure 15 sufficient to prevent1t

The permeabibity of these plastic implants 1s of considerable
importance  If they are completely impermeable there 15 of
course no leakage of blood but the mmplant is not completely
mneorporated i the tissues of the hast 1f they are too permeable
blood loss during the operation 1s excesstve The best prastheses
are sufficiently permeable to aliow the escape of a Iittle blood
Thas then clots in the suk of the implant and a 1d;
1 formed into which the tissues of the host can grow With
some of the plastic cloths the leaknge may be excessne this
can be reduced by the sumple manoeuvre of rtreducing
blood mto the prosthesis so that 1t 1s preclotted This means
that 1t 13 well sonked 1 fibnn and blood clot before xt 1s used
and many of the holes will have become plugged

The length of a plastic prosthesis or homologous artenal
wansplant which will work satisfactorily has been the subject
of sume research and 1t appears that long transplants twenty
five or more centimetres work just as well ay short transplants
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In other words, the diameter 15 of more 1mportance than the
length [hus 15 an nteresting finding and the explanation may
well lie 1n the way that the lining membrane forms McCune
and Blades (1951) conclude that the success of aortic trans
plants 15 1 no way related to ther length, except that long
grafts on the whole fare better than short ones In the case of 2
homologous artenal transplant the endothehum disappears
within a few days hlotz, Permar and Guthrie (1g973) thought
that there was rapid regeneration of endotheluum by mward
growth from the ends of the transplant, and McCune and
Blades thought that the new endothellum came from the
recipient vessel at the ends of the transplant and possibly
from metaplasia of fibroblasts 1 the transplant itself The fact
that long grafts work better if anythung than short ones lends
support to the opposite view that the hning 1s provided by
cells of the blood stream which are deposited on to ats surface,
m fact that the imtial covermg 1s really altered and modified
blood clot

THE LoNC TERM BEHAVIOUR OF ARTERIAL SUBSTITUTES

Thus 15 the great unsolved question In the case of autogenows
vein grafts 1t 1s known that thev function sausfactonly as artenal
substitutes for twenty or more vears once they have passed
through the difficult imtial period, when most of the thromboses
occur, but no such knowledge 15 as yet available for the other
forms of artenal suk } ! artenal tr t

have only been used 1n man since 1949 and the longest follow
up 1s therefore only seven or eight years, 1n the case of plastic
implants the solid tubes which were the first to be used were
unsatisfactory and so the longest follow up on a matenal of
reasonable value 1s only since 1952 or four years In spite of this
short period of study certamn conclusions can be reached at
least of a temporary and provisional nature These are thatn
the present state of our knowledge autogenous vem grafts and
bi logous arteral transpl are the safest for use 1n the pent

pheral artenes of patients thatof the plastic implants the various
cloths, vinyon nvlon orlon and terylene re satisfactory for usc
sn the human aorta that polyvinyl aleohol sponge gave good
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mtal results but the longer term behaviour was most unsatis
factory

Coleman, Deterling and Parshley (1955) have made a study
of homologous artenal tr 1 gh months to four and
2 half years after mnsertion In all the functional result was
excellent and no aneurysms were noted However, calcification
and marked thmning were observed locally Microscopical
examination revealed condensation of the graft with complete
loss of cellular elements and a thinmng of the internal and
external layers which had developed from the fibroblasts of the
reapient In particular there was marked degeneration of the
elastic fibres of the transplant These authors also found that
calcium salts had been depostted 1n the graft, a finding which
has been noted by several other workers These findings show
that this subject cannot be viewed with complacency until
really long term studies are availtble, but in the ntenval we
should continue to use these matenals because of the lives they
save and the symptoms they relieve In the case of children the
special factor of the growth of the transplant must be considered,
particularly when 1t has been used as part of an operation for
correction of a coarctation of the aorta 1n a young child The
evidence 1s that a homologous arterral transplant will increase 1n
size when 1mplanted 1nto the aorta of a growing ammal but
that the rate of growth 1s less than that of the host vessel so that
a narrowed segment results If continuous as opposed to mter
rupted silk sutures are used a stricture forms at the site of the
anastomosis

Concruston
A large vanety of materials have been used as artenal sub
stitutes The most satisfactory are autogenous veins and homo
logous artertes Of the varous plasttc implants good results
have followed the use of woven plastic cloths There 15 evidence
that some of these plastic matenals may be carcinogemc when

T d mto the ma Iran body
Apart from autogenous vein grafts little 15 known about the
long term behaviour of these artersal substitutes Homologous
artersal transplants were first used 1n patients 1n 1949, the
plastic cloths mn 1952 and polyvinyl alcohol sponge 1n 1954
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At least another fiftcen years must clapse before the long term
behaviour of even homologous arterial transplants in the human
body can be satisfactonily assessed, but in the mtenval the
chinical use of artersal substitutes 15 yustified because of the hves
they save and the symptoms they relieve
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Lung Function Tests
an Assessment of their Usefulness

J C GILSON

Historicar,
EsTS of renal function have been m general chnical use
I for more than thirty years Whysat only in the last five
years that climcal tests of lung function have rivalled those

of the kidney for complexity and comprehensiveness?

Professor G C Douglas (1954), 1 a review of pulmonary func
tion 1» man, has shown how physiologists m the last century
and the early part of this were mostly interested in disentanghng
the factors controlling venulation They studied the effects o
oxygen and carbon dioxide and later pH, following the dis
coverv of the production of lactic acid dunng muscular con
traction by Fletcher and Hopkins (1g07) Much of the interest
was 10 factors controlling v entilation rather than 1n the function
of the lungs themselves

There have, of course, been exceptions, starting with the first
measurements of lung volume by Humphrey Davy (1839)
There 15 the classical work on vatal capacity by Hutchmson and
at the end of the first quarter of this century there were many
chmcal studies of the wital capacity by West and Myers and
others The hittle help that this single test brought may have
prejudiced the cimoan agamst all tests of lung funcuon, but
3f the number of papers now appearing annually on this subject
1s a gmde, the prejudice 1 a rehc of the past

The Second World War brought great impetus to the study
of lung funcuon, partcularly of normal subjects exposed o
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extremes of ambient pressure—high 1n the Navy and low 1n the
Aur Force 1t also brought new techmques Methods of rapid
physical gas analysis and means of measuring small and rapidly
fluctuating pressure at a distance with the new fine plastic tubes

Smce the war an increasing proportion of the literature on
lung function comes from the chintcal departments The abnor-
mal has been used to clanfy the function of the normal Five
years ago 1n this sertes Dr R W Donald (1953) gave a full
account of current methods of assessment of respiratory func-
tion but 1t 15 an mdex of the rapidity of advance 1 this subject
that the details of the mechanics of breathing were not men
tioned Comprehensive reviews of the whole subject have
appeared since (Gaensler 1955) I shall therefore, sclect some
of the most recent advances and also attempt to show how
studies of lung function are contributing to vanous aspects of
medicine

DeFinrrioNs

Table 1 shows a classification of lung function By common
usage tests of lung function apply principally to tests concerned
with the first two—zentilation and gas exchange This 1, of course
an arbitrary separation The pulmonary circulation 1s just as
much a part of 1ts function but T shall be concerned with the
first two only

Tasie 1 Lung function

VENTILATION
Size
Gas distribution
Mechanzcs

GAS EXCHANGE
Ventilation/perfus:on ratio
Duffusion

CIRCULATION

OTHER FUNCTIONS
Metabolic etc

There are other aspects of lung function at present inacces
sible for study 1n man but not therefore unimportant We know
very little of the normal function of 1ts nervous system and
virtually nothing of 1ts derangements There 1s the metabolism
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of the lung stself, a study of which might increase our under
standing of the degenerative processes of emphysema and age
There are other remarkable functions, for example, the ability
of the lungs to separate off the leukocytes and then release
them again—a function at present without obvious usefulness
(Bierman et ol , 1952)

Opimon on the usefulness of tests of lung function must 1
evitably be a personal one—for example, tests 10 determumne the
part the red cell membrane contributes to the total diffusion
barner between the h globin and the alveolar gas are un
Iikely to be of use to the thoracic surgeon In contrast, overall
tests of ventilatory capacity may be of considerable use to the
surgeon but of ittle use to the physiologist Howeves, people
with such different interests are now usmg tests of lung func
tion that 1t 18 interesting to consider the diversity of thetr useful
ness

RreeNT ADvaNCES

In the last five years there has been a rapid advance in methods
for separating and measuring the components controlling ventt
latron and gas exchange One result of this 1s that a fully equip
ped laboratory can now provide the chimeian with as many as
one hundred te t results on an indvidual As 2 further result
there 15 a growing need for a more comprehensive and quantt
tative classification of the syndromes of derangement of function
revealed by these tests

Lune VoLume

Before the mechanics of breathing are discussed mention must
be made of a new approach to the measurement of fung
solume Although tt 15 now recogmzed that the residual solume,
as a proportion of the total lung capaaty can be considerably
raised 1 conditions other than emphysema and 1, therefore, 2
less specific test than was 1t one tume thought 1ts measurement
and that of the functional ressdual capacity s still important

The gas replacement and dituuon methods 1n general use only
measure the gas in direct communication with the trachea

Bedell, Marshall, DuBors and Comroe (19,6) have recently
developed o novel method of measuring the total gas volume
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within the thorax It 1s a pneumometric method which mea
sures not only the gas within the lung which 1s 1in commum
catton with the trachea, but also cysts and yvolumes extremely
poorly ventilated as may occur in some cases of emphysema
The difference between the volumes measured by the gas
dilutton and pneumometnic method, therefore, gives a new
measurement—the volume of the lung which 1s very poorly
venulated An advantage of the new method 1s that 1t 15 much
quicker, a disadvantage 1s that more complex equipment 15
required Table 2 shows that the volumes by the two methods

Tastz 2 Comparison of thoracic gas volume and functional
residual capacity

Subects Normal Emphysema
No ° 1
Age 20-43 47-81
FRC (7mn N, washout) 2971 4531
Thoracic gas volume

(Pneumometric body box) 2971 5621
Difference — 1091

(Ref DuBois et al 1956 Bedell stal 1956)

are the same 1n young normal subjects but are different 1n
cases of advanced emphysema It will be nteresting to see
compansons with those of comparable age and with the results
of the alternative hebum dilution method of measuring the
functional residual capacity

MEcHANICS OF VENTILATION

Specific Tests
Although 1t 15 forty years since Rohrer (1g915) made the first
theoretical analysis of the forces and resistances concerned mn
breathing 1t 1s only recently that measurement of the com-
ponent resistances has become possible Figure 1 shows dia
grammatically the forces and resistances opposing inspiration
and the components which are now measurable

The elastic restorative force 1s dependent on the degree of
wflation (1 the volume) and this force mcreases gradually
withthe depth of inspiration the energy of stretching the spring
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being stored n the Jung and thoracic wall It 1 now usml to
express the relationshup of volume and this elastic force as com
phance—! jom H,0 Thismeasurement of comphance can only
be made when no air 15 flowmng

3 JAIr Tiow

Turbuleat
=*¥ tres stance

flow
Lomnas {(emHGftsecy
o
Tissue

Resistance
=Rate of chonge
f volume

Elastic

Resistonce

wVolume  NORMAL
omplonce}

C:
ABNORMAL YemHD

Fie. 1 Mechanes of breathug

The ressstance caused by the axw flow and the viscous rests
tance within the tissue are also shown diagrammatically The ar
flow withn the lung 15 part Jarnar, part turbulent, therefore,
the pressure drop between the mouth and the alveoh s pro-
portional to something less than the square of the velooty
{approx viss} To the combmed of the
tissues and the air flow 1t 15 necessary to record the pressure
outside the alveolt but within the chest wall simultaneously with
the air flow at the mouth It has now been estabbshed that
within certain hmsts {of depth and rate of breathing) the pres
sure changes m the oesophagus run parallel with those m the
wtra pleural space, thus by plotung the oesophageal pressure
agawnst the flow at the mouth or the change 1n volume it
1s possible to caleulate awr flow remstance and comphance
Separation of that part of the resistance caused by the nssues
from that caused by the air flow reqmres a measurement of the
pressure drop between the wside of the alveols and the mouth
DuBoss, Botelho and Comroe (1456 believe that they have
succeeded 1t doing this using a modification of the pneumo-
metric method already mentioned  The resistances of the two
cormponents have been studied 1n 8 vanety of conditions and 1t
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appears probable that the air flow resistance usually forms the
major part (Marshall and DuBoss, 1956)

The comphance has been found to be reduced, that 1s to
say the lungs are more ngid than normal 1n poliomyehts, 1n
fibrosis of the lungs and thorax, 1n congestive heart failure and
also under general anaesthesia A small increase of compliance
has been noted 1n emphysema but the effect on the average 13
not large (Attinger, Goldstein and Segal, 1956)

In normal subjects the air flow resistance 1s similar durmng
nspiration and expiration during normal breathing In chrome
obstructive emphysema there 1s usually a gross difference 1n the
resistance 1n the two phases of respiratton with a marked -
crease on expiration, particularly at high flows, thes 1s behieved
to be due to collapse of the bronchioles causing trapping of the
arr (Mead and Whittenberger 1953, Fry, Ebert, Stead and
Brown, 1954) In asthma the resistance 1s rased dunng both
phases Aerosols of histamine and acetylcholine can be shown
to produce two- or threefold increase mn arr flow resistance
Anti spasmodics  particularly in cases of asthma, have the
reverse effect

Measurements of the resistances have enabled calculations of
the energy dissipated 1n breathing to be made, this energy 13
greatly increased i emphysema and i asthma It has been
shown that when conditions within the lung change, for
example when 1t becomes more rngrd as i pulmonary con
gestion the rate and depth of breathing are adjusted so as to
keep the work of breathing at 2 mnimum (Marshall Mecllroy
and Chnistre, 1954)

Oterall Testst
These tests of the separate cc of the h of

p
breathing have not replaced the overall tests of the ventilatory
capacity such as the maxunum soluntary ventilation and the
smgle forced expiration test—the results of which are affected
by changes of air flow and tissue ressstances, comphance of
chest and lung muscular force and the size of the lung The

! This lectare was given before the new termmology for measurcments of
ventifatory capacity {Gandewa and Hugh Jones 1957) was agreed
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great simplicity of these tests has led to their being used more
widely than any other tests of lung function at the present time
Both tests have excellent discrimination—that 1s, the vana
bility of results 1 a given normal mndividual 15 small (SE of
mean of three readings approximately 3 1 /mmn ) compared to
the range between normal and abnormal, they are, therefore,
sensitive tests The tests g e similar but notsdenticalinformation
The maximum voluntary ventilation—the volume of air
breathed (expressed 1 1/min ) over a pertod of 15-20 seconds
of maximum voluntary hypen entilation—increases with rate
of breathing up to at least 80 per mimute (Mcherrow, 1955)
Some observers thercfore prefer to select a particular rate of
breathing for example the upper limut of that normally observed
on exertion—about 40 per minute To avoid erroncous results
the apparatus used must have a very low flow resistance and
ertia (Bernstein, D Silva and Mendel, 1g52) Itisatest which
1s influenced by both mspiratory and expiratory resistance
within the lung and 1, therefore, 2 sensitive measure when
both are raised Nevertheless, on account of the instrumental
difficulties and the discomfort caused, there has been mcreas
1ng trend to use the single breath method as an alternative test
There have been two approaches to this single breathanalysss
Some have sought to measure the maximum voluntary ventla
tion indirectly by its use Instead of adding up the total volume
breathed n and out 1n the 15 or 20 seconds, the volume dunng
a single expirate over the first 0 75 second 13 recorded The
assumption 1s then made that the mspiratory and the expiratory
time periods are the same and the minute volume 15 calculated
assuming a breathing rate of 40 per minute
‘When this 1s done the correlation between the direct and 1t
directly estmated maximum voluntary ventilation 1s very Tugh
(kennedy, 1953) Fven when the rate of breathing dunng the
maximum voluntary ventilation 1s not controlled at the rate of
40 per minute the correlation is still about 0 8 Igure 2 shows
the results of using both tests on a whole colliery population of
250 men The pattern of the relation of X ray category of stmple
pneumoconosts and 1ge revealed by the two tests 1s essentially
the same
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An alternative approach has been to obtamn as much infor
matton as possible from the shape of the spirogram dunng
forced expiration In emphysema and asthma the mtial flow
rate s low and the curve long drawn out In cases of congestion,
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3 3

1 El o 1 Z
Xray Category Xray Category
Fic 2 The relation of age and radiological category of umple pneumo-
comosis to ventilatory capacity measured 1 two ways 1n a group of working
coa! miners (ILO Clasuification 1950)
1

The direct voluntary was d over a period
of 15 seconds voluntary hyp at a It rate
chosen by the subject

The indirect maxmum s ohumtary ventilation was estimated by multy
plymg the volume expelled in the first 0 75 second of a forced expiration by
20

particularly 1n mutral stenosis the volume 1s small and the end

of the curve sharply flexed These are qualtative observa

tions and there 15 as yet no standardization of the quantitative

measurements from these curves The volume expelled over

pertods of 05, 075 1 2, 3 seconds 13 used IF a very short

period 15 used the result 1s liable to error from inaccuracy of
¥
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timing Iflong periods are chosen 1t becomes mnsensttive at differ
entiating between subjects who can expel their whole wital capa
atywithinabout asecond Between o 75and t second s probably
the best compromise Figure 3 shows the high correlation

s 4
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075 and 1 second of a fore fallowing a pirat
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between the volume expelled 1n o 75 1nd 1 second over 2 wide
range of absolute volumes Recently Leuallen and Fowler
(x955) have suggested that the flow rate over the mddle half_
of the whole volume 1s the mndex correlating most closely with
other physiological assessments of emphysema

Sorne, following Gaensler s and Tiffeneau s suggestions, have
used the percentage of the wital capacity expelled 1n one second
as an ndex of the seventy of obstructive pulmonary disease
In normal subjects between 70 and go per cent 15 expelled
withim one second In obstructive conditions the percentage
may be reduced to 50 or less

In general the measurement of the volume duning the forced
cxpiration 1s not readily falsified by the type of apparatus used
and 1t has been shown that the volume expelled 1 periods of
0 5 second and over 1s the same whether recorded on a spiro-
meter or integrated from the record of an mertia free preumo-
tachygraph When more 15 hnown about factors affecting ths
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test and 1ts opposite the flow dunng inspiration they are hikely
to provide even more uscful information than at present, but
there 1s need for dardization of lature describing
them (Gandevia and Hugh Jones, 1957)

Drrrustov

Unevenness of lung ventilation 1s relatively easy to detect and
measure Inequalittes m blood flow 1 different parts of the
lung have been less easy to detect or measure When the vents
lation and blood flow alter together so that their ratio remams
the same, no 1mportant functional derangement occurs When,
however, there 15 a change of ratio, as for example 2 decrease of
ventilation relative to the blood flow, the blood leaving that
part of the lungs 1s deficient m oxygen and there 15 no com
pensation 1n the other areas where the ventilation exceeds the
blood flow because the shape of the oxygen dissociation curve
results m no appreciable increase of saturation 1o the hyper
ventilated area The measurement of this ventilatton perfu
sion ratio averaged for the whole lung 15 possible but 1s
techmically difficult and no great ssmplification of the ingeruous
methods described by Riley and Cournand (rg49) has yet
been published However Hugh Jones and his colleagues at the
Postgraduate Medical School have recently demonstrated the
great possibilities opened up for its measurement by using
the mass spectrometer recording three gases 1 ly 1

Evenifthere 1s a normal ventilation perfusion ratio the blood
leaving the lung may sull be undersaturated 1f the barrer to
diffuston of gas from the alveolt to the haemoglobin is mncreased
There 1s no direct method of measuning the thickness of the
alveolar wall or the surface area of the lung m Iife but it 1s pos-
sible to measure the diffusing capacity of the lung as a whole

Diffusing capacity _ cc_uptake of gas/min
for O,orCO ~ Mean alveolar partial pressure
—Mean capillary partial pressure

The avidity with which carbon monoxide and oxygen ate
taken up by the haemoglobin results m the alveolar membrane
1Sce West Fowler Hugh Jones and O Donnell 1957
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being the pnncipal factor hmiting (at least up to levels of
moderate exertion) the rate of uptake of these two gases
Carbon monoxide, first used for this purpose by hroghm
1915, has the advantage over oxygen that its affimty for haemo-
globin 15 so great that within the few minutes hecessary to cany
out the measurements no important degree of back pressure of
gas anises along the whole length of the lung capillanies thus
m the equation the capillary partial pressure becomes zero and
we are left with the need to measure only the uptake of gas per
nunute and the mean alvcolar carbon monoxide partial pres
sure The mean alveolar pressure cannot be measured durectly

Tasie 3 Diffusing capacity of the lungs for carbon monoude
¢c frun /mm Hg

Method No I\:;:n Resting  Exercse

Rrogh M (1915)  Breath 30
holding 15 34 {19-41) -
Bates et al (1956)*  Breath 17

holding 6 30 (1222 -
Filley et ol (1954}  Steadv 36
state 131 (13-28) (23-55)
Bates et al (1955)f  Steady 4
state 19 28 (1132 (2447

* Alveolar CO estimated from single expirate

1 Alveolar CO calculated from artenal CO, tension

* Alycolar CO estimated from end udal sample
Indirect methods have been used for obtamning an approximate
value and the results of the diffusing capacity for normal sub-
Jects agree reasonably well for the recent determinations using
different methods (Table g} In abnormal cases with marhed
inequality of ventilation the estimate of the mean alveolar carbon
monosxide pressure 15 more n doubt and the exact interpreta
tion of the result less certamn, but the test probably provides the
best measure we have of the active diffusing surface of the fung

One of the striking findings has been a rise of diffusing cap2

aity with exeraise up to about 75 per cent above the resting lev el
About an equal percentage reduction in the diffusing capaaity
has been noted 1n conditions with 1 thickencd alveolar mem
brane or reduced alveolar surface —such as emphysema It 1s
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hawerer posstble that the reduction mn emphysema s apparent
rather than rend nd “ceountrble for by the marled inequahty
of ventilation
Uses or Lune Tuscriow Tests

To what uses hwv e these tests of lung function been put? As Table
4 shows therr use now covers too wide a field to be dealt with
adequatcly i 4 ungle leeture 50 T will select 1 few examples to
dernanstrate thewr uses and imatstions

Tante 4 Uses for lung function tests

Physwlogieal T 1 d of the lung
Medical Disgnosis

Management

Exaluation of therapy
Surgial Pre-operatine assessment

Assexsment of operations
Medico-legal  Assesyment of disalnhity
Epidermology  Artiology

Prevention

Puvsioocy
Few would, I think, deny that the greatest use of these tests so
farhasheen to permuta functionldissection of the Jung which has
greatly increased our understanding of 1ts normal and abnormal
action and so provided 1 saenufic baus for the physiological
miterpretation of duseases of the lung and 1o a lesser extent the
chest wall
Meptane

Duagnonis Meshienl teachmng places great emphasis on dignosts
tn pathological terms It1s therefore somewhat disconcerting
but stinulating to find that results of the tests of fung function
rather rarely asust 1n this um The revson 1s simple A number
of log! diffe pathol 1 processes saay produce
asimlar type of functional derangement The tests provide a
diagnosis i terms of function but the tests e now so numerous
thit a descripuion of the physiologrcal state 1sinevitably fengthy
Table 5 shows an abbreviated description of three functional
syndromes, but there 1re several others

In the first syndrome the total lung eapacaty i reduced the
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bemng the principal factor imiting (at least up to levels of
moderate exertion) the rate of uptake of these two gases
Carbon monoxide, first used for this purpose by Krogh m
1915, has the advantage over oxygen that its affimty for haemo-
globin 15 so great that within the few minutes necessary to carry
out the measurements no important degree of back pressure of
gas anses along the whole length of the lung caprlanes, thus
1n the equation the capillary partial pressure becomes zero and
we are left with the need to measure only the uptake of gas per
munute and the mean alveolar carbon monoxtde partial pres
sure The mean alveolar pressure cannot be measured dwrectly

Taeire 3 Diffusing capacity of the hungs for carbon monoade
cc frun fmm Hg

Methed No

M;:n Resting Exercise

Krogh M (1915}  Breath 30
holding 15 3¢ (1941 -

Bates et al (1956)* Breath 7
holding 6 30 (1222 =

17

Fulley et of (1954)t Steady 36
state 131 (13-28)  (23-55)
Bates ef af (1955);  Steady 25 34
state 19 28 (132 @ (2447)

* Alveolar CO estimated from single expirate

1 Alveolar CO calculated from artenal CO, tension

3 Alveolar CO esumated from end tidal sample
Indirect methods have been used for obtaining an approximate
value and the results of the diffusing capacity for normal sub
Jjects agree reasonably well for the recent determinations using
different methods (Table 3) In abnormal cases with marked
mequality of ventilation the estimate of the mean alveolar carbon
monovxide pressure 1s more 1n doubt and the exact interpreta
tion of the result less certain, but the test probably provides the
best measure we have of the active diffusing surface of the lung

One of the striking findings has been a nise of diffusing capa

city with exercise up to about 75 per cent above the resting level
About an equal percentage reduction in the diffusing capacity
has been noted in conditions with a thickened lveolar mem
brane or reduced alveolar surface—such as emphysema It 1s



LUNG FUNCTION TESTS 71

The second syndrome 1s that of a normal or increased total
lung capacity, a reduced vital capacity with 2 much raised rest
dualvolume and ratto There 15 a marked impairment of ventt
latory capacity, the distribution of the air 1s markedly uneven,
the compliance 1s normal or increased the air flow resistance
rased particularly on expiration, the diffusing capacity 1s
reduced, and the ventilation on exercise 1s shghtly raised The
oxygen saturation 1s reduced The carbon dioxide tension i the
blood may be raised This s the functional syndrome of obstruc

trve emphysema Inats fully developed form 1t 1s a conditton 1
which the cl hysiol the radiol and pathol

will probably agree 1n their diagnosis but there 15 1nterest and
difficulty 1n 1ts Jess severe degrees

The last column shows the changes which have been reported
as occurning normally with agemng Most of these studies have
referred to groups selected as bemng perhaps fitter than the
average for theirr age Nevertheless the changes with agemng
show a remarkable similanty to those 1n emphysema but are of a
lesser degree 1n all mstances We need to know far more about
how lung function alters with age 1n representative samples of
the general population We shall then have a clearer wdea
whether the functional changes of emphysema constitute a
separate entity or merely an exaggeration of the normal ageing
Pprocess

I thik we may have emphysema a position not very dis
similar from that which now exusts 1 the study of blood pres-
sure where the arbitrary subdivision mto hypertension and
normal tension has given place to an apprecation that theres a
continuous 1ncrease of blood pressure with age (Hamilton
Pickening Fraser Roberts and Sowry 1954) Such a concept
of course does not exclude the ltkehhood that indviduals with
hgh blood pressures or the more advanced degrees of functional
abnormality of emphysema may have a different prognoss from
those at the other end of the dustnibution Here 1s a field of useful
ness for lung function studies which has only just started and may
be expected to illummate the whole problem of ageing

The effect of ageing on function 15 perhaps bigger than 1s
oftenappreciated there 15 also a rather remarhable Imear dechne
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wital capacity 15 reduced, the residual volume 15 normal but
percentage 1s rassed, the ventilation on exercise 1s mcreased,
the ventlatory capacity 1s normal or shghtly reduced, and the
distribution within the lung 1s not grossly uneven, the com
pliance 15 reduced but the air flow resistance 1s normal, the gra
dient between the alveolar and arterial blood 1s raised and the

Tarte 5 Syndromes of lung function

Mo Emphys  Age

SIZE

Total lung capacity - N N

Vital capacity - -~ -

Residual volume N +4 +

Rendual volume % TLC  + o+
VENTILATION

Ventilation (Ex) ++ + N

Distnibution N - -

Ventilatory capacity N - - -

Compliance -~ + N

Flow resistance N +4+ <4
GAS EXCHANGE

Aly PO, ~Art PO + + +

Diffusing capacity (CO) 2l P z
BLOOD

Q, saturation (Ex) - - - N

PCO, N + N

Symboly N = Normal + Rased - Lowered

diffusing capacity s reduced, often markedly, the oxygen
saturation falls on exercise This ts then the syndrome of 2 smal

suffened Iung with relatively even venulation but a greatly
ncreased diffusion barrer This condition of the  alveolar captl

Jary block  as 1t has been called, has been demonstrated n 3
number of pathological condinons such as berylbum lung, sar

cod, pulmonary granuloma of a vanety of types, duffuse mfiltra

tion by neo-plastic tissue, and i some unusual cases of pulmonary
fibros:s of the Hammen Ruch type Physiological findings alone
will be of ittle assistance 1n deaiding which pathological pro

cess 1s responsible
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polate linearly the evidence already available, 1t makes one
realize how little functional reserve 1n kidneys or lung s left
by the ime we reach the age of a hundred!

1004
99|
80|
70

60}

$ sl N\ MAX DIFFUS NG
= N O\ CAPACITY FOR O
H ARN
S 40] MO
& SN
» NN,
« NN
30} (RN
N
~, \\
29 AN
13 AN

20 30 40 S0 60 70 80 S0 100 110 120
YEARS
Fic 5 The effect of age and lung function expressed as a percentage of
values at age 20
Total lung capacaty (T L C.) Gilson etal 1955 Needham etal 1954
Basal metabolic rate (B M R ) Albntton 1954
Maxumum voluntary ventilation (M V V) Carpenter etal 1956
Maxinum diffusing capacity for oxygen Cohnetal 1954

These figures about the effect of age have been a digression
from the main point—the use of these tests m dragnosis—buthave
I hope shown how important 1t 1s to take age 1nto account before
g a firm d Other ples of their uses for this
Ppurpose are to establish the existence of a vascular shunt by the -
absence of a full nise 1n saturation on gving oxygen but even
then the test does not help i deciding whether the shunt 13
cardiac or pulmonary or agan 1n separating pnmary from
secondary polycythaemia But they can be useful 1n separating
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with age 1n some cases Figure 4, derived from the findings
of Davies and Shock (1950), shows the decline of glomerular
filtration rate and effective renal plasma flow with age when
expressed as a percentage of the value at age twenty

100)
<0

841

PERCENTAGE
o
S

30 40 50 €0 0 ¥0 90 160 10 120
YEARS
Fic 4 The effect of age on renal function—the change expressed 232

percentage of the value at age 20 (Modsfied from Davies and Shock
1950 70 male subjects aged 24-8g )

Figure 5 shows the results of four other tests, three related to
lung function The total lung volume and the basal metabolic
rate are relatively httle affected by age whereas the maximunt
voluntary ventilation and the maximum diffusing, capacity for
oxygen fall steeply at about the same rate as the renal tests
These are mean values and the coeffictents of variatons are of
the order of 20 per cent Only the maximum voluntary ventt
Jation results refer to a representative sample of the general
population Rather sumilar trends with age have been published
1n an enrher lecture 1n thus sertes for the decline of excretion of
17 ketosterord (Dodds 1953) If one 1s rash cnough to extra
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example, 1n separating the speaific from the general effct pro-
duced by cortisone and ACTH Objective enidence of a change
mn diffusing eapraty following such therapy has been shown
n some cases of beryllium lung, sarcoid and Hammen Ruch syn-
dromes, but no changes have been demonstrated 1n sihicosis
The maximum voluntary ventilation has been extensnely used
to compare the many anti spasmodics available for treating
bronchospasm It 1s probable that the air flow resistance 1s an
even more senstive index for this purpose

Measurement of tidal volume, dead space and alseolar
carbon dioxide have been used to study artificial respiration
For example Asmussen and Nielsen (1950) showed that in
apnoeic subjects Schafer’s method only produced a tidal
volume of about 180 cc and an al eolar ventilation of less than
50 cc per breath By contrast the Holger Nielsen and the Eve
rocking method produced 7 ventilatton three or four times as
large Dripps and his colleagues (Price, Conner and Dripps
1954) compared the relative efficiency of pressure and pressure
suction respirators 1n anaesthetized subjects and showed that
the ones available 1n commerce do provide a satisfactory vent:
lation without serious disturbance of circulation Affeldt and his
colleagues (Collier and Affeldt, 1954) have provided accurate
companisons of the efficiency of the abdomimno chest and pure
chest type curass respirators 1n cases of poliomyehtis and ex
pressed the results as a percentage of the efficiency of the box
respirator

These are only a few of the uses—there are many others such
as the assessment of the value of pressure breathing with and
without antr spasmodics and to test the effect of breathing
exercises In this last example evidence of objective improve-
ment 1s still g The ct are principally m the
Ppattern of breathing while conscious control 1s mantained

SURGERY
IfT only just touch on this aspect 1t must be accepted as evidence
of personal bras and ignorance The use of a single test of ventr
latory capacity such as the maximum voluntary ventilation
must have prevented the production of 2 number of respirttory
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the dyspnoea caused by cardiac failure or severe kypho-scohosis
from that produced by emphysema

Eventually a system of diagnosis based on 2 clissification of
the functional abnormality will be possible 1n chest disease, and
1t will become really useful when the prognostic sigmficance
of the different syndromes has been established

Management
Tests of lung function have a place m the day to-day manage
ment of a few chest conditions In patients with ventlatory
msufficiency severe enough to cause coma many physicrans 16%
regard artenal blood samples as essential in order to estzblish
the oxygen and carbon dioude tension and pH because the
immediate treatment may depend on the findings, for example
how to make the best use of oxygen and assisted respiration
Simular problems may occurin the management of cases of seere
emphysema during post operative recovery from anaesthesia
Another example 15 poliomyehtis Measurement of udal
volume, the vital capacity and the comphance of the chest wall
and lungs can be a help m deciding how much assistance to
respiration 1s needed End tidal samples—estimated for carbon
dioade—have been of use to check the degree of ventilation, for
1t 15 now recognzed that excess ventilation can be harmful by
leading to a respiratory centre adapted to a low carbon dioude
tension so that weening from the respirator becomes dufficult
In both these conditions a simple chinical nstrument for
measunng ventilation would be useful, none 15 at present avail
able This surpnising deficiency will, T hope, be soon remeded
by a simple anemometer developed by my colleague, Dr B M
Wright (1954) With1t the minute volume can be recorded about
as easily as the temperature The mstrument only weighs a few
grams, offers a neghgible resistance to breathing, and requires
no valves It can also be used for measunng the maxmum
breathung capacity

Ecaluation of theraby
Tests of lung function have been of more use 1n the objectnne
measurement of the effects of therapy than m management—for



LUNG FUNCTION TESTS 77

usually two quite separate 1ssues (1) Is the claimant disabled?
(2) Is the disability—f present—the result of, for example,
preumoconiosis®

The second question 1s rarely convincingly answered by

the mdidual b the ch of function are
non specific 1 most types of pneumocomosis It 1s only by
examimng representative samples of all those wath a particular
X ray category of pneumoconiosis {and allowing for the effects
of age) thatthe average disability actually caused by the pneumo
comosis can be accurately deterruned This essential infor
mation 15 still lacking for many types of pneumoconiosis and 1t
15 too often assumed that because there are X ray changes the
disordered function must be the result of these changes Only
1n advanced cases may 1t be easy to deade but then the tests
are not really needed

The first question 15 also often not easy to answer by function
tests because the disability 1s usually one of excesstve dyspnoea
on exertion which 1s a subjective sensation and one which tests
of lung function have not been able to measure objectively and
simply 1n mdividuals with great accuracy AsDr J H Comroe
so aptly pownted out recently our understanding of the mech
amsm of dyspnoea 1s still so incomplete that we prefer to
measure something else which can be done more easily!

There 15 a wide vaniation 1n normal values of most lung func
ton tests, even after allowing for age, so that the interpretation
of small or even moderate deviations from the average 1s un
certain Itis a real difficulty here that the law does not recogmze
the existence of the normal scatter about the average values
The expression of the results n terms of percentage of pre
dicted normal rarely adds much to the information because
predictions are associated with a large possible error—often
conveniently overlooked' The tests may however sometimes
establish that function 15 normal 1n those claiming compen
sation

While the use and interpretation of tests of lung function for
medico-legal purposes are more difficult than appears at first
sight, the alternative of relying principally on the comments of
the clarmant may also be unsatisfactory, particularly when
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cripples and enabled numbers of others to benefit from opera
tions—the advisability of which was 1n some doubt on account
of the difficulty of assessing respiratory reserve chmeally

The assessment of cach lung separately by broncho sprrometry,
although first used in 1932 by Jacobaeus, has not come nto
routine use, although 1t has been of value n special cases—for
example, cases requiring decortication Even the latest catheters
have a resistance to air flow about three umes the bronchial
air ways so that measurements of maximum ventilatory or
diffusing capacity are not possible

Much of the information obtamed from broncho-spirometry
about the relative function of the two lungs can also be obtamed
by samphng the gas 1n the trachea and bronch simultaneously
through fine tubes as suggested by Armitage and Brian Taylor
(1956) The use of the mass spectrometer to analyse stmul
taneously and continuously the gases from these fine catheters
may brng partition spirometry into routine use

As m the medical field, more use has been made 1n surgery
of tests of function to evaluate the effect of treatment Different
operative procedures can be compared objectively I will take
one example About tenyears ago the high residual volumenthe
s g lung after pneumc y led some surgeons to
adwvise thoracoplasty to prevent the distenston of the remaining
lung—a distension assumed to be similar functionally to the
changes 1 emphysema However, pre- and post operatne
studies of thoracoplasty showed how much 1t often reduced the
ventilatory capacity espeaially when scoliosis developed, and
this reduced stll further the respiratory reserve These studies
of function have influenced opinion towards more conservatine
measures The small groups with pre and post operative func
tional studses are gradually being enlarged 1n numbers and dura
tion now that function studies are used routinely in some
centres (Hirdes and Bosch 1955)

Mebico Lrcar
Perhaps more tests of lung function have been done to less pur
pose in ths field than any other This may seem strange Tt mght
be thought that tests would be most uscful here There are
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compensated), make one wonder whether thewr dyspnoea esti
mated climcally was not conditioned more by compensation
than by lung dysfunction

ErmemioLocy

Lastly we come to uses for these tests i eprdemology This
section should, of course, really come first for 1t concerns aetio-
logy and prevention, but 1t happens to be the field 1 which
they have been least used so far

In eprdemiology of chest disease we are concerned with the
effect of heredity and environment on function We are thus
concerned with the results for groups of people and mdividual
vanations are less important, but other difficulties arise If the
refusal rate 1n the groups studied 1s to be kept acceptably low
the tests must be short, not unpleasant and (often) usable
the field

The g figures show ples of the use of simple
tests in the field of eprdemiological studies on chronic respiratory
disease made by my coll at the P »mosss Research

Unit (Carpenter ¢ al, 1956 Higgins, Oldham Cochrane
and Gilson, 1956) Figure 7 demonstrates the importance of the
selection of population on the results—a pont rarely considered
1n any detail 1n most lung function studies We were attempting
to find the relation of ventilatory capacity, measured by the
indirect maximum voluntary ventilation method to the X ray
category of simple pneumocomosts among coalworkers One
group was the working population of a colliery (2bout 250 men)
and the other 300 muners and ex miners applyng for compen
sation at 2 pneurnocontosis panel The figure shows the con
trary trends 1 the two groups, a conflict of ewidence which
showed the need to study a truly representative sample of miers
and ex muners

Figure 8 shows the results of an inquiry mto the common
belief that elderly mners are unduly breathless and subject to
bronchutis even though they have not got pneumocontoss It
shows the distnbution of maximum voluntary ventilation (1n
direct) 1n representative samples of miners ex rners and non
muners, a,ed 55-64 10 Leigh in Lancashire The miners have a
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attempting to assess a loss of faculty of 10 or even 1 per cent,
as now requred i this country under the Industnial Injurtes
Act Figure 6 bears on this problem and shows the relatton of
chinical assessment of dyspnoea using a system of four grades

RELATIONSHIP BETWEEN MVV 8 GRADE OF

MYy BREATHLESSNESS
AGED 55 64
100
°
Zz 3 CATEGORY 3
= 78% COMPENSATED
~
g 50
E x
-~
CATEGORY O
NONE COMPENSATED

' 2 3 4 GRADE

Fic 6 The relation of maxmmum voluntary ventilation (indirect) 1frn
related to a chin.cal grading of breathlessness 1n two groups of mmers and €X
miners aged 55~64 One group {46) with category 3 ssmple pneumaconioss
the other {47} with no radiol 1 evidence of

and the maximum voluntary ventilation (indirect) mn a random
sample of miners and ex miners, aged 55-64 The results for
the mners not receiving compensation for pneumoconiosi
malke sense, whereas the results for the group who had simple
PrHERMOCONIOsis, category 3 (nearly 8o per cent of whom were
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compensated), make on¢ wonder whether their dyspnoea estt
mated chnically was not conditioned more by compensation
than by lung dysfunctron

ErmpesioLocy

Lastly we come to uses for these tests i epidemiology This
section should, of course, really come first for 1t concerns aetio-
logy and prevention, but 1t happens to be the field in which
they have been least used so far

In epidemiology of chest disease we are concerned with the
effect of heredity and environment on function We are thus
concerned with the results for groups of people and mdividual
variations are less tmportant, but other difficulties anse If the
refusal rate 1n the groups studied 1s to be kept acceptably low
the tests must be short, not unpleasant and (often) usable in
the field

The g figures show ples of the use of simple
tests in the field of eprdemiological studies on chronic respiratory
disease made by my coll at the P Research
Umt (Carpenter et af, 1956 Hggms, Oldham Cochrane
and Gilson, 1956) Figure 7 demonstrates the importance of the
selection of population on the results—a point rarely considered
1n any detail 1n most lung function studies We were attempting
to find the relation of ventlatory capacity, measured by the
mdirect maximum voluntary ventilation method to the X ray
category of simple pneumoconiosis among coalworkers One
group was the working population of a colliery (about 250 men)
and the other 300 muners and ex miners applying for compen
sation at 2 pneumocomosts panel The figure shows the con
trary trends i the two groups, a conflict of evidence which
showed the need to study a truly representative sample of miners
and ex miners

Figure 8 shows the results of an mquury mto the common
behef that elderly miners are unduly breathless and subject to
bronchitis even though they have not got pneumocomoss It
shows the distribution of maximum voluntary ventilation (in-
direct) 1n representative samples of miners, ex miners and non
muners, aged 55-64 1n Leigh mn Lancashire The mners have a
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lower average venulatory capacity and there 1s a larger propor
tion with a maximum voluntary ventlatton low enough to
account for ther breathlessness

L0
Coltiery L
100)
Compensalion
E Group ]
hEo
¥
E 50[’
=
s
= 40t
20}
U S S

! 2 3
Xray Category
Fic 7 Relation of radiological category of sstmple pneumoconzosss to ag¢
d d voluntary 1n Colliery L and the compen
sation groups {M V V s are standardized to age 45 )

Table 6 refers to the curious condition encountered especially
1n the card room workers mn the cotton mlls—known as bysst
nosis—which 1s at the present being mvestigated by Dr R SF
Schilling Those affected have a tightness of the chest, especmlly
on Mondays or after a peniod away from work and this1s ther
only symptom 1 the early stages Later they become progres
swvely more short of breath and ev 1y totally pacitated
by respiratory disability An effect on lung function which
seems to be specifically related to the mull dust can be detected
dunng the day (McKerrow, McDermott, Gilson and Schilling
1958) The table shows the nise i air flow and tissue resistance
measured by an interrupter method durng the course of a
Monday

This 15 an unusual conditton 1 which there 15 both an acute
and chronic effect on lung function which can be detected by
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swtable tests We hope to use the acute effect to measure bo
logically the 1mprovement produced by dust suppression now
being installed 1n the card rooms

These are only a few examples of the use of these funchon
tests 1n the epidemiological study of chest diseases Because of
the paucity of other objective 1ndices 1n most cases of chrome
respiratory disease, tests of lung function have, I believe, 2 great
future uscfulness 1 this field

Suvmary

During the last five years tests of lung function have greatly n
creased our understanding of pulmonary ventilation and gas
exchange But mmportant aspects of lung function mn man are
still obscure, including the mechansm of the commonest
symptom—dyspnoea

Tests have been of more use 1n assessing the effect of medical
and surgical treatment than 1 diagnoss i pathologtcal terms
But a system of functional diagnos:s 1s being developed

In the study of ageing and in the epidemtology of chromic
respiratory disease tests have a special usefulness

Lastly, let us take heart that we are some way ahead from the
time when Samuel Pepys wrote i hus diary i 1665—But what,
among other fine discourse, pleased me most was Sir G Ent
about respiration  that 1t 15 not to this day known, or concluded
on among physicians nor to be done erther, how the action s
managed by nature or for what use 1t 15
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suitable tests We hope to use the acute effect to measure bio-
logically the improvement produced by dust suppression now
beng installed 1n the card rooms

These are only a few examples of the use of these function
tests 1n the eprdemological study of chest diseases Because of
the pauaty of other objective andices 1n most cases of chronic
respiratory disease, tests of lung function have, I believe, a great
future uscfulness 1n this field

Summary

Dunng the last five years tests of lung function have greaty m
creased our understinding of pulmonary ventilation and gas
exchange But important aspects of Jung function 1n man are
still obscure, including the T of the ¢ t
symptom—dyspnoea

Tests have been of more use 1n assessmg the effect of medical
and surgical treatment than 1n diagnosis 1n pathological terms
But a system of fanctional diagnos:s 1s being developed

In the study of ageing and 1n the epidemiology of chronic
respiratory disease tests have a special usefulness

Lastly, let us take heart that we are some way ahead from the
time when Samuel Pepys wrote i his diary 1n 1665~ But what,
among other fine discourse, pleased me most, was Sir G Ent
about respiration  that 1t 1s not to thas dav known, or concluded
on among physicians, nor to be done either, how the action s
managed by nature or for what use 1t 1>
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VI

The Principles of Heart-Lung
Machines

D G MELROSE

1t been delivered but a short while ago must have had

an 1nterest largely acadermc Today, however, the very
real advances in this subject have translated the main interest to
the field of clinical surgery Operations are bemng performed
within the chambers of the heart 1n several centres throughout
the world because machines have been devised which are fully
capable of carrying on the functions of the heart and lungs for
short periods While by no means yet perfected these machines
have estabhshed a new approach to the treatment of heart
disease and have allowed surgical correction of many cardiac
disorders Itis particutarly difficult at this ime to pass judgement
on the ments of the several solutions offered for so rapidly 1s the
field developing that anything said today must of necessity
be soon supplanted by further advances but certan broad
principles can be declared and 1t 1s these that I want to discuss

Q LECTURE on the principles of heart lung machines had

OXYGENATORS
Imitation of the function of the lungs remains the most difficult
problem and 1t 1s here that opmmion 1s most sharply divided
In all four solutions are offered, three of which are wholly
artificial, and one mvolves substituting for the normal lung a
lung taken from another ammal The homologous lung s a very
efficient mechanism for the oxygenation of blood and most cer
tamly represents a nearly physiological method for introducing
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Fio ¢ The bubble oxygenator of De Wall with two Sigma mator
pumps The debubbling chamber and settling helix wll be noted
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oxygen mto the blood It s, however, not readily prepared and
does not lend rtself to the marntenance of good stenle techmgue
An alternative to the 1solated homologous lung has been sug
gested whereby a portion of the animal s own lung 15 used, but

10n of the pul y veins 1s dingly diffieult and
Iittle success yet attends this attractive possibility

Of the wholly artifictal systems, the one which most neatly
approaches physiological conditions 1s that involving the use of
sem1 permeable membranes This techmque has evolved from
experiences with the aruficial kidney However, the membiranes
avarlable scarcely aliow 1n 1dequate gas exchange and ther
use 15 lumited Those most useful at present are made of ethyl
cellulose or polyethylene and the most efficrent transmission of
oxygen through such membranes to date was obtamned wath an
ethyl cellulose film one thousandth of an inch m thickness
34 6 cubic centimetres of oxygen per squire metre per mnute
diffused through such a membrane When using film so thin
considerable mechanical problems have to be overcome m the
design of an oxygenator based on this pnnaple T have no
doubt that the plastics industry could solve all these problems
and this techmque must deserve considerable further myestt
gation (Clowes et al , 1956, holff efaf 1956)

The two methods most commonly chosen are those which
snvolve exposure of blood directly to oxycen In the first of
these blood 15 filmed on bubbles of oxvgen In some designs
these bubbles are mictoscopic and a dense foam 5 created
(Clatk, Goltan and Gupta 1950) In others bubbles are larger,
the foam produced 1s much less dense, and less difficulty attends
reconstruction of blood free from gas bubbles (Clowes, 1954)
A large variety of designs to accomplish ths form of oxygen2
tion have been described, one of which 15 used extensively m
chimcal pracuce This s the oxygenator asenibed to De Wall and
Lallcher (De Walt et @l 1956), and shown mn Plate %I, Figure
1 Initlarge bubble are formed as oxygen s chspersed 1n blood
and these pass up a vertical tube of polyvinyl chlonde At the
top of this tube 15 a debubbling chamber contuning a silicone
ants foam compound {rom which the defoamed blood 15 allowed
to descend 1m a spiral of wide bore tubing This hehic acts as 2
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setthing chamber and also as a reservorr from which oxygenated
blood can be pumped The tubing 15 disposable and the umt
constructed anew for each perfusion

A more recent modification of this, also disposable, 15 a single
polyvinyl chlonde umt in the form of a plashc bag (Hyman
1956} The simplest description of this 1s that of a paur of plastic
trousers, up one leg of which the bubbles chmb and after de
foaming at the top, cascade down the other leg as blood Itis
Lkely that a great vanety of fully disposable units will be pro-
duced for this 15 undoubtedly the simplest method of intro-
ducing oxygen into blood However, 1t 1s as yet not known
what physico chemical alterations to the blood such bubbling
devices cause, nor whether any such changes are in fact
important

In the hands of such master surgeons as Lillehez and Varco
at the University of Minnesota in Minneapolss, the bubble
oxygenator has allowed at least a hundred tntracardiac opera
tions to be performed with a mortality of between twenty and
twenty five per cent Thus, of course, 15 as yet a frightening per
centage However, 1t has been repeatedly demonstrated n
surgery that a new techmque even in the hands of the finest
exponents carries an alarming mortality, and if this considera
tion 1s placed agamst the nevitable early death of a large pro
portion of these patients 1t represents a very significant advance
In other hands this device has not allowed all the many prob
lems of cardiac surgery to be solved and if I may venture an
opwion 1t 13 that this system has certain mitations and 15 best
used 1n circumstances when perfusion rates are low and opera
tion trmes are short Improvements are in tramn and time will
show whether these overcome fully the present disadvantages

The bubble oxygenator has m the main been used 1n asso-
cation with what 1s known as the low flow principle This
princple was dertved from the experiments of Andreasen and
Watson (1953) who showed that provided the azygos vein was
unobstructed occlusion of both the superior vena cava and m
fenior vena cava could be marmntained for periods of up to thurty
minutes without the subsequent death of an ammal The
blood flow carnied by the azygos vein allowed a cardiac output
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Fig 2 The wire screen of the Gibbon n use at
the Mayo Clinic
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hqud interface, the surface area exposed bemng continually
renewed as the discs rotate Their device was a great deal more
efficient than any previously described and did much to renew
interest 1n this type of oxygenator

J H Gibbon Jr (1937), who published a paper on the arti-
fical mantenance of the circulaton during expenimental
occlusion of the pulmonary artery and who must be regarded
as the doyen of workers 1n this field, substituted for the con
centric vertical cylinders which he had previously used a num-
ber of wire gauze screens over which blood 1s streamed These
screens are stationary and, as blood descends over them, the
turbulence of their passage exposes a great number of cells to
oxygen In order to make more efficient such a system which has
of 1tself no moving parts the blood 1s recirculated within 1ts
own pulmonary circuit

It 1s thus method of oxygenation which has been so brithantly
utihzed by the workers at the Mayo Climc Using Gibbon s
machune as a model they have constructed an artificial heart and
lung capable of circulating and adequately oxygenating over five
litres of blood per minute without serous destruction of 1ts ele
ments (Plate X111, Figure 2) Two disadvantages attend the use
of the vertical screen principle One 1s the dafficulty nvolved i
creating a umform film of blood over the screens There 1s a
tendency for formation of nvulets which of course :mmediately
Iimts the area of blood exposed The screens themselves cannot
be allowed to dry while filming 15 1n progress and hence the
film once established rannot be broken without danger of
failure to reconsutute 1t Thus the oxygenator once charged
must be kept runming throughout what may be a long waiting
pertod The second difficulty 15 occasioned by the fact that the
faster the blood flows over the screens the more blood 1s 1 fact
held on the screens themselves Hence the blood volume of the
artificial lung tends to increase as the flow rate 1s increased and
in order to control this a flow rate 1n excess of any expected
dunng perfusion must first be established through the pul
monary circwt and then maintamed thereafter These dis
advantages are only practical ones and should be easly
cradicated 1n the future New matenals may themselves bring
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of only about ten per cent of the normal, but this low blood
flow was 1n fact sufficient These expertments led Cohen and
Lalleher (1954) to use perfusion rates of between twenty and
thirty per cent of the expected cardiac output 1n their human

perfusions
This low flow 1 combmation with the bubble oxygenator
undoubtedly has been d rated to be effecuve, though

certain penalues are attached to 1t A severe metabolic acidosis
1s created by this mnadequate perfusion from which recovery 18
usual But better recoveries follow a more adequate perfusion
and I consider the 1deal to be a full replacement and imitation
of normal circumstances The primary object of the by pass
procedure 13 to allow surgeons adequate time to repair defects
within the heart and 1f 1t 1s a penalty of the low flow principle
that this time 1s imited because of alterations to the acid base
balance 1t must surely be but a stop gap procedure

That the guiding principle should be the full replacement of
the arculation with adequate reserves of oxygenation and flow
rate 15 the firm conviction of the group of surgeons, phystologists,
anaesthetists and others at the Mayo Chmc (harklin ef df,
1955) This team have demonstrated a remarkable mastery of
all the problems mvolved They have chosen a method of
oxygenation which involves the direct exposure of blood to
gas but which does not nvolve the bubbling of gas through
blood This principle whereby blood 1s spread m very thmn
films and exposed directly 1s one of the oldest known To enu
merate the many methods described to ensure the provsion of
large surface areas would nvolve too lengthy an historical
review Three examples will be enough to make clear the prn
cples of such a method Frey and Gruber (1885) 1n therr artt
fical lung allowed blood to spread 1n a thin film over the mner
surface of a cylinder which was filled with oxygen The surface
area was about half a square metre Variants of this were tried
1n succeeding years but proved ineffecive Bjork (1948) m
Stockholm described a machine using rotating discs to expose
films of blood to oxygen In their machine forty or fifty discs
dip 1nto a trough of blood When rotated they pick up on their
surfaces thin films of blood and 1n thus way create a large gas
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bqud mterface, the surface area exposed beng continually
renewed as the discs rotate Thewr device was a great deal more
efficient than any previously descnibed and did much to renew
imterest i thus type of oxygenator

J H Gibbon, Jr (1937) who published a paper on the arty
firal mamtenance of the arculation dunng experimental
ocelusion of the pulmonary artery and who must be regarded
as the doyen of workers o this field substituted for the con
centne vertieal eyhinders which he had previously used a num-
ber of wire gauze screens over which blood 18 streamed These
screens are stationary and, as bload descends over them, the
turbulence of their pyssage exposes a great number of cells to
oxygen Tnorder to make more efficient such asystem which has
of 1tself no moving parts, the blood 15 rearculated wathun sts
own pulmonary errcust’

Tt 15 thus method of oxygenation whuch hos beenso brilhandy
wtihzed by the workess at the Moyo Clime Usmg Gibbon s
machine as a model they have constructed an artficial heart and
lung capable of circul and adequately oxyg over five
Intyes of blood per munute without sevsous destruction of its ele
ments (Plate X111, Figure 2) Two dindvantages attend the use
of the vertical screen principle One 1s the difficulty nvolved in
creating a uniform film of blood over the screens There s a
tendency for formation of rrvulets which of course ymmediately
ltnuts the area of blood expased The screens themselves cannot
be allowed to dry wlile filming 1s m progress and hence the
flm once established cannot be broken without dauger of
falure to reconstitute it Thus the oxygenator once charged
st be kept runming throughout what may be a long wang
peniod The second difficulty ss occastoned by the fact that the
faster the blood flows over the sercens the more blood 15 1 fact
held on the screens themseves Hence the blood volurne of the
artficial bung tends to merease as the flow rate1s nereased and
m order to control thus a flow rate m excess of any expected
dunng perfusion must first be established through the pul
monary cwcwtt and then mamtaned thereafter These dis

d ges are only p 1 ones and should be easmly
eradicated 1 the future New matenals may themselves brng
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relief from these problems and climinate the present disadvan
tages

When this problem wns taken up 1t the Postgraduate Medical
School of London 1n 1949 1t was decided that the rotating disc
oxygenator should beused Experience with the onigmal machine
indicated 1ts effectiveness and after companson with other
methods 1t was decided to develop this princple Simple en
largement was rejected and a novel design adopted In this
machine blood passes along a rotating cyhnder set at twenty
degrees to the honzontal (Plate XIV, Figure 3) In the cylinder
thmn plastic discs are so arranged that they form crescenhc pro-
trustons nto the lumen of the cylinder As the cyhnder rotates
these discs pass under the blood and then up 1ato the gas mix
ture where the adherent blood films are otygenated When
rotating at a hundred revolutions a minute the avarlable surface
area exposed 1s 1n the region of a hundred and twenty square
metres and oxygen can be introduced 1nto the blood at rates of
more than one hundred cc s per Iitre per minute Destruction of
the cellular elements of blood 15 shight, as 1s alteration of the
blood chemistry

As yet no full comparison of the methods discussed has been
possible It 15 only now that technical progress in the actual
application of these machines has reached a sufficient degree of
consistency to warrant such a comparison It s Likely thatin the
near future a real reassessment of the posttion will be under
taken Not only must the actual efficiencies and effectiveness of
each of these methads be taken mnto account but a study of| their
practicality wall often reject an excellent solution on grounds of
complexity, expense difficulty 1n maintenance or cleaning
While fully disposable systems have the most appeal they may
also be prolbtively expensnve It 1s sometimes better to clean
thoroughly a well made stem than to risk possible defects 10
manufacture 1n a replaceable one

Pumping Crreurrs
If the number of varieties of oxygenators 1s large 1t 15 greatly
exceeded by that of the pumps offered However, these pumps
can be divided 1nto two mam types On the one hand there are
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those pumps whose action 13 to intermittently empty the pump
g chamber the direction of flow being controlled by valves
and on the other hand there are those i which an elastic tube
through which the blood passes 1s squeezed within the pump
ather by the action of a roller or by compressing fingers The
essential difference between these two types 1s that m the first
1nstance control of output of the pump may be both by changing
the rate of the pump stroke and also by altering the length of
the stroke, while 1 the second type only a change 1n rate at
which the pump works 1s possible The pump described by Dale
and Schuster (1928) 1s a good model of the first type while the
roller pump of Jouvelet (1934) or that of De Bakey (1934)
typifies the second group The Sigma motor pump 1s essentially
a roller pump and should be regarded as such

In use, of course the difference between these two types be
comes obvious The interrittent pumps employing valves to
control the direction of flow can be made to 1mmtate closely
the normal shape of the pulse, while the roller type of pump
tends to have a continuous output and 2 mmmum pulse com
ponent

The most widely used pump today 15 that manufactured as
the Sigma motor pump Just as the bubble oxygenator 1s parti-
cularly switable for the low flow type of perfusion so 15 this
form of pump most effective at low flows It1s convement nex
pensive but limited 1n output Attempts to obtam high flows
result 1n considerable destruction of cells

The Gibbon apparatus at the Mayo Chnic uses the roller
pump of De Bakey and no difficulty 1s found m pumpmg at
flow rates 1n excess of five litres per mmute Both these pumps
produce an almost continuous flow with mummum pulse, and
while no definite evidence ewsts as to whether a pulsatile flow
1s necessary 1t may be important and a pump has been designed
which seems closer to the 1deal (Melrose 1955)

In this a simple straight rubber or plastic tube 15 squeezed
by compression plates one plate acting as a back stop against
which the other plate presses the tube The pumping plate 1
dniven by a cam shaft which 1mparts an undulating movement to
1t The back stop can be moved tow ards or away from this moving
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plate and hence the amount of compression can be varied and
with 1t the stroke volume In practice a varation of output
between zero and five litres per minute can be obtained 1 this
manner Such a pump of course requires valves to durect the
flow and 1n order to mamtamn the advantages of the roller pump
1 this respect these valves do not Lie within the blood stream
They are essentially miniature verstons of the pumping plates
and completely occlude the tubing at appropriate points m
the pumping cycle which provides a close wmtation of the
normal veniricular cycle In this design the tubing 1s only com
pressed completely at the valve sites and hence there 1s little
danger of blood destruction by the apposition of the walls of
the tube 1n the pump chamber It 15 this apposttion of the tube
walls throughout 1ts whole length 1n the roller type of pump
which endangers the blood cells

It will be seen that no hard and fast rules yet extst to govern
the design of pumps Agam, the considerations of practical
utility have to be balanced aganst the clamms of phystological
mmtation One thing above all 1s clear, however, and thats that
the pump must be capable of mamtaning a blood flow of at
Ienst four litres a minute agamst normal vascular resistance, 1615
also essential that as smooth a flow as 15 possible through the
pump should be established, that the matenal with which
blood comes mn contact should be mert and non toxc that the
pump chamber should be capable of stenilization that com
plete mechanical rebability can be expected Simplicity, ease of
mamtenance and accuracy of control of the output from the
pump are also valuable attributes The chorce 15 a wide one and
there 1s little save experzence to take as a gwide

The somewhat bewildering vartety of oxygenators and pumps
at present bemng successfully used must ndicate how fluid this
subject 1s at present The restless search for the 1deal apparatus
indicates too that none of the solutions so far offered 15 wholly
satisfactory, and 1t 1s true to say that this subject has entered 2
new phase Now designers can turn their attention to the per
fection of these mstruments certamn that the techmque of by
passing both heart and lungs 15 no pipe dream Where before
ths endeavour was directed to the proving that such 2
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substitution could be undertaken, now 1t must be directed to
the search for those essential requrements which will enable
blood to be circulated extra corporeally with complete safety

‘Tue By PAss PROCEDURE

It has been the expenience of all those working 1n this field,
whatever the solution chosen, that suddenly their work 1s
crowned with success Each group has found as techmque
bulds up and their experience widens that perfusions become
possible and probl previously msur ble melt away
The mechanical aspects of the heart lung machine are only, of
course but a small part of the technique of the by pass pro
cedure which must become the responsibility of a team expent
enced not only 1n the surgery of the heart but also skilled 1n the
measurements of vascular pressures and of biochemucal and
haematological changes

Nothing categonical can, of course, be laid down 1n answer
to all these ancillary problems However, certamn broad prin
ciples are agreed at this time to govern the techmque of con
necting heart lung machines to the patient or animal, to prevent
blood coagulation and 1ts attendant problem of re establishing
a normal clotting ttme after perfusion, and to avoid severe
metabolic alterations

CANNULATION

It 15 generally agreed that venous blood should be extracted
from the great veins entering the heart by wide bore tubes and
1n practice 1t 1s usual that these tubes be passed mnto the superior
and 1nferior vena cavae through the right atral appendage
This 15 particularly necessary when blood 15 allowed to flow
freely from these veins without the assistance of a suction pump
As yet there 15 no complete agreement on the vexed problem
of how to ensure the maximum flow from the vemns, some rely
on gravity others on direct suction, but all are agreed that as
large a calibre tube as possible should be inserted close to the
entrance of the great veins into the heart

For the return of oxygenated blood 1nto the artenial side the
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most usual site 15 the left or right subclavian artery The sub-
clavian artery 1 of lrge bore, 15 close to the vatal centres and can
be s1cnificed 1f need be without danger Into this vessel can be
mserted a cannula capable of carrying the normat cardiac out
put for that particular patent without the 1mposition of a high
resistance to the inflow of blood It 1s essential that a vanety of
cannulac are at hand to ensure that the largest that will fit nto
any given subclavian artery can be mserted, for the intexference
to blood flow created bv a very narrow cannula causes con
siderable destruction of red cells and sersously hinders per
fusion
PrEssuRe MEASUREMENT

The measurement of the arteral pressuse and also that withm
either the supertor or infersor ven1 cava by direct cannulation
should be regarded as obligatory That obtumng in the great
sens 1 10 my opmton the mo t wnportant single factor 1
establishing a successful perfuson The rate at which the
perfusion can he pertormed must of course depend wholly on
the rate at which blood can be obtained from the venous system
Additional suction from the veins can have no effect other than
to collapse them and to bring the perfusion to a halt It s thws
essential to mamtam that perfuston rate which mamtains the
central venous pressure as normally as possible and 3t 35 most
uscful to have a continuons messurement of this value both
pror, during and after perfuston 1 have mentioned the warning
given by a reduction of the venous pressure to low levels, herald
g as 1t does collapse of the vems Equally uscful 1s a nse e
venous pressure for ats mdication that the perfusion rate is not
being mamtained at the highest possible level Here, of course,
the subject gets more controversial for in the low flow systent
a high venous pressure 1s expected because the perfusion rate 18
arbitranly about a third of the normal cardrac output

A record of the artertal pressure when taken m conjunction
wath that of the central venous pressure gives a relhable index
of the state of the heart and the onset of heart fatlure can be
readily appreciated The artertal pressure 15 used also to detect
changes 1 the size of the rascular bed and reflect the vaso
motor tone
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LLECTROCARDIOGRAM

Two other quantiies which should 1f possible be measured
continuously are the electrocardiogram and the electroence
phalogram Though lttle change 15 normnlly found 1n the
electrocardiogram alteration of the T wave 1s a sensitive index
to chemical change 1n the blood and of course the onset of
arrhythmuas gives warmng of the possibility of ventricular
fibnllation The recording of the electrocardiogram may well
be continued for many hours post operatively for the extensive
operative repair of some cirdiac defects gives rise to consider
able anxiety during the period of operative recovery

Detaled nterpretation of the electroencephalogram 1s not a
necessity but alterations of the normal alpha and theta rhythms,
particularly towards the slow delta thythm sigrufy a failure to
sufficiently perfuse and oxygenate the brain As patients are
normally only hghtly anaesthetized during cardiac surgery the
effects of anaesthetic agents arc minimal and alterations to the
electroencephalographic pattern are of serious 1mport It has
been the expentence of many that even an apparently satis
factory by pass procedure may come to nought due to an un
detected cortical damage »f this measurement 15 neglected

Broop VoLume

Very considerable care must be exercised i regard to the blood
volume Accurate estimations of blood loss must be made
throughout the procedure and full replacements immediately
made Care must be excraised to avord the consequences of the
njection of large quantities of fluid, which though isotonic may
1 fact not be 150 osmotic A higher proportion of farlure parti-
cularly 1n those cases already wcapaatated by pulmonary
damage 15 likely 1f severe haemodtlution occurs So sertously
do the workers at the Mayo Clinic consider this problem that
they take special care by the addiion of human albumen to
Presenve the 150 osmotic value of any flmd used, exther to mamn
famn an mtravenous route or to flush through cannulae or

th used for The smaller the patient the
more important this aspect 1s and the more essential 1t 15 to
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preseeve 1 normal blood volume Weighing before and after
perfusion should be carned out and readjustments made to
ensure no overloading of the vascular system

ANTICOAGULANTS

All machines require a certain amount of blood to charge them
This blood must be fresh blood taken through non wettable
tubing 1nto non wettable containers The anticoagulant used
should 1n general be heparin and a generally agreed value for
this 1s fifteen milligrammes of hepanin to each five hundred
mullilitres of blood stored Coagulation 15 prevented 1 the
patient or amimal by the ntravenous injection of heparn
Alternatives exist, of course, but heparin 1s by far the most
common substance used Though 1n some respects inadequate,
particularly 1n regard to the change 1n the actual physical pro-
perties of blood which heparin creates, hepann has the ment
of being 2 naturally occurring substance whose action can be
reversed This reversal can be brought about by the mmjection
of protamine sulphate This compound forms a loose bond with
free heparin 1n the blood and neutralizes its anticoagulant effect

Protamne 1s not without dangers and of tself creates clot
ting problems 1f given 1n great excess It has an additional dis
advantage of effecting the blood pressure 1f given rapidly or 1n
too high a concentration A workable rule 1s to obtam a hepa
nn level 1 excess of two milligrammes per kilogram of body
wesght 1n the blood and to reverse 1t at the end of perfusion
with the same quantity of protamuine after which a clothng
time exammation 1 made If this value 1s less than twice normal
no further protamme need be given If 1t 15 greater than this
then protamine should be given until twice the estimated dose
has been admunistered

Failure to re establish 1 normal coagulation time following
a by pass procedure may be due to many complcated effects
There can be no doubt that platelets are usually deposited on
the artificial material of which the apparatus 1s constructed,
and 1t 15 hnown that a form of defibrination of the blood fre
quently takes place This 1s not obvtous and does not often lcm}
to frank clotting However 1t does lead to the consumption ¢
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many clotting factors and the only way n which this can be
prevented 1s to ensure that the heparin level 15 not allowed to
fall unduly dunng perfusion The treatment of the bleeding
tendency sometimes found 1s at present confined to replacement
of blood, and 1n some 1nstances to the addition of fibnnogen
Blood must be quite fresh and must be drawn with the same
precautions as that used to charge the machine, namely through
non wetting surfaces 1nto non wetting contamners A direct
transfusion can be of enormous value 1n a scvere bleeding
tendency A point to note 1n this context 1s that 1f the blood 1s
allowed to cool during passage through the machine the
tendency to bleed will of course be exaggerated This problem
ments considerable further study for 1t 1s by no means solved
and continues to Jeopardize the by pass techmque

MarteriALs

The effect of passing blood over foreign surfaces 1s a vanable
one and many of the difficulties assoclated with coagulation
deformities following perfusion are i fact due to the use of
imappropriate matertals The advent of many now plastic
materials whose surface can be rendered quite non wettable
and whose composition 15 non toxic has greatly simphfied the
choice Platelets, leucocytes and nevitably fibrin, will adhere
to rough surfaces to those contaminated by debris and part1
cularly to those exerting strong chemucal attraction In this
Tespect untreated glassware 1s suspect as 1s rubber in which
there 15 an excess of chemical fillers Pure latex, and glass
whose surface has been rendered mactive by a coating of sth
cone 15 less gulty in this respect Probably the finest matenal
from which to make apparatus at present 1s polytetrafiuor
ethylene Thus has as the trade names fluon or teflon Unfortu-
natcly 1tis asyet, VETY €Xpensive and most workers are content
with either perspex or polyvinyl chlonde These two though
almost 1deal, cannot be safely autoclaved and while chemrcal
stertization 1s undoubtedly effective there are many who would
prefer to add to such a method the more traditional one of
autoclaving

Whatever the material the surface to which blood 1s to be

n
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exposed must be as smooth as possible It has been found that
provided the finest polish 1s gven to 1t stainless steel 15 an excel
lent maternial, and 1s particularly suitable where nigid parts ar¢
requred The choice of materials grows ever larger and 1t 1s
quite safe to say that the precise requirements will i future be
met

The use of sthcone compounds has been particularly reward
ing Not only will certamn of these compounds make mert other
wise active surfaces, but others of the same group have the
remarhable ability to de foam blood without 1n any way injuring
the blood 1tself It would be true to say that the resurgence of
iterest 1n the bubble type of oxygenator 1s wholly dependent
upon the discovery of ‘Silicone antifoam A

FiLTrATION

The necessity to filter all the blood coming from the machmne
has not been established However, normally the lungs shield
the cerebral and coronary vessels and probably filter out aggre

gattons of protemn and other cellular debris This can be 1m1

tated by screens of fine mesh, but if to be fully effective agamnst
such particles these screens constitute a gross impediment 10
flow and may of themselves contribute largely to the destruc
tion along the tubes Most workers are content to screen only
those particles which wall not pass through relatively large
meshes and 1t 15 usual fo employ a mesh of between a hundre

and two hundred and fifty mucrons In order that hold up by
such a filter should not be excessive large areas of mesh must be
used Frequently the filter can be combined with an air trap in
the circuit

ConcLusion

These then are some of the associated problems wath their pre

sent solutions There are many more particularly those which
I will call the physiological response to the by pass procedure

Lattle as yet 15 known of the physiological mechamsm brought
into play when the heart and lungs are by passed The be

haviour of individual organs 1s as yet, unstudied, and even the
effect on the cellular elements of the blood 1tself awaits more
refined techniques of determuning cell survival and function
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But a point mn develop has undoubtedly been reached
from which one can look forward to an increasing concentration
on such problems rather than those of mere survival

1, myself, am wholly optimustic My wish would be for a fully
artifictal solution employing a disposable membrane type of
oxygenator and pump capable of accurately reproducing the
normal pulse This device would require but a small quantity
of blood to fill 1t, be autoclavable and have an oxygenating and
pumping capacity closely approaching that of a normal man
I think I can speak for most of those who have worked longest
1n this field when I say that we have just begun to solve the
problem posed by the heart lung machine
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VII

Cajal and Sherrington
E G T LIDDELL

Historocy 1800-65

HETHER or not the task of the medical biographerisa

s ; R / weighty one depends 1n part upon what 1 generally
known about the subject It 15 general knowledge for
mstance, that before Lister s discovery of antisepsis, the morta
hty of surgical cases was terrbly high  The Hustory of wars and
of hospitals makes that clear So when that adnurable bio-
graphy of Lord Lister was composed by Sir Rickman Godlee,
there existed already a generally appreciated background of
mformation agamnst which the reader could gauge Listers
achievement But when 1t comes to describmg the secluded bfe
of laboratory workers the task 15 not quite so stmple, because
what work 1s attempted and what 1s done 1n laboratores 18 not
so generally known or hardly known at all The background of
mformation 1s scanty, gauging the achievement difficult Both
Cajal and Shernngton were laboratory workers Cajal was born
m 1852 and this year of 1957 15 Sherrington s centenary year
Although they never worked together their 1deas were hnked
together mn the last decade of the century to support and suc
cour the so called Neurone Theory—the 1dea that nerve cells
1n the nertous system were separate entities—each umt sepa
rated anatomically but not functionally from every other unit
What came before this Neurone Theory? What had people
thought®> What had they tried to do? Why was thus theory s0
different® To get the fullest measure of the background, I will

go back to the beginmng of the nineteenth century

At that time, here 1n London we should all have been very
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much aware of a colourful, not to say flamboyant character,
Sir Everard Home He wrote much on mucroscoprcal observa
tions and was well faular with early microscopes, because he
had borrowed (but alas! never returned) the valuable collection
of Leeuwenhoek’s microscopes which belonged to the Royal
Society For the present purpose I just wish to record hus warntng
which 1s always true, that we should never trust too much the
picture made by the pe This was especially true m
those early days because the mucroscopes had every possible
defect, beginmng with chromatic aberration It was not until
1826 that the father to be of Lord Lister, Joseph Jackson
Lister a London busimess man caused the first achromatic
microscope to be made In 1829 the Royal Society published
hus paper upon 1t The two dates mark the beginning of the end
of the stone age of microscopy Before that time nerve fibres
floated 1n water as was the practice, developed regular van
costttes, which, when viewed with defective microscopes, gave
the appearance of a string of beads—globular bodes, they were
called This created confusion when a httle later, globular
bodses which were, 1 fact, nerve cells, began to be described
Pethaps the last worker 1n that early tme who merits a word
1 the botamist Dutrochet the author of an attractive httle
monograph (1824) on the appearance and excitabihty of vege
table and animal tissues Among hus Hlustrations one finds the
pucture of a peripheral nerve fibre floating 1n water with httle
bodies perched here and there upon 1ts surface Ithe buns on a
plate which he said were nerve cells And he described stmilar
bodues closely packed together i the bram of the frog which he
said were 1dentical 1 appearance and were also nerve cells
No doubt he was looking at myelin globules and not at nerve
cells at all certamnly not on the surface of a penpheral nerve
fibre But he did say that the brain 1s an organ emnently des
tined for the production of nerve force since the preponderant
tissue 15 nerve corpuscles He showed a drawing of nerve fibres
from some of which a granular substance 1s emergine since
pressure has been applied to the covershp This showed at any
rate, that nerve fibres were not hollow tubes, as had been
thought some years earhier Therefore, if they were not hollow
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tubes, 1t would be difficult for ‘animal spmts’, ‘nerve force,
‘vital force’, to travel through them So the idea of anmmal
spints, mherited from Galen by Wilhs, Descartes and other
writers, was henceforward to be doubted Mention of pressure
on the covership brings me to the techmcal methods of those
times There had been no fixatives, though alcohol was begin
ning to come 1nto use Hitherto, 1n order to obtain a translucent
section of the central nervous system, the microscopist had to
cut, with curved scissors or a ‘very sharp kmife , as best he could
at the surface of a tissue which resembled a jellified soup 1n
which globular objects might be vaguely scen He would then
press on the covershp 5o as to make the section more transtucent
Penipheral nerve fibres were much tougher to handle but difi
cult to see mto It seems strange that alcohol was not much
used before 1811, remembering that Boyle had described 1ts
preservatrve powers, that Settala’s anatomical museum ewsted
1 Milan at the end of the seventeenth century wath sts bottled
Stamese twins and was one of the sights of the aty, and that the
British Navy was reputed to have knowledge of the preserva
tion of the bodzes of d d admurals by 1 macask
of rum There were no good fixatives, no microtomes, n0 senal
sections no stams But until achromatic microscopes were
available, the need for these 1mprovements was not apparent
As Dutrochet said 1n his time, and as Everard Home before him,
the tlusions of the microscope make 1t difficult to distinguish
the truth

The first credit for describing nerve cells 1s usually grven t0
Ehrenberg (1833) who saw and descmibed 1n a very brief
account, iregular globules m the bram, and also ‘ganghomic
globules or corpuscles in the spmal ganglia of frogs His micro-
scope 1s not mentioned as being achromatc, but worked best
at a three hundred fold magnification In the following year
Rudolph Wagner mentioned that the nerve fibres of sight, smell
and heanng organs suddenly swell into bladder shaped bodues
full of nerve marrow, after which they narrow down agamn mto
fine nerve tubes which are crystal clear Nerve tubes else
where, however, were filled with nerve marrow

The first continental author to sing the praises of the achro
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matic microscope was Purkinje, a Czech born professor at
Breslau, 1n Germany He had acquired an mstrument from
Vienna m the early thirties, and using 1t ‘with real wolf's
hunger described various ganglionic corpuscles 1 parts of the
brain and spinal cord (Ehrenberg s name of ganghiomc cor
puscles’ was to continue to be used for a long time ) Purkinje
also used a mucrotome but has left no description of 1t It 1s
probable that he also, as early as 1830, had een the nucleus
1 the yolk of the hen’s egg, a year before Brown saw the nucleus
as an opaque spot’ 1n the vegetable cell Purkinje s great day
came on 23 September 1837 when he described to 2 meeting of
scientists and doctors at Prague those cells m the cerebellum
which are still called after im ‘Each of these small round bodues
has a blunt rounded end on the mner side towards the yellow
substance and shows 1n 1ts retort shaped form a central nucleus
The other tail like end 15 directed outwards and 1s lost mostly
with two processes going into the outer grey substance where the
vascular layer 15 Here 1s an advance to be noted Nerve cells
are descnibed and clearly illustrated They have nucler and
they have processes It1s a proper tribute that these cerebellar
cells have always been known as Purkinge cells

Remak s monograph which 1s 50 often quoted did not appear
until the followmg year, 1838 and wath illustrations which
are less good, of nenve cells 1n sympathetic and dorsal root
gangha, with nucle: mnside the cell and processes protruding
from the surface of the cell In 1841 Remak went on further to
describe the pale protoplasmic processes which afterwards
came to be called dendrites Before long thanks to the labours
of one of Purkinje s pupils Valentin the central nervous cor
puscle was being Tikened to an ovum with the nucleus hke the
germ the contents of the outer enveloping cell hike the yolk, and
the wall of the cell to the vitelline membrane Thus the earhest
days were passing  There was no longer any reason for observers
to peer with simple magmfying glasses or no glasses at all at
amperfectly prepared matenal and pronounce that the central
grey matter was cineritious  that 15 grey, amorphous ash
like But still 1n the decade before Cajal and Sherrington were
born regular methods were hardly established and results were
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tubes, 1t would be difficult for ‘animal spints’, ‘nerve force,
‘wital force’, to travel through them So the idea of ammal
spirits, inhented from Galen by Willss, Descartes and other
writers, was henceforward to be doubted Mention of pressure
on the covershp brings me to the technical methods of those
times There had been no fixatives, though alecohol was begin
ning to come mnto use Hitherto, i order to obtain a translucent
section of the central nervous system, the microscopist had to
cut, with curved scissors or a ‘very sharp knife’, as best he could,
at the surface of a tissue which resembled a Jgellified soup m
which globular objects might be vaguely seen He would then
press on the coverslip so as to make the section more translucent
Perrpheral nerve fibres were much tougher to handle but dift
cult to see into It seems strange that alcohol was not much
used before 1811, remembening that Boyle had described s
preservative powers, that Settala’s anatomical museum evsted
1 Milan at the end of the seventeenth century wath its bottled
Siamese twins and was one of the sights of the city, and that the
British Navy was reputed to have knowledge of the preserva
tion of the bodies of d d admurals by on 1n 2 cask
of rum There were no good fixatives, no microtomes, no sertal
sections, no stains But until achromatic murcroscopes were
available, the need for these improvements was not apparent
As Dutrochet saxd 1n hus time, and as Everard Home before him,
‘the 1llusions of the microscope make 1t difficult to distngush
the truth’

The first credut for describing nerve cells 15 usually given to
Ehrenberg (1833) who saw and described n a very brief
account, irregular globules 1n the bram, and also ‘ganghonic
globules’ or ‘corpuscles 1n the spinal gangha of frogs His micro-
scope 15 not mentioned as being achromatc, but worked best
at a three hundred fold magmfication In the following year
Rudolph Wagner mentioned that the nerve fibres of sight, smell
and hearing organs suddenly swell into bladder shaped bodies
full of nerve marrow, after which they narrow down again nto
fine nerve tubes which are crystal clear Nene tubes else
where, however, were filled with nerve marrow

The first continental author to sing the prases of the achro
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When I saw the magmificent radiating bundles and the cortical
tracts of nerves I realized that I had discovered the key which
would open the chambers of the wonderful structure of the
spinal cord Not more gladly did Arclhimedes call out his
evpexa than did I shout out on beholding that sight* Even af
‘that sight wasn’t as wonderful as sights seen m later years
Stilimg had at least wntroduced the notion of freezing before
sectioning, and reaffirmed the notion of senal section

An early form of microtome consisted of a tube with a flanged
mouth across which the very sharp kmfe’ was drawn by hand
to cut each section while a thumbscrew 1n the tube pushed the
matenal towards the mouth Tissues were not embedded as yet,
but were shaped mnto a cylinder by a sort of cork borer and
pushed mnto the microtome tube from the flanged mouth If
that procedure was not possible they were encased with pith
or turnip so as to make a tight fit inside the tube When freezing
microtomes did come the evaporation of ether was used to
produce the freeze Much later on 1n 1869, Edwin Klebs made
a very casual reference to paraffin wax for embedding and
1871 Rutherford of Edinburgh dropped paraffin wax mnto the
microtome tube i order to conschdate the position of the
tissue 1n 1ts orifice The 1dea of using paraffin seems to have
grown up quickly and silently from no particular origin, and at
the end of lhe century Gustav Mann n hus learned book on
tustol fessed that he did not know who intro
duced the method of embedding 1n paraffin wax

At mud century the outstanding book on histology was by
Kolliker, translated from German mto Englsh mm 1853 by
George Busk curator of the musuem at the Royal College of
Surgeons and Thomas Huxley Kolliker ever cautious and
Tus long hfe usually nght (hc lived fmm 1817 to 1905) collated
the existing evid les or nerve
cells with processes wh.lch seemed to pass over mto dark
bordered tubes That passing over was now a crucial question
i the complex higher ammals Did all the long processes of
nerve cells really always pass mto medullated nenes® Tech
nique was not yet good enough to allow the process from the
nerve cell to be followed as far as the pomnt where 1t acquired a
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often very much a matter of chance At least, however, about
this time, the general improvement in hving condttions which
followed the construction of railways had 1ts good effect also
upont science, for communication between places and the
transport of books and papers were much factlitated Scientists
could exchange information more easily

In 1842 three events took place which were important for
muscroscopical science First, Helmholtz, who, of course, began
his career as an army surgeon and was then twenty one, wrote
his M D thesss for the Unmiversity of Bethn Working, 1t 15 true,
onnvertebrates, with the microscope uncorrected for chromatic
abberation, he described clearly how he saw the processes from
nerve cells runming mto the primitve tubes, as medullated
nerve fibres were then called Nerve cells and nerve fibres at
last had been discovered to be associated wrth one another
‘Et caudas eorum 1n 1psos nervos transeuntes The long caudal
process of nerve cells ran mto a nerve fibre But other nenve
fibres merely came from central parts’ Second, there came 2
thesis from a Dane named Hannover who, like Helmholtz, had
worbed 1n the Berlin Jaboratory of Johannes Muller, and made
the 1mportant introduction of potasstum bichromate as a fixa
trve Besides other advantages 1ts use got rid, once and for all
of varicosities m nerve fibres—or rather prevented ther
appearance Hannover s monograph, publshed i Coper
hagen, 15 remarkable for some of its illustrations, probably the
best that had hutherto appeared Moreover, some of his materal
was from human subjects His nerve cells with their processes
are easily recogmizable for what they are Before then, the
reader would need to look at the text, before the figure 10 find
out what he was supposed to see The length of the processes
from nerve cells were better shown for a distance equal to four
or five drameters but after that they were lost Stains were yet
to come, ser1al sections were unrehiable, but came soon as the
thurd 1mportant event of 1842 On 25 January 1842 Stiting by
chance left a piece of spinal cord on the window sill at a tem
perature of —13 R The next morning, finding 1t frozen hard
he cut sections and examined them under his magnifying glass
apooraﬂ"axr witha magmification of only fifteen diameters or less
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definite and emphatic statements about the separateness of
nerve cells Therr processes do not join with or anastomose with
the processes of any other nerve cells They terminate freely or
approach the neighbourhood of other nerve cells The cells are
entirely independent umits Anyone who thinks that the pro-
cesses of nerve cells jom or anastomose believes m a delusion
Denters in fact had discovered the Neurone Theory but hus early
death prevented recogmition 1n a time that was not ripe The
part of hus work that was recogmzed was the sure estabhshment
of the belief that every nerve fibre orginated 1n a nerve cell, and
was never a separate kind of tissue This came to be known as
Deiters Law Twenty years before some authors had confessed
that nerve fibres were not to be distinguished from fibrous tissue
That ime had now passed Deiters Law was accepted, but not
seemingly with outspoken enthusiasm 1n 1its own country of
ongin Later on, 1 this country E A Schafer supported 1t
strongly The slow growth of reahzation of scientific truth 1n
those times could have been noted 1 the previous decade on a
different problem Augustus Waller, after desersbing 1n 1850
his famous observations on the alterations produced in the
structure of the fibres of the glosspharyngeal and hypoglossal
nerves of the frog, following section went on two years later
to experiment with the nerves on either side of the dorsal root
ganglon and concluded that the nutritive centre for the fibres
lay 1n the ganghon—just that, and no more He made no sug
gestions ahout the nature of the nutritive centre Nevertheless,
Ius degenerate nerves attracted much attention, as they deserved
todo Soon everyone was talling about Wallertan degeneration
without knowing the real reason for degeneration

Gorer anp CajaL THE WHOLE STRuCTURE oF THE NERVE CELL
‘With Derters nearly forgotten after never being fully re cognized
the year 1873 was memorable for the mtroduction by Camilio
Golgi of Pavia of lus method of staming nerve cells Silver as a
reagent was twenty years old but Colg: s method of applying it,
essentially a sumple method gave starthing results The nerve
cell and all 1ts processes stood out as one whole black silhouette
with a clanity that had never been seen before and which 1s still
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sheath So 1n 1858 Claude Bernard, a bold experimentalist
eager to advance and not an over cautious histologist inhubited
by lack of evidence, pomnted out the obvious by saying that
nerve tubes must have both a beginning and an end Besides
nerve tubes, he said, there was another kind of element n the
nervous system, namely nerve cells which were found 1n the
grey matter of the cord and n ganghia Nerve cells he continued,
were sometimes the origin of nerve fibres Indeed mn the anterior
column of grey matter 1n the sptnal cord there 15 a condition of
large ganghonc corpuscles which give rise to the motor nerves
Stulling had established so much 1n 1842, and had seen rerve
fibres coming out of nerve cells 1n the oculo-motor and hypo-
glossal nucler Some hustologists about this time thought that
the connection between nerve cells and nerve fibres might be
only temporary, and that nerve fibres, after being secreted by
nerve cells were separated off from them

Derrers A ForcotTeN HisToLogisT

An answer to these doubts came in 1865 but outrageous
fortune decreed that the answer should not be widely heard
The answer was contained m a monograph published two years
after the author’s death from typhus at the age of twenty nin¢

The author was Deiters and the editor of the posthumous book
was hus teacher Max Schultze of Bonn Deiters had used potas

sum bichromate as 2 fixative he cut his sections 1n series and
he used a stain, ammomacal carmine That was better, he
found than the ordinary carmine which was the red ik of the
peniod and still exists 1n our kitchens today as cochineal Besides
imtroducing these three strong points of techmque, Derters also
made some excellent drawings There can be no doubt that he
saw clearly and distinctly as he sard clearly and emphatically,
that every nerve cell gives rise to a long process which becomes
a nerve fibre That long process looks different and 1s different

He even noted the existence of local narrowng of the process
soon after 1t leaves the body of its parent nerve cell The other
processes from the nerve cell, the clear protoplasmic processes,
‘dendnites as they were called later, were altogether different
from that long process Most importantly Deiters made most
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their heretical opimons angered the Spamard to hus dymng day
One umanqushed Reticulanst was Dogel of St Petersburg
who, ustng Ehrlich s new methylene blue stain claimed tosee, at
least 1n the sympathetic nervous system  that there were proto
plasmuc bridges across ponts of anastomosis of nerve cell pro-
cesses By 1891, however, the modern view was firmly set on the
map by Waldeyer of Berlin who suggested that this new theory
of separate nerve cell umts should be called the Neurone Theory
Waldeyer’s only contribution had been to sit and think of a
word! Van Gehuchten of Louvam had been a strong supporter
of Cajal His objection was to the use of the word Theory’,
because facts to um were facts , not theortes A fresh develop
ment of the 1dea was started by van Gehuchten who1n 2 vague
tenuous way made suggestions which led Cajal on to describe
his notion of the ‘dynamic polanzation of nerve cells Cajals
argument was that the cells gave origin to the special structure
of the cylindraxis with its charactenstic property of conducting
nerve messages away from the cell body to a special destination
The dendnites, the clear protoplasmic prolongations of the cell
were concered with centrpetal conduction towards the body
of the cell Even two years eather Cajal had formed the mental
preture of dendnitic prolongations being collectors or receptors
of electrical currents Cajal did not use the word polanzation
m an electrical but i a geographical sense To the nerve cell
there was a way in as 1t were and there was a way out
The begmmng pole had 1ts own function and the outgoing
pole had 1ts own function Perhaps , Cajal wrote 1n later years
a new techmque 1n the future may reveal new and more 1nti-
mate connections between nerve cells At the present, 1t has to
be admutted that the nerve currents are transmutted from one
element to another by a sort of induction or mfluence at a
distance  Cajal s mentton of mduction or influence at a dis
tance between nerve cells was of course an old rdea which had
been put forward by E A Schafer as early as 1878 Cajal does
not seem to have known that Schafer had seen the separated
nerve cells m the umbrella of durelia mtermingling intertwin
g though without anastomosisor joinmyg Schafer had said then
that the conveyance of nerve message between nerve cells must
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very famihia to us all Golgr humself lost no time 1n publishing
many impressive illustrations but he adhered to the current
belief, undisturbed as 1t had been by Deiters, that a nerve cell
by 1ts long processes an1stomosed end to end with other nerve
cells by their long processes and so were protoplasmically con
tinuous with one another 1n a diffuse network The finer pro-
cesses (dendrites) were supposed to be for nourshment, hike
the roots of a tree Many hstologists began to use the Golg
method, among them August Forel of Zurch As Forel says
1n hus autobrography, he was using Golgr’s method mn the autumn
of 1886 and began then to have doubts of Golg: s network The
nerve cell processes seemed to him to end blindly, without
anastomosis He came to be quite sure that the tdea of Golgr’s
diffuse network of anastomosing processes resulted from errone
ous observation Thinking over his own results and thewr mean
g, he remembered Ranwvier s work which showed how pro-
cesses grow out of nerve cells agam after myury Gudden’s
atrophy method, too, showed that only certamn groups of cells
showed change when their axones had been cut The changes
were not general Then, only 1n October of that year, His had
shown how protoplasmic processes grow out of embryome
nerve cells All this was evidence of the separateness of nervé
cells from one another, and 1n January 1887 Forel published
his doubts But to hus later regret, he did not think of a name
for the new theory for which his results gave support By 1889
Ramon y Cajal n Barcelona, who had been using the Golgt
method for 1 year on embryomic tissues, was also quite sure that
‘Retriculansts who believed 1n the Golgr network, were wrong
He attended a meeting 1n Berlin 1n the first fortnight of October
of that year and showed hus preparations Important authorities
were there, Kolliker, the doyen of histology mm Germany and
the world, Retzius from Stockhelm, His from Lepzig Wal

deyer from Berlin  These world celebnities began thewr exami

nation with more scepticism than curiosity Undoubtedly they
expected a flasco , wrote the sensitive Cajal, but he goes on

Finally, the prejudice agamnst the humble Spanish anatomust
vanished and warm and sincere congratulations burst forth

There and then Reticularsts were almost entirely routed But
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SuerrINGTON THE FuncTioN oF THE NEURONE
Shernngton was five and a half years younger than Cajal
having been born n 1857 As an assistant to J N Langley
he began in 1884 to publish papers with hum on the spinal and
other degenerations produced by Goltz’s excisions from the
brains of dogs—all this let 1t be remembered, before the days
of Forel, Cajal and Marchi, when without great nisk of con
tradiction 1t was still possible to believe—as many did—in the
Golg diffuse reticnlum The best stain was still carmane, but
there was no sure knowledge of the relation whether direct or
ndirect, between the cortex cerebri and the pyramudal tract
Then 1n a few years time when Sherrington was m s early
thirties came the revelations of Forel Cajal and van Gehuchten
In the experimental fields in which Shernngton became so
lucid an exponent, 1t had long been clear enough that the Bell
Mayendie law of spmal conduction was unshakeably true 1n the
mamn The law of forward direction (William James, 18g0)
when extrapolated to the single cell became the law of dynamic
polanzation No matter how much the motor spinal root was
stimulated (except m such a way as to give gross escape of
electrical current) messages did not travel from its orgin back
mto the central nervous system so far as could be seen at that
time The circuits 1n the nervous system appeared to Sherring
ton to be valved aganst regurgitation The nerve centre
exhibits a valve like function, allowmg conduction to occur
through 1t 1n one direction only That the direction of nerve
1mpulses 1s not reversible along the neural chamns may be the
funcuon of the synapse If at the nexus between neurone and
neurone there does not exst any actual confluence there must
be a surface of separation  Such a surface might restrain diffu
sion bank up osmotic pressure, restrict the movement of 1ons,
accumulate electric changes support a double electric layer,
alter m shape and surface tension with changes in difference of
potential alter n difference of potential with changes 1n sur
face tension or 1n shape or mtervene as a membrane between
dilute solutions of electrolytes of different concentration or
colloidal suspensions with different sign of charge The latest
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be by ‘inductive action whether electrical or of some other kind
Or perhaps exuberant speculation was bemg restricted at that
time by Rolliker s warming that what was seen to exist mn one
kind of ammal must not be assumed to exst i all kinds of
amimals

The final touch to the Neurone Theory’ came 1n 1897 when
Held described ‘end feet’ upon the bodies of nerve cells They
were the blunt ends of axons from other nerve cells Held did
not use a silver stamn, and 1t remaned for Cajal to produce an
improved silver stain which showed clearly the bulbous pro
cesses ending blindly on the surface of nerve cells and their den
drites  Contiguity, not continwity’, was the watchword of the
neuronists These end feet’, ‘end knobs’, boutons termmaux ,
are very familiar to modern scientists and provide many
mystertous problems for them at the present time Meanwhile,
1n the seventh edition of Foster s Physiology n wiuch the named
author was assisted by Sherrington, there appears the word
synapse And in Schafer s textbook of 1goo where Sherrngton
1s agamn an author, the word appears once more It 1s con
venient to have a short term by which to speak of the union of
one nerve cell with another by this close contigmty of processes
with the cell body or of processes wath processes presumably
without actual continuity of substance Sherrngton describes
the nerve cells as holding hands with one another That behefin
contigutty and not anastomosis was to be the working hypo
thests of humself and most other experimentalists for years to
come, but doubters continued to exist sporadically Golgi s
last public confession of faith as a Reticularist was made at
Stockholm 1n 1906 when he and Cajal shared the Nobel Prize
The ceremony was a dramatic occaston for the older man Him
selfthe mventor of the silver staiming method, he declared Tmself
unable to agree with the findings of Cajal who owed discoveries
mamly to that method Yet both were Laureates together
Golg: said that he maintamed his behef m the diffuse nerve
network between cells, but he did concede that the neurone
was an independent cellular umt
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professor The old 1dea remamed 1n books until 1891 when 1t
appeared 1n Stirhing s textbook, but with a correcting caption
to say that owng to the discoveries of Cayal (5w} the diagram
must now be considered out of date In 1ts most modern and
perfected form however 1t reappeared m 1925 to 1llustrate the
phenomenon of recrutment of mreflex n
(Sherrington, 1925 Proc Rey Soc B 97, 519) In the nneties
the 1dea nipened m Shernngton s mind that Foster s lines of
resistance 1 the nerve net were the ‘intercellular barners, del
cate transverse membranes ewisting at the synapses where
nerve cells ‘held hands  They were also the valves agamst re
gurgitation So at the turn of the century, when he had settled
the weansome geographucal problem of hmb plexuses, Sher-
rington felt ready to find out mn detail what characters dis
tingwshed reflex arc conduction from nerve trunk conduction
One expenimental feature of hus work was different from others
He made graphic records of muscular action, records that could
be preserved and analysed Many of his predecessors had used
myography for studymg the activiies of perpheral nerve-
muscle preparations but not often of reflex actions Frangois
Franck had been early in the field to record myograms when
the cerebral cortex was stimulated Sherrmgton bought his
copy of Franck s book 1n 1887 the year of its publication, and
had those beautiful 1llustrations at his elbow—beautiful be
cause their author was a worthy pupil of Marey the early
master of graphic recording who eventually gave up physio
logy to become a pioneer of research mn motion pictures
Among physiologists of an earlier generation who had not made
graphic records was Ludwig (1853) but he had made the preg
nant observation that a sumulus thrown mnto the spinal nery ous
systermn mght suffer temporal and qualitative alterations and
mght elicit a repetitive response Some years later, Gergens
m Goltz s laboratory had noted and wmtten on the scratch
reflex of spinal mammals which was a vanation of the acidu
lated paper experiment on the spinal frog used when Pfluger
was arguing m favour of the Ruckenmarkseele (spmal cord soul)
So Sherrington by picking up these old suggestions and making
careful documentation of muscular acts 1 the scratch reflex
1
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researches with the electron microscope show clearly the surface
of separation between a bouton and the dendnte of the next
cedl mn the reflex cham, so that the wealth of possibilities sug
gested by Shernngton sixty years ago would not be seriously
alien from modern thought
Some specificity of canalization through the central nervous
system had long been a notion just out of range Expenimentz
Lists of the nmeteenth century had been full of enthusiasm but
had garnered many tares wath their gramn Results were plentiful
but so was muddlement At mud century mn 1853 Carl Ludwig
had suggested and shown m his textbook a diagram of central
nerve paths in which nerve fibres formed a network with nerve
cells at the nodes Ingomg nerve messages entered along one
strand, and, after passing a node, arrved at a muscle fibre
If the nerve messages were stronger, they went past a second
nerve cell in 1ts node, along another outgomng strand to another
muscle fibre Sull stronger messages went still further through the
network, past further nodes, and reached still further muscle
fibres Ganglionic bodies mn the cord determuned the direction
of excatation of pathways This simple reticular scheme of
excitatory propagation had been envisaged by Rudolph Wag
ner as early as the 1830s It continued to be 1llustrated or re
ferred to m textbooks Michael Foster mn the 187 edition
{thurd) of lus book wrote We may infer that the protoplasmic
network spoken of above 1s, so to speak, mapped out into ner
vous mect by the establish of hines of greater or fess
resistance, 5o that the disturbances mn 1t generated by certain
afferent 1mpulses are directed nto certam efferent channels
But the arr of these mect 15 not a fixed and
ngid one It 15 possible to suppose that the lines of resistance
m the spinal protoplasm are so arranged as to admit of an
alternative action were there any evidence of a variable
1sm Iike that of ¢ volition being mamifested by
the spimal cord of the frog we should be justified 1n supposing
that the choice was determined by an intelligence * It1s interest
ng to note that the third edition of Michael Foster’s book was
current when Sherrington went as a freshman to Cambndge,
and would convey to hum the opinion of the period and of hus
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as well as by the selection of frwtful questions, established an
ympregnable array of evidence for the differences between re

actions 1 the spinal nervous system and reaction in peripheral
nerve The latency of response, the after discharge long after
the electric flea had stopped biting, the facihtation of one weak
stimulus by another weak stimulus travellng from a different
segment of the spinal cord, the regulanty of rhythm whatever
the rate of the “bite of the electric flea, the Jong refractory penod
m cach beat when many bites fell in an unresponsive phase, the
fatgubility of this groomung scratch reflex as contrasted with
the relative non finguability of a prepotent danger avoiding
reflex lhe the flexor reflex, the miubttion of the seratch reflex
by the flexor reflex, sts rebound with wide swinging strokes after
mhibition, 1ts srreversibility, were all special features of the
scratch reflex and resulted from the passage of the nerve smpulse
through spmal reflex centres The scratch refiex was, and per
haps sull 15, the clearest all round 1lustration of the character

1stcs of reflex action Nerve axones when studied penpherallv
behaved quite differently The difference of behawour be

tween axones and nerve centres must surely hie m the nene
centres themsefves 1n those synapses where nerve cells touched,
but did not jom with other nerve cells Shernngton by this
analysis of reflex action established his reputation as a master

But he could not have achieved his results without carefol
graphic analysis of reflex action To observe the achon only
wathout making permanent measurable records would have
mssed most of the most entical pomnts Knowledge would have
lagged and not have stepped forward asit dud when Shernogtott
made known lus Observations on the scratch reflex 1n the spimal
dog’ Althongh usually thought of as an experimenter, Sher

nngton had also ngh standards 1n mucroscopy His early days
had been spent mn bactertology and he had been a pupi! of
J N Langley Structure for lam came first, then function

Fuest, Cayal, the anatomist, and then Shernington, the physio-
logist, used n thesr separate studies methods which were good

And the questions asked of Nature were good, 100, and had

g{CZ\! answers
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VIII

Social Psychiatry

AUBRLY LEWIS

the indwvidual Rescarch has been concentrated on how
individual patents behave, the mtricate psychologial

mechanisms in each mdividual, and the metabolic anomalies oF
tissue changes that accompany and underhe his dsturbed con
duct In this, psychiatry has of course been following the main
stream of medicine Pathology, whether 1t be psychopathology
or cellular and chemtcal pathology has been looked for nside
the patient s body and mind

Alongside this traditional and necessary approach to the
study of mental disorder however there has been a tentatri@
Iess explicat awareness of extraneous forces In primitivesocietics,
and indeed 1n Western Europe until a couple of centuries ago
this was expressed chiefly in crude ammustic superstitions about
witcheraft and possession by evil spinits As we became more
sophusticated and critical such belefs were of course grven ups
but the 1mpact of outside forces upon the mind of each sndivt
dual was still plan enough The causes of drug addiction pro
vide a glaring example

The converse was also plain Every insant, person, every us
stable neurotic, had an effect upon others which showed his
mability to conform, 1 one way or another, to the customary
requirements of ordered society his fatlure 1n this regard was
one of the matn reasons for considenng him mentally ol

The social causes of mental disturbance and 1ts social effects,
were therefore perceptible to everybody who reflected on the

PSYCHIATRY 1s mostly thought of as bemng concerned with
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matter At certain penods of history the evidence was so dra
matic thatit forced itself even on the unreflecting There were the
eprdemcs of flagellation and of crazy dancing which broke out
m many German cities in the twelfth, thirteenth and fourteenth
centuries, disrupting the regular hfe of the community and be-
speaking grossly disorganized socral conditions A later example
1s the affarr of the Salem witches at the end of the seventeenth
century A number of adolescent guls, evidently hystencal,
declared that they were bemng harnied by the dewil at the m-
stance of various people whom they named In the course of one
year (1691—=2) two hundred and fifty members of the small
New England community where this occurred were arrested and
tned twenty of these innocent people were judicially murdered
or tortured to death and the colony was distracted by the fear
and dissenston engendered (Starkey, 1952)

There was another powerful remunder of how social influ
ences worked upon psychiatry A revolutnon was effected in
the care of the msane at the end of the eighteenth century
mstead of shackling them 1n cells beating and whipping them
into submussion, Pinel in France and Tuke in England mtro
duced the humane and compassionate regime which has ever
since been the practice 1n civilized countries The reform was
of course a manifest product of the i1mmense social forces then
at work which released humamtartan impulses of many kinds

It 15 hardly necessary to recall the ways 1n which the study
of mental 1liness must be mcomplete 1f soctal factors are not
taken fully 1nto account (Simmons and Wolff 1944) The truth
15, however, that untl lately social factors were not studied or
even properly allowed for 1n the clinical assessment of prognosis
and treatment of mental illness The main reasons for this com
parative neglect were the bias in medical education and the
lack of a well developed science of logy with appropriate
techmques concepts and theoretical foundations The clarms of
psychoanalysis to explain all human behaviour ikewise diverted
attention from the social causes and effects of mental abnor
mality All this has changed in the last decade or two and I'shall
attempt 1 thus lecture to outhne the methods of socral mnvesti-
ganon that have been used to alluminate psychiatry in the last
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twenty years I shall begin with the Hutterite study, carred out
mn 1950 and 1951 (Eaton and Weil, 1955)

Tre Hurrerrres

The Huttertes are a Protestant sect that onigiated 1n Switzer
land early 1n the sixteenth century From the beginning they
were persecuted, and had to flee from one country to another, at
first from Moravia, then from Hungary, later from Cannthia
and Turkey In 1774 they emigrated to the Ukrame and then,
Just a century later, moved 1n 2 body to the United States A
large section of the Hutterites continued toliven colomes which
have been wirtually closed communities for the last seventy
years Only about 2 5 per cent of the colony population have
left for the outside world 1n that period Some of the colonies
are m Canada, 1n Alberta and Mamtoba others 1n Montana
and Dakota, 1n the United States

The rehigion of the Huttentes forbids marnage outside the
sect and they believe 1n the common ownership of all property
The commumty carries the responsibihity for its bers, 1t
provides them wth therr clothing, pocket money and food and
looks after them when they are 1ll They have no wages, 00
burth control, practically no celibacy (except for some of the
mentally disturbed and defective) and no divorce The average
size of farmly 1s eleven or twelve children The reproduction and
survival rates are farrly umiform throughout the population,
showing none of the variations with class or educational level
which are familiar 1 other modern populations It1sa stable,
but far from stationary, society, with a farly constant distrl
bution of persons by age and sex It tends to double ts size
every sixteen years

These are almost unique features suggestive of some 1deal
pastoral community of earlter times, but there are also, 1
dramatic contrast, many of the famihar features of present-day
Western society The Hutterites use tractors and refrgerators
and up to date machinery, they avail themselves of the re
sources of modern medicine, and schooling1s on the usual Amert
can or Canadian pattern

In this seemung Utopia cnime and msamty were said by
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credible watnesses to be almost unknown Doctorsand socologists
agreed that this was 50, and the Huttenites’ immumnity from
mental 1lls was credited to the freedom from tenston and conflict
mherent 1n their way of ife—a way of hife remote from the
financial stresses, family dissension and competitn € struggles for
prestige and power and enjoyment which are evident 1n most
other societies

Now 1t was of considerable 1mportance to preventive medicine
to deternune whether, 1n fact the mental health of the Huttenite
communuty 1s 50 notably good as all these observers reported
Tt would alluminate, 1t might even settle a long standing con
troversy about the effect of competiive Western crvihzation
upon the incidence of mental disorder This controversy 1s
typified on the one hand by gloomy prophets who declare that
mental disorder 15 steadily on the increase m our troubled
times and on the other hand by psychoanalysts who regard
the experiences of early Iife within the farnily as far more dect
sive for mental health than the tnals of duly Iife and the vicis
situdes of the social order I shall again touch on this question
bnefly later

A field survey was therefore made of the Huttente colones
It revealed that of the entire communty alive at the time of the
survey (1951) amounting to 8 542 persons fifty three had at
some time had a psychotic breakdown sixty mne had had a
neurotic illness and fifty one were mentally defective, there
were also twenty epileptics and six people with psychopathuc
personality making 199 1n all who had had some psychatric
disability that 15 about 2 3 per cent of the whole commumity
More than half of these were exhibiting the mental disabihity at
the time of the inquiry and another quarter bad recovered by
this tme

This disposed of the hutherto well attested reputation of the
Huttertes for almost complete freedom from mental troubles
It was 1 heepmg with a similay finding on the Navaho Indians
who had been repeatedly described as stohd and contented
but were found on systematic examination to be anxious and
emotionally unstable Its moral was that a consensus of mn
formed opinion 13 not to be trusted m a matter of this kind only
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competent surveys will do But the study rased a number of
questions which have to be 1nswered 1n nearly all social and
eprdemrologrcal investigations, especially psychiatnc ones

Was the method of ascertamnment trustworthy and fully
effective? Is 1t permussible to lump together dn erse conditions—
n this case psychoses and neuroses and mental defect? If not,
how reliable are the diagnoses which serve to demgnate the
separate classes of 1llness investigated® And can one compare
the attack rates and prevalence rates tn one community with
those 1n another whose soctal characteristics are also known, and
so draw conclusions about the relative effect of social varables?

Tt was only after these questions had been answered that 1t
was found that although the Huttenites were not collectively
blessed with the perfect mental health attributed to them, they
were better off1n this respect than most others of whom we have
detasled hnowledge, and that sociological factors are sndeed
sigmficant i promoting, mental well being

But this broad concl has to be quabfied for example 1t
docs not apply equally well to psychoses and to neurotic dis
orders as conventionally distingwshed It 15 necessary to look
at the question more closely

First, the method of ascer It 1s not 1 10
take admission to 2 mental hospital as the criterion of meatal
disorder, or more strictly, of psychotic disorder But the number
of people who go 1nto a mental hospital depends, 1n app bl
measure, on the number of beds avulable, the admimstrative
arrangements ang the attitude of doctors and the public to-
wards these hospitals—which may be feared or trusted [he
ascertainment of neuroses 1s a stll more difficult undertahing
since there 1s room for much difference of optnion about mar
ginal cases—which are numerous—and the fullness of the i
formation available may greatly affect the count Thus 1 the
Huttente study the colonies were dealt with 1 three ways—
nineteen of them were investigated intensively sixty five were
mvestigated less closely with brief mterviews and the remamn
1ng mine colonies were assessed on the basts of information pro
vided by doctors and by members of the other colontes, includ
mg prcachers who travelled about to the colomes 1 question
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In the intensively studied population (1,671 persons), 13 8 per
1 000 were judged neurotic, m the less ntensively studied
(6,123 persons), 7 2 per 1 000 were so diagnosed and in the
population studied through information supplied by others,
27 per 1 000 It 1s most unlikely that these stnking dufferences
reflect any real difference m incidence of neuroses
This problem of ascertamnment 1s the most serious that

waylays the investigator of comparative incidence of mental
disorder It1s obviously crucial Compared with the eprd ot
gical study of physical diseases Iike pulmonary tuberculosts,
psychiatric work 1n this field 1s beset with dragnostic uncer-
tainties To overcome them, there has to be much prehiminary
work This 1s aimed at gaining the confidence of the people
studied, so that they will give full information, and at develop-
g umform, operational cntena of a case which will be
applied consistently by all those engaged 1n the work of ascer-
tamnment Though the difficulties inherent 1 this do not pre-
clude one from companng the findings 1n one study say in
Scandinavia with those n another say 1n Amenca or England
they do enforce caution in dong so In the Huttente study, for
nstance the amount of psychotic illness found would give an
expectancy of nearly three times as much psychosis among
them as among the rural mnhabitants of Thuringia and Bavania
who had been studied earher by a German psychiatrst (Brug
ger, 1931, 1938) But scrutiny of the German investigations -
dicates that patients who had recovered or were for other
reasons outstde a mental hospital at the time of the mquiry were
likely to have been mussed and the dragnostic eritersa used were
evidently different In regard to neuroses firm operational defi
mittons have to be formulated and adhered to steadily This 15
even more necessary with psychopathic personality—a noton
ously unsatisfactory diagnostic category (Lewss 1953) Anti
soctal conduct however (which of course may be the outcome
and evidence of psychopathic p hity) 1s a less amb

term 1n a given community, and 1ts amount can be measured
Among the 8 542 Hutterutes 1t was practically unknown There
were none who had comnutted major crimes such as murder or
violent assault or had been mvolved 1 a sexual offence only
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twelve had been found guilty of theft, usually on only one occa
sion, and there was no juverule delinquency (apart from one
youth who had been trapping ammals for therr fur without 2
licence) Alchoholism and other drug addiction was almost non
exastent

The Huttentes, then—that 1dyllic community—have shghtly
less psychotic 1llness than other rural groups m Europe and
North America (though depressive disorder 15 tn higher pro
portion than usual, as agamnst schizophrenia) They have prob
ably the same amount, or perhaps less, neurotic and related
psychogenic 1llness than others do, though this 1s hard to estt
mate, they do not engage at all 1n antisoczal activatees or vio-
lence, and their children do not become disturbed enough to
requure special action on the part of parents or doctors

In the light of these findings, should one conclude that the
Huttentes are a particularly healthy society? The quesuon 2
deceptive one An individual s mental health can be deter
mmed but not that of a society, unless the term ‘mental health’
15 to be gven a different meanmg It can, however, be con
cluded that the Hutterite commumty 1s more peaceable and
law abiding than most, and that this 1s achieved at the cost of
an austere conformity which restricts inventiveness and enter
prise
From the study of this mnteresting community, so strikingly
different from 1ts neighbours much knowledge was e‘cpected:
but m the event 1t cast less hght on the effect of cultural and
social mfluences upon mental health than had been hoped for
Eaton and Weil, the very able investigators who carried 1t out
and reported 1t, sum 1t up  Our findings do not confirm the
hypothesis that a ssmple and relatively uncomphcated way of
Iife provides virtual immunity from mental disorders Psy
choses and other forms of mental disorder were found to occur
with regularity 1n the Hutterite populatton Their existence 1o
so secure and stable a soctal order suggests that there are gene
tc, orgamc and constitutional elements which predispose a few
mndviduals to mental breakdown in any social system, 1o
matter how protective and well integrated 1t may be
mental health Utopta 1s probably impossible *
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Crass INGDENCE

If the close scrutiny of the Huttentes yielded so httle evidence
which would reflect social and cultural influences upon the
amount of mental 1llness or health, 1t 1s perhaps hardly to be
supposed that differences 1n mncidence would be found between
people more umformly exposed to one culture But 1t has fre
quently been noted that there 1s a dispanty between the urban
and rural rates of mental illness and between the rates for
different occupations in the same county Thus m 1953
Canada urban residents entered mental hospitals as first admus
sions at approximately a four to three rate over rural dwellers
1n several provinces the urban rate was twice the rural rate
{Marshall, 1953) Much of the dispanty here depends 15 true
on the differing accessibility of services for ascertaimng and
treating mental disorder But such an explanation could hardly
account for the much more dramatic discrepancy in admussion
rates between people of different occupation and social class
Thus 1n England and Wales 1n the year 1951 admussion rates for
males m social class 5 were more than twice those for any other
class {Registrar General 1955) In Canada the first admission
rate for labourers was three tmes that for professional workers
‘When the individual diseases are looked at the figures are even
more stnkang Schizopt shows an class difference
Whereas 164 men per million of soczal classes 1 and 2 over 20
years of age were admutted to mental hospitals in England and
Wales m 19,51 with a diagnosis of schrzophremia for class 5 the
corresponding number was 8o3—about five times as ligh a rate

This remarkable class difference has been noted elsewhere A
classical study bearing on the matter was carrted out 1n 1937
(Fans and Dunham, 1939) upon patients adnutted for the first
time to psychiatric hosprtals, they found the schizophrenics
came to a large extent from homes 1n densely populated areas of
low economuc status and soctal disorganization A finding of
this lind can be mterpreted 1 two man ways that the con
flicts and privations m crowded urban slums fav our the develop-
ment of s pl or that schizoph as they detenor
ate dnft mto these areas
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If the Intter explanation were correct, the schizophremcs of
social class 5 should include many who had been descending m
the soctal scale or who had been born elsewhere This was
looked mnto 1n another ecological study (Holhngshead and
Redhich, 1954) The proportion of schizophrenics who had been
born elsewhere and ‘drifted’ mto the area where the diagnosis
was made was estimated, 1t did not confirm the ‘dnft’ hypo
thesis Neither did a survey of the social class of the patients
families support the ‘detenoration’ hypothesis Ninety one per
cent of the patients were still in the same soctal class as ther
families, and as to those who had moved soctally, more had
moved 1nto a higher than into a lower social class On these New
Haven figures (which are, however, at variance with another
Amenican study (Gerard and Huston, 1953) ) 1t could be asserted
that dnft and social mobility do not account for the predomin
ance of social class 5 among schizophrenics

But before accepting the alternative explanation, iz that
the stresses of poverty stricken urban hife promote schizophrena,
a further social posstbility has to be considered It may be that
the schizophrenic from social class 5 1s more hikely to be referred
to a mental hospital though his 1llness 15 not severe, or 1t may
even be that people with a mental disorder coming from such a
background are more likely to be diagnosed as having schizo
phrema It would lead us rather far to go mnto these possibilities
No studses that have so far been made have settled the 1ssue and
the class dispanities are so great on the available statistics, that
several factors may be at work The subject 1s now being studie!
by at least two groups of nvestigators 1n this country, as well as
by people m the United States, where most of the work has
hitherto been done

So far we have considered two kinds of inquiry one compar
ing the amount of mental disorder in the simple religious people
of a rural enclve with that 1n the competitiy e communities sur
rounding them, and the other comparing the amount of schizo-
phremc mental disorderin the lowest soctal classwith thatinsocial
classes 1 and 2 Neither of these types of inquiry has given a clear
answer to the etiological questions which obviously arse, but
both stimulate our curiosity further about the possible social
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causes of mental disorder, and both indicate that the problems
are complex, that y concl and firmed opin
10ms are misleading and that systematic methods are essential

All the studies of social causation 1n psychiatry depend on
two req deq 1 and of
mental disorder 1n a specified population and adequate mea
surement or description of social charactersstics in that popu
lation  Unless these requirements are met systematic study 1s
mmpossible If they are met, we can make correlation studies
within the population, or we can compare populations to see
how far and 1 what way social differences are associated with
psychiatric differences Itis of course impossible to measure all
the psychiatnc phenomena that might be relevant or all thesocial
phenomena, investigations therefore deal with selected vanables
chosen to test a hypothesss The hypotheses have come to a
considerable extent from psychiatry and psychoanalysis but
some of the most brilltant 1deas have come from sociologists ke
Durkheim, and most samulating iy estigations have been made
by soctal ecologsts Like Fans and Dunham

Marrrarn Starus Exite EmicraTion
None of these studies of course, can do much more than point to
an association between psychiatnic and soctal vanables How
the association comes about and 1n what sequence has to be
studied through rather different inquines, of a more indivrdual
and chnical character Examples of this may be seen 1n studies
of mantal status and of exile or emgration
Exveryone has observed that at every age and 1 every dag

nostic group the hospital admission rate for single persons 1s
appreciably higher than for the marned This 15 especially the
case with schuzophrenia and mamc depresstve psychosis and 1t
1s much more staking n schizophrema than 1n manic depressive
psychosis In other words a strong association can be demon

strated between the inctdence of major psychoses and the socal
fact of marnage This can be extended on the social side to
determine where the widowed stand n this regard how sexand
economic and class status affect the relation how the pro-
portions dffer between countries 1n which early marriage 1s the
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rule or divorce 1s common, whether the rate among people who
are nccessanly celibate, like Roman Catholic priests and
nuns {Moore, 1936), vartes from that of other single people, and
so forth But the three mam explanations put forward {Ode
gaard, 1946, Norrs, 1956) arc (1) that a single person 1s more
readily admutted to a mental hospital than a marnied person, or
(2) that those who develop mental disease present pre morbid
personality traits which militate agamst marriage, so that the
married are a positvely selected group, or (3) that mn marned
lfe there are factors which protect agamst mental diseases
Now 1 order to look for support or rebuttal of these possible
explanations, an ntensive study of mdividuals became neces
sary Odegaard found that in the single patients before therr
breakdown, unfavourable features of personality {especially
schizoid traits) were twice as common as among the marned,
and that the sexual outlook of the single patients had been
passtve and cold, especrally 1n the pattents wath schizowd per
sonality The sccond explanation was therefore supported
There are other findings of this hind reported n the study,
which was conducted 1n two stages—the first, an epidemio
logteal analysis of first admisstons between 1926 and 1939,
altogether 14,231 patients, and the sccond an ntensiye chinical
study of 707 patients personally exammed by the investigator

Samsbury as I shall mention m a moment followed a some
what similar procedure 1n studying smeide There 15 no oppost
tion between the study of individuals (by clinical or psycholo-
gical methods) and the study of populations—on the contrary,
they complement and remnforee one another

The same combination of extensive and intensive methods
has been employed 1 comparing the mental health of imm
grants with that of the population they spring from Thus Nor
wegtans who mugrated to Minnesota had a higher admssion
rate to mental hospitals than Norwegians in Norway, this was
especially so 1 respect of schizophrema To discover whether
this should be attributed to the stresses of adapting to a new
country or, rather, to the migrants contaimng a higher pro
portion of persons predisposed to mental illness a careful study
{Odegaard, 1932) was made of the personal history and chmical
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state of each psychotic mugrant in the sample and then when
1t appeared that schizoid features, or msidiously developing
schizophrenta, had been already evident 1n the mugrants at the
time of their leaving Norway a further scrutiny was made of
the course and pattern of illness 1 the schizophremc 1mmu-
grants, to see whether the content of their delusions and similar
clinical features testified to the stresses of adapting to their new
environment This was not the case their chmical prcture was
m almost all respects 1dentical with that seen 1 Norwegian
mental hospitals The ofthese detailed e of the
study was to support the view that factors 1 the personalty
which predispose to schizophrenic breakdown may also conduce
to making a man decide to emgrate

Broadly we may say that the methods used n socio psy
chiatnic studies thus denve from epidemmology and ecology,
from anthropology, sociology and soctal psychology and from
chnical psychiatry

The eprdemiclogical method we have already considered
As ascertainment must be effective 1t cannot depend wholly on
hospital ad nor on ol ! popul
nor on detection of cases by 1nexpert persons or by doctors with
dverse criteria of 1llness But because findings open to these
objections are obviously subject to error, they are not without
value as sources of stimulating hypotheses and as pomters
towards further more detailed and dependable studies

IncompLETE DATA
An ple of the useful of plete data 15 to be seen
1 an mqury by Goldhamer and Marshall {1953) It has long
been customary to assert that mental disorder 1s on the increase
because of the more and more complex strans which society
mmposes on 1ts members A hundred and thirty years ago the
psychiatnist Esquirol read a paper in Pans on the question
Are there more madmen today than there were forty years
ago? There was then widespread alarm at the foghtful
crease of insamity  which people said menaced France with
calanuty In hus admurably entical review Esquirol showed that
the alleged 1ncrease was spurious more people had come nto
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hosputals, 1t was true, but there had been tremendous advances
i the facilities for treatment of mental 1liness, and the reputation
of the asylums had changed from that of cruel prsons to
humanely conducted hospitals Many quet patients who
would not formerly have been sent to these institutions were
now admitted, and came willingly Hence the apparent
crease Esquirol, 1n his well reasoned artcle, disposed of the
lament about the increase 1n msamty—but only for a short
time the same cry has often been raised since

Goldhamer and Marshall decided to check the truth of this
assertion They surveyed the first admissions to Massachusetts
mental hosputals for the hundred years beginming 1840 They
found, at first blush, a great mcrease The crude admission rate
per 100,000 at risk 1n 1840-5 was less than half what 1t had
become m 1940 But when age speaific figures were calculated,
the mcrease was scen to be wholly due to the large number of
admissions nowadays of persons over the age of fifty For the
other age groups there had been no ncrease, although the
hospital faciities were of course more plentful, the publc
attitude was more favourable, and the hospitals were now
admitting neurotic disorders also The changes that had
occurred m the structure of New England society and the Jarge
Irish immigration had not made any appreciable difference 11
the first admission rate for people under fifty (though there had
been fluctuations 1n the proportions mn which the various dis
eases were represented) The ncrease m admussions over the
age of fifty was evidently, s 1n Esquirol s day, an dication
not of increased ncidence but of changing social habuts, the
last century famibies were large and accustomed to look after
therr elderly bers even when d d unless therr con
duct was intolerable We cannot, therefore, attribute an 10
crease 1 mental disorder to the conditions of modern societys
with all ats struggles and insecurity so long as we have no con
vincing evidence that there has m fact been 1ny increase But
the mun point here 1s that Goldhamer and Marshall s study
showed how useful conclusions can be drawn from necessanly
incomplete data, provided that the mutations of the data are
fully recognized
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Suictoe

Another instance of how mncomplete data can be pressed into
service 1s to be seen 1n Samsbury s study of swade (Sunsbury,
1955} We have had, for two thousand years or so assertions
about the morality of swicide, the motives that may prompt
or justify 1t, and the ways to stamp 1t out Then people became
more 1mterested 1n 1ts causes and 1n the mneteenth century 1t
was well recogmzed that besides the special circumstances that
affected each individunl, factors of more general and lasting
force were at work As Buchle putit,n 1857 All the evidence
we possess respecting 1t can leave no doubt n our minds
that smeide 1s merely the product of the general condition of
society  Although there are still many who concerve of every
swcide as a response to indivaidual musery and who are dumb
founded when no evident cause can be discerned 1t 15 now
plam to anyone who looks into the statistics that social forces
operate to determune the gross amount of swicide 1n a commu
mity What the social forces are and how the victims are selected
has however been obscure

To mqure 1nto these problems by intensive chmical study of
mdmviduals 15 made almost impossible by the mournful fact that
the man who commts sweide has put himself beyond our
reach Those who attempt sweide and survive won t do be
cause they differ 1n some essential respects from those who die
(Stengel 1957) Even when we have had ample data about
indrviduals we have lacked the clue that would guide us safely
to the social influences, for about the strength and nature of
these 1nfluences different psychiatrists expressed divergent
opimons based on their clinical expentence

Sainsbury decided to use the ecological method He assumed
that in a city hke London 1t 1s possible to differentiate neigh
bourhoods with particular social charactenstics related to the
degree of social mobility and social 1solation that prevail within
them and he proposed to test the hypothesis that where social
mobihity and social 1solation are pronounced commumty hfe
will be unstable without order or purpose and that this will be
reflected to a greater or less desree 1n the smcide rates because

®
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men and women are more prone to suictde when they e m,
but apart from, a socral group which nerther achnowledges nor
provides means for satisfying their needs He therefore cor
related swcide rates mn the twenty eight metropolitan boroughs
and the City of London with selected social indices, and asa
more intensive and narrow check, he analysed the social and
medtcal information available about 409 persons whose scide
had been reported to the North London coroner dunng a
three year period

Sainsbury found that the London boroughs differed sign:
ficantly from one another in their smicide rates, and showed the
same rank order consistently over three decades, although there
had 1n that time been considerable changes 1 the composition
of the resident population The swicide rates correlated signt
ficantly with the indices of social 1solation (living alone or m 2
boarding house), social mobility (daily turnover of population,
and number of immugrants), and divorce and illegitimacy rates
The sucide rate tended to 1ncrease i the middle class and de
crease with poverty and 1t had no relation to the amount of
overcrowding and unemployment in the varous boroughs
‘When, however, the individual records were examined, the
frequency of unemployment among the swicides was higher than
n the general population—no doubt partly because a mans
tllness prevented him from working and partly because dis
missal from work had helped to provoke gloom or despair

For convincing reasons, Samsbury concluded that a lonely
way of Iife and some social disorgamzation favour the occur
rence of smade Taken by tself, 1t 15 not a starthng concluston,
but 1t must be seen alongstde the negative findings—for example
that there was no mtrinsic connection between overcrowdmg
and swade though 1t was previously thought that there 1s,
and that drift of predisposed persons nto the areasthathad hugh
smcde rates did not account for these rates

An ecologrcal study has sertous imtations It presupposes
social k g y in the ! 1 arca (Clausen and hohn,
1954) It cannot penetrate mnto the details of the nevus between
social vantables and mentalillness rate It can only in exception
ally favourable circumstances enable us to determme which
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social vanables 1n an area are responsible for that area’s rate
of mental disorder It can, however indicate where a close
search 1nto a presumptive causal relanonship 1s well warranted
and where 1t has Iittle prospect of reward It does this best when
1t deals with a chmeal anomaly that can be fanrly well defined
(lke swade), when 1t has areas whose relevant social char-
actenstics are distinctive and readily ascertamnable, and most
mportant of all, where there 1s a well founded hypothes:s to be
tested
In Samsbury s study the maim hypothesis and the method,
derived from Emle Durkheim (Durkheim, 1951} Durkherm had
divided the socral causes of smcidemnto three classes those which
p indmidualism and solation secondly, those
which exercise compelling authorty over the indmdual, driving
him 1nto conforming or altrwstic acts such as suttee or gving
one s hfe for another and thurdly, those which bespeak social
disorgamization—anomic forces as Durkheim called them,
which leave the mdividual unsupported by the social controls
and assurances that should keep lum steady and secure This
threefold classification by Durkheim has commended atself to
many subsequent workers though they have mostly pard more
attention to the psychological aspects of the matter than he did
Sainsbury found social solation to be the predominant social
factor in the populations he studied A similar conclusion could
be drawn from a more exotic study made n Singapore
(Murphy 1954) The population of Singapore falls into five
mam ethnic groups—Chinese Indian European Eurasian and
Malay each with a different swade rate The Chinese, who
make up three quarters of the total population have a high
swictde rate (21 per 100 000) and so have the Indians whereas
the Malays (like Mushms everywhere) have a low rate—only
17 swedes per 100,000 of population Within the Chmese
community there are wide vanations in sweide rate (from 12
o 24 1n men and from 6 to 16 per 100 000 1n women) and these
vanations are associated with tnbal factors the Chinese are
g from five diff regions of China and their
place of orgin can be recognized from the dialect they speak
‘The smaller and more economucally msecure the dialectal sub
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men and women are more prone to sucade when they bve m,
but apart from, a social group which nesther achnowledges nor
provides means for satisfying their needs’ He therefore cor
related swicade rates in the twenty eight metropolitan boroughs
and the City of Lonidon with selected soctal mdices, and, as a
more intensive and narrow chech, he analysed the socal and
medical imformation available about 409 persons whose swade
had been reported to the North London coroner dunng 2
three year period

Samsbury found that the London boroughs differed sigm
ficantly from onc another in their suictde rates, and showed the
same rank order consistently over three decades, although ther
had 1n that time been derable changes in the comp
of the reudent population The swicide rates correlated sigmt
ficantly with the mdices of soaal 1solation (hving alone orina
boarding house), social mobrlity (daily turnover of popufation,
and number of immigrants), and dnorce and illegitimacy rates
The swade rate tended to increase 1n the mddle class and de
crease with poverty, and 1t had no relation to the amount of
overcrowding and unemplovment in the various boroughs
When, however, the indiadual records were examned, the
frequency of ployment among the des was higher than
1n the general population—no doubt partly because a mans
iliness prevented hm from working and partly becanse dis
mssal from work had helped to provoke gloom or despatr

For convincing reasons, Samsbury coneluded that a lonely
wav of life and some social disorgamzation favour the occur
rence of smcide Tahen by stself 1t 1s not a startling conclusio,
but 1t must be seen alongside the negative findings—for example
that there was no mtrnsic connection between overcrowding
and swicide, though it was previously thought that there 13,
and that dnft of predisposed persons 1mto the areas that had ngh
smade rates did not account for these rates

An ecological study has serious limtations It presupposes
socza) homogeneity 1n the ceological area (Clausen and Kohn,
1954) It cannot penetrate into the details of the nexus between
soc1al variables and mental diness rate It can only mn exception
ally favourable circumstances cnable us to determune whic
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socsal vanables 1 an arca are Tesponsible for that area s rate
of mental disorder It can, however, indicate where a close
search mnto a presumptive causal relationship 1s well warranted
and where 1t has hittle prospect of reward It does thus best when
1t deals with a climcal anomaly that can be faurly well defined
(ke swaide), when 1t has areas whose relevant social char
actenistics are distinctive and readily ascertamable and most
wmportant of all, where there 1s a well founded hypothesis to be
tested
In Sansbury s study the mam hypothesis and the method
derved from Emile Durkheim (Durkheim, 1951) Durkheim had
divided the social causes of suicide into three classes those which
promote excessive individuahism and 1solation secondly, those
which exercise compelling authonty over the individual, dnving
him 1nto conformung or altruistic acts such as suttee or giving
one s Iife for another and thirdly, those which bespeak social
disorgamzation—anonmuc forces as Durkheim called them,
which leave the individual unsupported by the social controls
and assurances that should keep lum steady and secure This
threefold classification by Durkherm has commended atself to
many subsequent workers, though they have mostly paid more
alten\‘.\on to the psychological aspects of the matter than he did
bury found social 150l to be the pred nt social
factor 1n the populations he studied A simular conclusion could
be drawn from a more exotic study made in Singapore
(Murphy, 1954} The population of Singapore falls nto five
mam ethnic groups—Chinese Indian European, Eurastan and
Malay, each with a different suicrde rate The Chinese, who
make up three guarters of the total population, have a high
smeide rate (21 per 100 000) and so have the Indians whereas
the Malays (like Muslims everywhere) have a low rate—only
17 swades per 100 000 of populaton Within the Chinese
commumty there are wide vanations 1n suicide rate (from 12
t0 24 1n men and from 6 to 16 per 100 000 1n women) and these
vaniations are associated with tribal factors the Chinese are
immgrants from five different regions of China, and their
place of ongin can be recogmzed from the dialect they speak
The smaller and more 1y the dial sub
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group, the hugher the suicidal rate tended to be Similarly the
swicide rate was higher in areas where there was most admx
ture of the dialectal sub groups, betokening the insecunty of a
transplanted munonty Though 1solation was evidently a factor
i the causation of suicide, 1t had less effect (according to
Murphy, who made this investigation) upon suicide atself than
upon the frequency of manic depressive psychoss {of which,
of course sweide may he an outcome) Murphys study
Singapore, to which T have just referred, 1s 2 stnking example
of the application of ecological methods to the study of an
ethmeally mixed population

CuLTURAL INFLUENCE

This brings us to the anthropological methods and 1ssues that
are relevant to the social causes of mental disorder (Hsu, 1951
Opler, 1956) The anthropologists have forced us to re examine
our notions of what 1s normal and healthy They have demon
strated that behaviour which m our culture would nd:cate
mental disorder 15 m other cultures acceptable and healthy
The pont has been so often made and 1s so obvious that I need
not labour 1t It has remnforced the psychiatric maxim that aber
rant behaviour can never be assessed m a soctal vacuum, but
must always be related to 1ts background m time and space
the ‘here and now standpoint 1s, by tself, musleading Con
versely 1t 1s by no means easy to decide whether a particular
person, living 1n a culture ahen to him or m a culture ahen t
the examming psychtatrist 15 mentally 1ll or not The anthro
pologsst 1s pnimanily concerned with groups of normal mdivt
duals who fulfil culturally approved roles whereas the psychia
trst 1s mostly preoccupted with individuals who are somehow
at odds with therr cultural environment

The great difficulties which beset the collection and compart
son of statisics about prevalence of psychiatnic disorders 1m
European, North American and other Western socteties are
immensely increased when we wish to compare the frequency
of mental disorder, and 1ts particular vaneties, i Asiastic of
African communities with those 1n our own countries Attempts
have of course been made to do this cven on the evidence
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available from non hterate, primitive commumties where
such things as adequate mental hospital provision and censuses
are unknown But the data so presented are untrustworthy,
exceptin the few where p mvestigators have
carried out the study

An example of the latter 15 the Formosan inquiry 1nto inct
dence made by Dr Tsung Y1 Lin 1 1946-8 (Lmn 1953)
Condrtions were rather favourable The society 15 homo
geneous, except for a few large cities and the mountaious dis
tricts where the abongines live The population has been static
for several generations, and falls nto two shghtly different
ethme groups, both from South Chma The nvestigators were
competent and were themselves Formosans Yet even so they
concluded that apart from the major psychoses and epilepsy
they could not make any rehiable companson between therr
estimates of the incidence of neurosis psychopathic personality,
or alcoholism and those available from other communities For
psychoses the rate they found was lower (38 per 1 000) than
1nvestigators have reported from other countries But the chief
terest of this study lay 1n 1ts tmplications for the mental health
services The investigators concluded that the famly plays so
large a part m mfluencing behaviour m this Chinese culture
that the fammly pattern should be preserved when mental 1t
ness brings the patient to hospttal Consequently the wife or
mother of a patient became a nursing arde so that family care
was extended to the ward earlier discharge was made posstble
and the responsible relative learnt how to deal with the patient
after he returned home So we find an ecological survey of
mental 1illness 1n Formosa leading to an arrangement very
sumular to that arrived at 1n another way for children admutted
to English hospatals

The diverse forms of mental disorder 1n different cultures
have been of interest to many psychiatrists mcluding kraepeln
(1904) Some of the mamfestations—like runmng amok or
Latah among the Malays—have become very widely known
These vaneties of mental allness strange to us, could be taken
to ndicate erther inhented differences between Malays and
ourselves, or cultural differences That they rest on speafic
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group, the higher the suicidal rate tended to be Smmlarly the
swicide rate was lgher 1n areas where there was most admx
ture of the dialectal sub groups, betokening the insecunty of 2
transplanted minority Though 1solation was cvidently 2 factor
m the causation of sweide, 1t had less effect (according to
Murphy, who made this mvestigation) upon suicide itself than
upon the frequency of manic depressive psychosis (of which,
of course, swade may be an outcome) Murphy s study
Singapore to which I have just referred, 1s a stnking example
of the application of ecological methods to the study of an
ethmcally mixed population

CuLTURAL INFLUENCE

This brings us to the anthropological methods and issues that
are relevant to the soctal causes of mental disorder (Hsu 1951,
Opler, 1956) The anthropologsts have forced us to re examine
our notions of what 15 normal and healthy They have demon
strated that behaviour which m our culture would mdicate
mental disorder 15 1 other cultures acceptable and healthy
The potnt has been 50 often made and 1s s0 obvious that I need
not labour 1t It has remforced the psychiatric maxim that aber
rant behaviour can never be assessed 1n a soctal vacuum, but
must always be related to 1ts background 1n time and space
the here and now standpont 15, by 1tself, misleading Con
versely 1t 15 by no means easy to decide whether 2 particular
person, lving 1n a culture alien to him or 1n a culture alien to
the examimng psychiatnist 1s mentally 1ll or not The anthro
pologist 15 primarntly concerned with groups of normal mdw1
duals who fulfil culturally approved roles whereas the psycha
trst 35 mostly preoccupied with indmiduals who are somehow
at odds with therr cultural environment

The great difficultses which beset the collection and compart
son of statistics about prevalence of psychiatnc disorders 1
European, North American and other Western® societres arc
1mmensely 1ncreased when we wish to compare the frequency
of mental disorder, and 1ts particular varieties, 1n Astastic 0f
Afnican communities with those 1n our own countries Attempts
have, of course, been made to do this even on the evidence
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of the psychotic reactions of individuals with different racial
and cultural backgrounds, differences which make 1t 1mpos-
sible to fit them 1nto the accepted nosological framework  To
examine this conclusion properly, we should have to consider the
basis on which we differentiate our accepted nosological classes,
but apart from this fundamental question, the illustrative
cases and comments which Tooth provides make hs conclu
sion questionable It 1s, at all events, clear from what he tells
us 1 his Report that socal influences play a notable part
m determumng the course and form of mental illness Thus
apropos of atypical psychoses in which there were delusions
hallucinations, and shallow affect, he writes  Most of the indivt
duals came from the Northern Territory and those from the
South were found 1n small villages where their Ives, both before
and dunng their illnesses, were relatively simple and sheltered
In only a few instances had any form of restramt been used and
then only by the family wathin the farmly compound As soon
as the acute phase had passed, the patient was encouraged to
carry on with his usual activities and, by virtue of hus pecubart
ties he acquired a certamn ding in the y Thus
without losing the background of family secunity, he was kept
occupted 1 famibar surroundings, a situation which mental
hosputals all over the world are seeking to achieve by artificial
means Contrasting these people living 1n their homes with
those who have strayed to the large towns and those who have
been confined to the asylum one 1s struck by the dilapidation
of the former and the restlessness and flornd symptomatology
of the latter It 1s suggested that these endogenous psychotics
left to fend for themselves outnde the family would have
developed 1nto the dilapidated eccentrics of the market place
but if transported mto an alien and restricted environment
would have produced the symptomatology of one of the fammiliar
varieties of schizophremia In short the form of psychosts had
been determined by the treatment

The extent to which the form of a psychosis can be affected by
the cultural and chmatic conditions of a people 1s well sHus
trated by the Windigo psychosis of the Chippewa Opbwa and
Cree Indians (Landes 1938 Linton, 1956) These people suffer
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herited tendencies 1s very unhlkely If, as we may safely assume,
they rest on cultural influences, 1t 15 lluminating to see which
of our forms of mental 1llness they correspond to, and how the
particular culture has created their charactenstic features

There 15 2 wide range of these unusual conditions Vingo
among Canadian Indian tribes, horo 1n South eastern Asia
and Borneo, Candomble possession 1n Bahia (Stainbrook, 1052),
and other oddly named forms of very queer behaviour have
been described 1 many parts of the world The best known,
and the prototype of many of them, 1s Latah 1t 1s 2 reaction
provoked by sudden fright and signalized by automatic obedi
ence to commands, imitation of words and gestures, and obscenc
ejaculations It occurs in nave, poorly endowed persons, and
among the Malayans 1s not regarded as much more than an
eccentricity, unless 1t 15 severe It occurs not only i Malays,
but also 1n Java, the Philtppe Islands, Borneo, Burma, Siam,
India, Siberia and Lapland, Japan and Africa (Yap, 1952)
Always 1t affects the most neglected or backward people, such
as the Ainu 1n Japan, and many of those exhibiting 1t show
evidence of mild dementia or chronic anxiety It has often been
ated as an example of a special disease, restnicted to particular
cthnic groups This view can no longer be sustamned It1s closely
parallel to conduct observed among some Amencan settlers of
European ongin, and 1t 1s sumilar to the behaviour of super
stitious and 1lliterate people 1n many times and countries when
under theinfl of rehg The more careful the
chnical study of the condition, the more does 1t fit into the cate
gones of conventional psychiatry, the more careful the anthro
pological study the more plamly does 1t reveal cultural nflu
ences working upon suggestible often defective, psychopathic
subjects

There 15, however, a nisk 1 putting too much stress ont the
cultural aspect of strange forms of mental disorder A congenes
of atypical mental conditions seen on the Gold Coast turned
out to be festations of tryp (Tooth, 1g50) But
where phystcal disease had been excluded there were stll
atypical psychoses, indeed Tooth says One 1s therefore forced
to the conclusion that there are real differences in the qualty
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generalize and apply what we learn from studying them But
the contrast 1s not so glanng as 1t seems Anthropologssts have
shown that 1t 1s false to picture primitive societies as relatively
umiform aggregations of custom ridden savages and we know
well enough how many wrrational beliefs and how much 1rra
tional conduct can be found 1t Western societies Moreover,
culture {n the sense 1n which anthropologists use the term)
covers not merely the social orgamzation, the way of hfe of a
society but also 1ts symbolism, its language, art, gestures and
other modes of exp on and 1on The core of a
people s culture lies 1n 1deas, values and habts that have been
historically selected over along period It moulds the individual,
brings ham 1nto relation with others and of course may atself
be modified by what he and other individuals onginate or con
tribute to 1t Every cultural system 1s complex and cultural
stmilanties turn up in the most unlikely places The deficiencies
1n psychiatric studies of pnimitive cultures lie not in the place
or method of study but i the imperfect knowledge we have of
the details of the psychiatric disorders and of the social structure
and beliefs 1n the societies 1 question It 1s hard enough to find
out all we should know about mental illness and 1ts background
here, where we are at home and have access to so much infor
mation when we come to Latah or Arcuc hystenia or horo
or Piblokto among the Eskimos of Greenland we have only
approximate information mostly collected by people with
msufficient expert knowledge of what 15 required

A special cultural feature to which much attention has been
paxd 1s the child reanng practices of a given society It 1s of
course a commonplace that childhood 1s the most plastic and
impressionable period of hie Psychoanalytic views put parti
cular stress on certain phases and experiences of clldhood as
determnants of subsequent personality and of mental abnor
malities A great deal has 1n consequence been written about
the effects of vanous sorts of infant traming and of deprivation
of mother love (Bowlby 1951 Erthson, 1951) Criticalexamina
tron of this iterature (Orlansky 1949 Lindesnuth and Strauss
1950 Hsu 1951 Pimneau 1955 Opler 1955) shows that 1t 1s
loosely stated and much of the evidence 15 1nadequate to bear
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terrible hardships 1n the severe winters of north east Canada
The scaraity of game obliges each famuly to live by tself ex
posed to the risk of starvation, cannibalism sometimes occurs
They have myths about a monster, living as an ice sheleton
during winter and dying 1n the spring, who devours human
beings They believe also that human bemgs may be led by
witchcraft, to develop similar cannibal desires and to have ther
heart turn to 1ce In fact some members of the tribe do become
profoundly depressed and excessively anxtous about starvatton
Therr perceptions then become disturbed and they see members
of their farmly as plump, succulent, inviting beavers Some of
those affected have insight 1nto therr condition and beg that
they should be killed before they give way to their canmbal
urge, others actually kill and eat members of their fanuly and
eventually other people if they are not caught m tune Nor
mally, 1f I may use the word 1n this context, the tribe seize the
patient as soon as he has eaten 1nyone, and hill him—burning
his corpse 1n order to destroy the hidden ce which they beleve
to be so potent

The broad connection here between the physical privations
and risks and the form of msanity 1 these tribes 1s evident, but
as Linton points out, 1t would be false to attribute this psychotic
behaviour entirely to the stresses of the environment There
are manvy other places where tribes face as grave a risk of cold
and starvation as these Canadian Indians, but thcy'hawe no
such canmbalistic psychoses Thus, where 1s hunger and 1ce ar¢
ever present threats also in other areas this particular psychotic
phrasing of the mamfestations of ultmate despair 15 2 dis
tinctively localized and cultural phenomenon closely corre
lated with many aspects of Chippewa mythology, shamanism,
social orgrnization economy and habitat

There are many reports about psychotic behaviour in primt
tive societies which similarly show how the culture of 2 people
colours and shapes the chnical picture of insamty It may be
objected however, that such findings have Iittle or no relevance
to our problems these crude people with their fantastic super
stitions and simple way of life are too remote from our hughly
orgamized, rational, individualisuc society to permit us to
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sctentists Unfortunately this 1s not at all the case With the
exception of a few papers there 1s as yet practically no re
search literature on the impact of mentnl illness on the family
(Clausen and Yarrow, 1955) Nevertheless there 1s no dearth of
opimons based on chinical experience and current assumptions
about family relations It 1s in the light of these unconfirmed
opmntons that the chnician usually acts when he attempts to
rehabilitate and resettle, say, a schizophremc who had been
for years 1n a mental hospital and who still has residual symp
toms (Carstairs O Connor and Rawnsley 1956) The empirical
procedure 13 often successful But there 15 an obvious gulf
between these more or less intwtive efforts and the application
of assured knowledge about the social meaning, social effects
and socal possibilities of treatment 1n mentalillness

The impact of mental 1llness 15 of course, not only on the
family, but on wider circles—on the fellow workers and other
associates of the patient, on those who entrust themselves to
him (in the way that patients put themselves i the hands of a
doctor, soldiers of a general or passengers of an engine driver),
and mental 1llness has 1ts impact finally on soctety at large—a
paranoid assassin a psychopathic dictator a melancholic relt
gious leader can exert a far reaching effect even on generations
unborn and mental 1llness as an economic and psychological
burden, has 1ts cumulative effect on society

‘Without ranging too far mn place and time 1t 15 useful to
examme the extra familial aspects of social adjustment to
mental disorder, and also to mental defect It was 1n fact work
on mental defect by the Social Psychiatry Research Umt
(Medical Research Council 1953, O Connor and Tizard,
1956) that paved the way for the studies we are now making in
the social relations of schizophrenia It 1s impossible to develop
a sound programme for the social and occupational betterment
of high grade defectives or imbeciles unless one has first exa
mned and as far as possible measured, the abilities of the
affected population and then orgamized a tramming procedure
which takes mto account these estimates of ability to perform
tasks and to learn new ones and which prepares the defectives
under experimental cond to respond adequately to social
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the conclusions drawn The marn inference that 1t 1s beneficral
for a child to have been kindly and affectionately brought up
needs no remforcement since 1t conforms to umversal expert
ence But when the social implications come to be considered,
there 15 a dearth of well designed, properly evaluated studies
On the whole this has been, 1n proportion to the amount written
about 1t, so far an unrewardmng field of research mn socal
psychiatry
Tue Famiry

Family relationships m general, however, are a ground of
common concern where the professtonal iterests of psychatrist,
sociologist and anthropologist meet For the soctologist the
family 15 a nuclear umt, for the anthropologist bonds of kin
ship are of the first importance, and for the psychiatnst the
famly 15 the matrix within which the individual 1s moulded and
developed, the area where his strongest emotional ties are
formed, the background agamst which much of his most 12
tense personal life 1s enacted There 1s therefore need to study
the family, not only from the psychoanalytical and psycholo
gical standpot but also to discover how mental illness impinges
upon 1t, and what effects this sort of incapacity has on the
famly structure

The problem 15 obvious enough when neurottc disorders like
hysterta or hypochondriasis wear down the patience and
affection of other members of the pauents famly, or when
psychopathic personality alcoholism or sexual perversions
play havoc with farmly hfe Schizophrema, which may entail
many years of continuous mental hosputal care leads to far
reaching changes in the famuly, which are important n assessing
prognosis and espectally 1n regard to the chances of socit
rchabihitation

The 1mpact of mental illness especially schizophremia, upon
the family 1s now being studied by jomnt groups of psychatrsts
and soctal psychologists 1n Washington and also i London
But as one of the mvestigators has recently put 2t One mght
anticipate that so substantial a practical problem, with so many
aspects of sigmficance for understanding the dynamics of human
relationships, would have been thoroughly studred by soctal
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These developments are signs of the mterplay between social
forces and psychiatry They are not all equally sound and wel

come Public expectations are sometimes, unfortunately, fed
with information that 15 incomplete or 1ll founded It will be
salutary when this 15 no longer so More knowledge of the
soctal as well as of the somatic and psychological processes that
operate 1 psychiatry, will prevent unreal hopes being fostered
and permit more effectiv ¢ measures of prevention and ameliora

tion than we yet have
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requirements and to carry social responsibility The preparation
has included group psychological treatment, and a graduated
sertes of rewards and responsibilities, also close exammation of
the situation 1n the pattents’ families and at their prospective
residences and places of work Psychological, chnical and social
studies have thus gone hand in hand The result has been
impressive At the hospital where the work was carned on
many defective patients were resettled 1n the general commu
mty and, m financial terms, the change was from £8,131,
earned by the patients on daily licence, 1n 1948 to £30,000 In
1951 But the result cannot be measured by earnings, but by
the well being of those defectives who return to lead a fawly
normal and happy existence 1n society Though satisfying, the
fruts of this research pomnt to the necessitv for further socio
psychological inquiry directed not only at those who have been
certrfied and admitted to an mstitution but also at the numerous
patients who have all along been cared for at home

Sociar Aspects OF TRFATMENT

The socsal aspects of psychiatnic treatment are mamfold The
attitude a soctety has towards mental disturbance and its treat
ment 1s 1tself an 1mportant, far from static, socral force, deter
mining how far exisung facihities are availed of and how far
different or more extenstve facilitres are demanded Swayed by
the prevarling social attitudes, the patient or his relatwves often
nowadays put pressure on the psychiatnist to provide electncal
convulsant therapy, or tranquillizing drugs or leucotomy, of
psychoanalysts, conversely, the soctal chimate may make them
refuse a particular treatment Lencotomy 1s legally forbidden 1o
at least one large country, and frowned on 1n others, for reasons
that have hittle or nothing to do wath its therapeutic efficacy

There are many current developments the growth of day
hospitals and of nterest i mental hosprtals as therapeutic
communities, the increasing public concern for the corrective
treatment of juvenle and other offenders, the public eagerness
to know about psychopathology and therapy and the desize of
alarmed parents to be told how they can bring up their children
without dong them some irreparable psychological harm
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These developments are signs of the mterplay between soctal
forces and psychiatry They are not all equally sound and wel
come Public expectations are sometimes unfortunately fed
with mformation that 1s incomplete or 1ll founded It will be
salutary when this 1s no longer so More knowledge of the
social, as well as of the somatic and psychological processes that
operate m psychiatry, will prevent unreal hopes being fostered
and permit more effective measures of prev ention and ameliora
tion than we yet have
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IX

Causes of Pain

C A LEELE

v purpose 1n this lecture 15 to discuss the modes of
Mshmulauon of pain nerve endings and the penpheral
processes responsible for pamn production m disease

states

1 begin by accepting that pam 1s a specific mode of sensibility
distinct from other sensory modalities and I assume that 1t 15
mediated by free nerve endings and a separate nerve pathway~”
The pain nerve endings may be compared with nerve receptors
of other kinds In the skin utself there are receptors particularly
sensitive to temperature, touch and pressure, though Weddell s
recent work (see Weddell Palmer and Pallie 1955) questions
the existence of specific histological structures for these modals
tres and 1n other parts of the body there are for example~the
baroreceptors of the carotid smus, the chemoreceptors of the
carotid body and the osmorecep and ther s m
the hypothalamus 4

¥Pam nerve receptors differ from those just mentioned 1n berng
more versatile, 1n responding to a wide range of physical and
chemical sumuh To adapt a phrase from another field they
have a broad spectrum of sensibthty™Tt 15 not known whether
the pain nerve endings which respond to physical sumuli are
the same as those which respond to chemical stimuh

“Pamn receptors have a high threshold compared with other
receptors and thus 1s really most appropniate for life would be
quite mtolerable 1f pain receptors were as sensttve as other
receptors < In that case the lightest touch the smallest changes
In temperature, and the shghtest deviations from normal n the
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CO tension, pH and osmolarity of the body flurds would sum
mate to produce constant and unbearable pamn~

Actually, as Walshe has pomted out (1948), pam receptors
are on the whole well fitted for therr task, which would appear
to be to signal impending or mcipient damage to the body
Cutancous pamn leads to reflex and voluntary evasive action
which helps to reduce the damage from the nocuous stimulus to
a mummum Sir Thomas Lews (1942) and Hardy, Wolff and
Goodell (1952) have emphasized that when pain s felt some
tissue damage has already occurred, and that tissue damage may
sometimes be produced without pam bemng felt at all. Ths is
particularly the case with regard to tumours which may grow
for some time without being pamnful

v Pay pUE TO PrEssure or TENsION
Apart from the pam produced by excessive pressure or tension
applied to the surface of the body eg a blow on the shin or
the tweaking of a harr, there are also many examples of visceral
pain artsing 1n this way The pain of chuldbirth, which 15 asso
ciated with powerful uterine contractions, the colics of the ah
mentary, bihary and unnary tracts are all due to the tension
exerted on pam nerve endmngs and there 1s much evidence
which shows that stretching of the walls of blood vessels by
excesstve dilatation or by traction can also produce pain”®
Investigations on the mechamsms involved 1 the production
of headache, by Pickenng (1939) and by Wolff (1948), have
shown “the great 1mportance of afferent vascular innervation
1n this type of pair Pickering and Hess (1933) showed that the
throbbing headache which follows mjection of histamme 1s due
to dilatanon and distension of intracramal artenes and can
be abolished by overcoming the distenston by rasing the mtra
cramal pressure Scott and Warin (1946-8) have found that the
“headache associated with fever 15 of sumlar ongin and so
probably 1s the well known hangover headache of the morn
1ng after 7
“Changes 1 ntracranial pressure may produce headache by
stretching the walls of mtracramal artertes or large venous
stnuses’ Wolff found that experimental increase of ntracramal
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pressure 1n normal subjects did not produce headache whereas
lowering of intracramal pressure by removal of 20 ml of cere
brospinal flud regularly did so, particularly when the subject
assumed the erect posttion This type of headache was enhanced
by compressing the jugular veins and relieved by restoration of
cerebrospinal flmd volume Headache following lumbar punc
ture, which 15 probably due to leakage of cerebrospial flud
clearly resembles that which develops after experimental
drainage

‘Wolff observed that 1 patients with cerebral tumour head
ache occurred almost as frequently with normal as with
creased intracramal pressure and in some nstances could be
nduced by lowering this pressure He concludes that the head
aches produced by dramage or by cerebral tumour are not
due to changes 1n intracranial pressure ger se but to dilatation
of and traction on pain sensittve intracramal vascular struc
tures though tumours may of course also press directly on
crantal nerves*

“Migramne Wolff has shown that 1n mugraine the development
of the characteristic umlateral headache 1s associated with dis
tenston and increased amplitude of pulsation of the branches of
the external carond arteries on the affected side” and that
Jection of erg reduces the amphtude of artertal pulsa
tion at the same time as the intensity of headache decreases
Ostfeld and Wolff (1955) have recently reported that infuston
of noradrenahine also relieves the headache of migrame

ws stretching and increase of tension 1n hollow viscera and
the walls of large blood vessels can produce pamn when the
threshold for pain 1n the mnvolved nerve endings 15 normal
When there 15 1nfl the pamn threshold 1s lowered and
degrees of tension which would normally not produce any un
pleasant feeling can be exquusttely pamnful as in the throbbing
pamn due to arteral pulsation 1n an abscess I shall refer later
on to factors which enhance the sensiivity of pain nerve endings
1n such cases

“Now although we commonly thunk of phystcal stimuli as
acting directly on pain nerve termnals 1t 15 quite possible that
some such stimuli act via chemical processes which m turn

L
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excte the nerve endings’ For example, Hardy et of (195°) have
pomnted out that pplication of heat to the skin only produces
pain when the temperature reaches 45 G, and that at ths
temperature denaturation of proteins begms to develop How
ever, the speed of onset of such pamn would make the study of
assoctated chemical changes very difficult and the possibiity of
chemical mediation of such a sumulus must remam speculatne
for the time being

The pam associated with compression of nerves for example
by a tumour, a prolapsed ntervertebral disc or an aneurysm,
raises interesting problems If compression of a nerve 1s great
enough conduction will finally be blocked and there wall be loss
of all sensation mn the innervated region ¥Pamn can occur only
with lesser degrees of compresston or when compresstor 1s mter
mittent The importance of the blood supply to nerves has been
emphasized by many workers m recent years who have shown
that 1schaemia of nerves mcreases therr irritabihity, producing
paraesthesiae and hyperalgesta Thus compression pmbably
produces pain by reducing the blood flow through the nerve,
the consequent hyperalgesia so increasing the sensttiwnty that
normally subthreshold stimult 1n the affected area become pain
ful The phy«ucal simulus of pressure thus produces pam by an
ndirect process, by inducing metabolic changes 1n the 1schaemic
fibres but the nature of these changes 1s unknown #

“And while on the subject of ischaemia of nerves I should
Iike to mentron the pain of causalgia which follows mjury ©
nerve trunks Doupe, Cullen and Chance (1944) have made the
very Interesting suggestion that i this condition chromc
1schaemia of the affected nerve leads to a breakdown of the 10
sulatton between nerve fibres so that efferent impulses passiig
down the postganglionic sympathetic nerve fibres can traverse
artificial synapses in the damaged region and set up afferent
1mpulses m neighbouring pamn nerve fibres # This view 15 SUp
ported by the recorded beneficial effects of sympathectomy 12
this conditton Richards (1951) has suggested that the pun of
1schaemic neunts associated with obstructive artenal disease 15
of similar onigin
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Cuemicar. FAcTors 18 THE PRODUCTION OF PAIN
The production of pun by chemical factors has been httle
studied expenmentally because 1t 15 difficubt to make repeated
apphcations of the substances under imvestigation, and to
obtam accurate measurements of the results 4Ve know of course
that surface application of strong irritants such as chloroform
acids and alkalis produces severe and panful damage 1n the
skin and mucous membranes and that mjected solutions of
certam drugs, such as orgamc arsenicals and mercunals and of
hypo or hypertonic solutions will produce pain i both skin
and deeper structures “Other examples of extrnsie pan pro
ducing matenals are nettle stings and certain venoms, such as
wasp venomn, which I shall mention later ¢
It 15, however more 1mportant to consider the possibility of
pain prodi by wntnnsic ch ubstances derived from
Living body fluds and tissues Consider for example, the pam
of peptic ulcer 1t 1s natural to suspect that pain 1n this condition
1s due to the action of the acad gastric yuice on the ulcerated
surface, and the relief of this pain by admmstration of antacids
supports thts view Moreover Palmer (1926) and Bonney and
Pickening  (1946-8) have reported that admimstration of
hydrochloric acid at pH of 1-2 produces patn 1n many patients
with ulcer, and that when spontaneous ulcer pain occurs the
pH of the gastric contents 1s markedly acid I shall have further
comments to make on this later on
o take another illustration—the pam and tenderness in
wschaemc muscle MacWilham and Webster (1923) suggested
that the pain which develops when muscles are worked under
sschaemic conditons mght be due to metabolic products of
activity Lewss Pickering and Rothschuld (1931) developed this
view and postulated a factor P as the shmulus to pam Factor
P 15 presumed to anse from metabolic activaties in muscle fibres
and to diffuse thence to the extracellular space where sttmulation
of pamn nersv ¢ endingstakes place Thesteadyincrease of pain dur
g schaemic museularwork 13 attnbuted to accumutation of fac
tor P 1n the tissue spaces and the very rapid relief which follows
restoration of the airculation to the speedy dispersal of this sub
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stance Lews did not identify factor P and suggestions by others
that 1t 1s lactic acid or potassium have never been confirmed

The chuef interest 1n this type of pain hes 1n the explanation
whuch it offers for the pain which accompantes activity mn skeletal
and cardiac muscle 1n the presence of obstructive arterial disease

“The pamn of intermuttent claudication in the hmbs, and of
angina pectorts, are both typically provoked by exertion and
relieved by rest With sudden complete occluston of an artery,
as mn coronary thrombosss, the onset of pam 1s simlarly pro
duced but 1t cannot of course be reheved by rest 7

“Inflammation 15 another state 1 which 1t has been postulated
that pain 1s provoked by chemical agents Dolor was one of the
cardinal features of mflammation mentioned by Celsus, the
others bemg rubor, calor and tumor Whilst much work has
been done on the factors which may account for the vase
dilatation and increased permeabihity of the inflammatory
response, much less attention has been paid to the processes by
which pain anises 1 this state, though 1t 1s commonly said that
the pain 1s due to mcreased tension in the mflamed tissues
Now whilst there may certamnly be an ncreased tension 1n an
nflamed area this factor cannot directly provide more than 2
partial explanation since the outstanding feature of an nflam
matory process 15 the marhed /pperalgessa which it induces In
nflamed tissues the pain threshold 1s much reduced and stimult
which are not pamful 1n normal tissues may be very pamful m
the affected region “The hyperalgesic state may be such that
even artenal pulsation can produce a severe throbbing pain
wg/th each heart beat”

Sometimes an inflamed area 1s spontancously pamful, that
1 pamn 1s present without application of an external stumulus
or when the mflamed part 15 completely at rest Lewis ( 1942)
suggested that in such cases the chemical agents which produce
hyperalgesia have reached a sufficiently high concentration 10
stimulate the pain nerve endings on their own

One of the examples which Lewts gave 1n support of the 1de2
of chemically induced pain was the sequence of events following
a heat burn I would like to illustrate this in relatron to some of
our own 1vestigations
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Figure 1 shows how such pamn may anse after experimental
burns to the skin The figure shows graphic records 1n two sub
Jects of the pain produced by application of heat at 65 C and
70° C , 1n each case for 3 seconds The 1mtial igh peak of pain

no

65C for 3seconds

o 1 W

Imp

2 70C for 3 seconds

Fic 1 Records of pain following experimental burns The burns were
induced 1n the skin of the forearm by application of a heated brass rod 1 cm
w diameter at65 C 1n one subject and 70 G 1n the other the duration of
application being 3 seconds 1n both cases Pamn was recorded as desenibed by
Armstrong et al (1953) Ordinate= Pain Scale where 1=shght pain 2=
moderate pan 3 = severe pam and 4= very severe pamn Note the peak of
pam dunng application of heat followed by latent period of 27 and 21
seconds respectively when no pain was felt and then a slowly waxing and
wanng of what Lewns called the delayed pam of a burn

comcided with the period of heating after which the pamn
rapidly subsided to or almost to zero Then after 21—27 seconds
pamn returned and rose more slowly to a moderate mtensity and
then decayed agan during a peried of about 10 minutes after
which the area was hyperalgenc but not spontaneousty pamfol
It1s the delayed pain which Lews ascribed to chemical factors
and T shall later consider what substances might be mvolved
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The subsequent hyperalgesia resembles that produced by
other forms of wnjury such as occurs after excessive cooling
(—15 Q), exposure to ultraviolet hght, scratching and m
fective and allergic inflammatory processes

ewis showed that when there was cutaneous hyperalgesiz
following 1njury spontaneous pain could be aroused exther by
warming the skin to 30-35° C or by occluding the circulation
to the affected part He suggested that m both these cases the
spontaneous pain was produced by an ncreased local con
centration of metabolites, the ramsed temperature mcreastng
their production and the 1schaerma preventing therr removal
However, as pointed out by Nathan (1953) occlusion mght act
by increasing the sen itwity of the pam nerve fibres, so that
pain could occur without any merease 1n concentration of pain
producing metabolites

So far there have been no suggesttons as to what these meta
bolites are Lewss did not commut himself except to say that he
did not think histamine was concerned He found that aqueous
extracts of skin caused pain on intradermal mjection but did not
wdentify the active principle

I will now deal with work which we have been dong at the
Middlesex Hospital Medical School My colleagues i this work
are Dr Desiree Armstrong, Dr J B Jepson and Dr J w
Stewart, and together we have been nvestigating the possible role
of intrinsic chemucal factors 1n the production of cutaneous paii
wath particular reference to substances which develop in blo

In conjunction with Drs Dry and Markham (Armstrong,
Dry Keele and Markham, 1953) we first studied various
methods for producing pamn by chemical agents Lews ha
admnistered histamine and other substances by pricking through
a drop of solution placed on the skin, but we soon found that this
mode of application was factory smce pain was not pro
duced by substances which were very active when given 1%
other ways We also tried tntradermal njection which was cer
tainly effective with most substances which we tested However,
we sometimes observed 1rregular responses such that 1s0tonic
saline might occastonally be pamnful and normally parnful solu
tions ineffective Of course with sufficiently numerous njections
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such 1rregulanties could be taken account of but our subjects
(I was one of them!) did not seem to enjoy recewving the large
number of njections needed to give statistically sigmificant
results Further, 1t was obviously dangerous to inject inflam
matory exudates which might be contamunated with bactena
or foreign matenals to which the subjects might become sen
sitized So we sought and found, what was for our purposes 2
better method, m which the substances to be tested are applied
to the exposed base of a blister produced by cantharidin

Biister Area A o g per cent canthandin plaster about 1 cm
1n drameter 15 applied to the skin of the forearm for 46 hours in
the evening By the next morning a blister has usually developed
The flwd (about 0 2 ml) 1s aspirated, the rased eprderms 1s
removed and the base of the blister 1s then available for testing
Dr J Boss has shown that all but the basal epidermal cells are
removed and that the cells of this layer tend to be separated
from each other though still attached to the basement mem
brane The nerve fibres which end 1n the eprdermus wall be rup
tured dunng blister formation but deeper nerve termnals will
remain mtact

The area 1s bathed i Locke s solution which does not pro-
duce pam This solution 1s removed at intervals (usually 10
minutes) to allow apphication of the test materals  We have
found this techmque to be very rehable and sensittve and the
effect of a given solution 1s reproducible during an experimental
sesston lasting 13—2 hours The subject of course does not know
the nature of the applied materials and on some occasions the
experimenter has also been kept mn 1gnorance The results are
recorded graphically i the manner already described

‘We are aware that the blister base 1s not a normal tissue and
that 1t might be hypersensitive to certam agents but since pam
often occurs 1n already damaged tissues the condrtions of our
tests are reasonably relevant The constancy of response to a
given concentration of a standard agent 1s of great value 1n
assessing the mse and fall 1 actvity of labile pam producing
fhuds such as inflammatory exudates and plasma Solutions
need not be sterilized as they are rapidly removed but we have
naturally avoided heavily contaminated matenals
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We have obtamed much useful information from the blister
area which has most of the advantages of an 1solated organ pre
paration combinred with the very unusual property of remaining
attached to the rest of the body

Imin
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Fic 2 Production of pain by acetylcholme 1n two subjects Solutions of
ACh were apphed to the exposed base of a cantharidin blister Ordinate
= subjective L ain Scale as described in Fig 1 RL = Ringer Locke solution
Numbers below ACh show amounts 1n g/mi of flud (Armstrong & ¢

1953 )

1 will now descnbe the effects of various pan producing
agents as tested on the blister area

Acetylcholine (ACR) When different amounts of ACh (i
Locke s solutton) are applied to the blister area pamn is pro
duced with concentrations from 10-5g /ml upwards The pain
15 commonly immediate in onset smarting or stingng 1n char
acter, rapidly reaches a peak and then subsides to zero within
g0-60 seconds The effects of diffcrent doses are graded

(Figure 2)
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Potassm Chloride Solutions of potasstum chloride (o 1-1 per
cent) produce pain rather similar to that seen with ACh but
the effect comes on a little more slowly and lasts rather longer

4
tmin
3
£
&2
1
o
RL  ACh  ACh D stifled Water
IO 30 *
4
LT
3
=
52
1
o L
ACh  ACh NaCl AL Ach
10 5x10 4 510

Fic 3 Production of pamn 1n blister base by distilled water and 5 per cent
NaCl soluton Ordinate =Pamn Scale RL =Runger Locke solution (Arm
strongetal 1953)

Tomaty Marked deviations from physiologically normal
osmotic pressure also produce pain With decreasing concen
trations of NaCl pamn occurs at about o 3 per cent NaCl and
with increasing concentrattons at about 3 per cent NaCl
{Figure 3)

Aadity When acid solutions are apphed to the bhister area pamn
1s not produced until the pH falls to about 3-3 5 (Figure 4)

Histamne The part played bv istamme 1n tissue reactions
and claims by Rosenthal that 1t 1s the mediator of cutaneous
pam led us to test this substance on the blister area
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¥16 4 Production of pam i blister base by HCl and lacuc aod Ordimate
Pain Scale The acids were made up 1n Locke s solution to give 150t00¢
soluttons of varying pH (Armstrong efal 1953 )
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Fic 5 Production of pamn and 1tch by histaminc Upper re \
lower record = pain Concentrations of histamine and ACh given in g /™

(Armstrong et 6l 1953 )
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Briefly, we have found that n concentrations of 10-%g /ml
or higher 1t can produce transient pain (which 1s sometimes
severe with 10-%g /ml concentration) the pan being followed
by itching (Figure 5) Only stching occurred with concentra-
tions from 1075 to 1077 g /ml Whenever there were sensory
effects weal and flare were also seen

It 15 generally accepted that itchung does not occur after
the eprdermus has been removed, so m our expeniments 1t 15
likely that the itching induced by hustarmine 1s due to penetra
tion of the substance into the normal skin surrounding the
blister base Our results are compatible with Broadbent s
{1953-5) suggestion that when 1t acts on intra epidermal end-
1ngs histamine produces rching, but that when 1t penetrates
to deeper nerve endings histamine can 1f the concentration 15
lugh enough produce pain We have been quite unable to con
firm Rosenthal s claim that lstamimne produces cutaneous pamn
1n a concentration of 10-1% g fml

We found that a histarmine releasing agent, compound 48/80
produced both pam and itcling when applied to the blister
base

It 1s dufficult to know whether histamine release 1n shin or
other tissues ever produces concentrations high enough to cause
pam  Certamly, the classical instance of i 2o release of
lustamine namely the urticarial weal 1s accompanted not by
pan but by itching However one cannot exclude the posst
bility that with more severe tissue damage, hugh pam pro
ducing concentrations of histamine mmght be released at first
but 1n these circumstances other pain producing agents might
also be present”as I shall describe 1n a moment

In the course of our earlier work we collected the flud from
the blister 1nto a glass tuberculin syringe and in some expen
ments we reapplied this flud to the exposed bhster base, at
first regarding thus as a control apphcation However we were
surprised to find that on many occasions the bhster flud pro
duced marked and prolonged pain after a latent period of
15-45 seconds On other occasions bhster flud did not pro
duce pain and eventually we found that when the application
was made withun one hour of aspiration the flud was almost



156 C A REELE

nvariably panful whereas after one hour 1t was not (Figure 6)
"Thus the pain was produced by an unstable constituent of bisster

flurd
“We naturally wondered what this substance could be and at
first we thought 1t mught be 5 hydroxytryptamne (serotomn,
54

Imin

°'L T o1 1o

RL ACh Burn  Bhister Fluid at 20 C
25x10® (@1t Behr (&)t Smin

¥io 6 Production of pain by blister flud Deep frozen blister flud col
lected from a patient with a heat burn was later thawed and tested on the
exgosed base of a canthanidin blister in another person Ordunate = Pamn
Scale 5= 1ntolerable pam RL=Ringer Lacke solutton which produced 10
pain The area was sensitive to 2 X 10-%g/ml ACh Burn blister flud which
Fad been melted for 1 hours gave no pain (a) This was applicd before the
hughly active sample  which was melted only 5 munutes before appl
cation {3) so that the absence of response at 13 Hours could not be atttt
buted to nduced refractormness of the blister area (Armstrong ¢f al 1957

5 HT) We therefore tested blood serum which was known to
contamn 5 hydroxytryptamme and found that this produccd
pamn sumilar to that evoked by bhster flud, plasma bemg nega
tine 1 these experiments (Figure 7a) Platelet extracts so
produced pamn By this ime we had obtaied synthetic 5 HT
and we found that this produced the same type of pan 28
blster flnd and serum 5 HT beng effective 1n co’ncentratmﬁs
of 10~ —10~7 g /ml and occasionally at 107% g jml’ (Figure 75

Now since 5 HT 1s known to be very active 1n causing con
traction of the 1solated rat uterus we applied blister flund to this
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preparation and as expected observed uterme contractions
(Figure 8) However, when we went mto the matter further we
found several respects 1n which the active substance 1 bhister
flmd duffers from 5 HT For example the substance in bhster

Pain

40 seconds
ACh Serum
o4

®

Im(n

£
St
[
i ligseconds
ACh 5 HT
10 [

Fic 7 Pain responses in blister avea to serum and 5 hydroxy tryptamime
(5 HT 'Serotonin) (a) responsc to serum (5} response to 5 HT 1n a con
centration of 10~4g/ml (Armstrongefal 1953 )

flud 1s unstable but 5 HT 1s stable 1n this fluud, the action of
5 HT on the rat uterus 1s d by dihydroerg
and lysergic acid diethylamide that of bhister flud 1s not and
acetone which extracts 5 HT fiom protein rich fluds precipr
tates the actvity of blister fluid wath the protens

~Thus we had found that both serum and bhster flid con
tained pain producing agents, that 1n serum being a stable com
pound of known structure namely 5 HT that m bhster flud
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being an unstable substance of unknown composition We then
found that the activity of blister fld could be preserved by
deep freezing which meant that we could keep such flwds
until 1t was conventent to test them <

- RAT UTERUS -CONTRACTIONS
min

| ! | ] T i
5 HT 5HT 5 HT 5 HT BBF 5 HT

20104 7x10g 5x10 310§ OImi  3xI0g

Fic 8 Contractions of 1solated rat uterus m response to 5 HT and burn
blister flud (BB F) Volume of bath = 30 ml (Armstrong efal 1957)

‘We still had to consider the question—why 15 2 blister not
pamful® For that 1s the case To study this point we tested fud
immediately after withdrawal from a blster and found that
1t did not cause either pain or uterme contraction but that after
a short while 1t did both (Figure g) Thus the pamn producing,
uterus stmulating actinity developed only after collection of the
blister fluid 1nto the glass syringe “Bhster flnd was mactive
siu, and was activated after a few minutes 1n a glass synnge, ‘hﬂ
activity reachung a peak after 5-10 mimutes and then decaying

‘We soon found that other mflammatory exudates such as 2
pleural effusion and jomt flnd from patients with rheumatoid
arthntis behaved just Iike blster flud (Figure 10 Argent
Armstrong Jepson Kecle and Phullps, 1954) Finally we found
(Armstrong  Jepson Keele and Stewart, 1957) that blood
plasma responded mn the same way (Figure 11) (Our ongwal
negative responses to plasma were due to testing more than one



CAUSES OT PAIN 159

hour after collection of the blood when the pan producing
substance had come and gone )

Thus 1t seems hkely that the pam producing activity of
inflammatory exudates 1s due to therr derivation from plasma
1n which the fundamental process of activation by glass can be
much more comvemently studied Heparin does not affect

ONSET OF ACTIVITY

3 PAIN
Imn
2
£
e
t
° on _ off
] 1 Pt
ACh Cantharidin Blster Fiuid
100 ugfmi at 20sec
Amin
RAT
UTERUS
[3Cml bath
on off
5 HT SHT CBF CBF
O0Q5ug O20g at20sec  at6mn
Oiml ©05ml
Fic g Develop of pamn and uterus stimul: activity

1n blister flurd on withdrawal 160 a glass syringe  Upper record = pain
lower record = contractions of rat uterus

The subject had two cantharidin bhisters one on each forearm One
blister was opened and prepared for testing Fluid from the other blister
‘was removed and tested after 20 seconds on the blister base and rat uterus
No actmity was recorded After 6 minutes half the previous volume of can
tharidin blister fluid (CBF) produced marked contractron of the uterus and
after 20 nunutes the aspirated blister flud produced pan (Armstrong
etal 1957)
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this activation of plasma  When blood 15 collected imnto 2 sih
coned syringe, transferred to polythenc centrifuge tubes contam
g heparin, and spun at 4000 rev /minute for 15-20 munutes,
the upper half of the plasma contains no red cells or leucocytes

2
£ Imin tmin
5 Lmin, Ame,
8
'
O
[ masstuaman pmes
AZh Joint Fluid Ach Pleural Effusion
©Y/mi 0%/l
(a) (0)
Fic 10 Pam i blister area t of () jomnt flusd from

1
a patient with theumatoud arthris and (8) a pleural effuston of mflam
matory type {Armstrong efal 1957)

and very few platelets Such plasma does not cause pam or con
tract the rat uterus (we call 1t preacuve plasma), but when
transferred to glass 1t 15 actinated exactly as described for the
exudates Thus virtually cell free plasma can form a powerful
pamn producing substance when brought intg contact with glass

And now for the nature of this substance “Using ultrafiltrates
and aqueous and alcoholic extracts of active plasma, we have
found that from 1ts physical, chemical and biological propertics
the pain producing substance (PPS for short) appears to be 2
polypeptide closely resembling the substance br;\dykmm'ﬂcs
cnibed by Rocha e Silva Beraldo and Rosenfeld (1949) (Figure
12) Bradykimn 15 made by the action of trypsin or proteolyttc
snake venoms on plasma «, globulins Plasma PPS resembles
bradykimin n that 1t or somethung very stmilar, can be forme
by the addition of trypsin to preactive plasma, the proteolytic
enzyme of plasma called plasmin or fibrinolysin, acts 1n the
same way Activation of plasma by contact with glass or by
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addtion of trypsin or plasmun 1s wwhibited by the soya bean
trypsin mhbitor

‘Al these findings suggest that the fundamental process i the
formation of PPS 1s activation of a proteolytic enzyme n plasma “
PLASMA

min

ACh Plasma ACh  ACh ACh
SOpy/ml  at3nr 25ug/mi 25ug/ml Opg/mi

w

ACh  RL Biood Plasma
SOugfml at2mn ot 7mn

Fic 11 Production of pamn by plasma on bhister arca The upper record
shows absence of pam when plasma from hepariized blood was applied
3 hours after aspiration into a glass syringe The lower record shows absence
of pan when heparimized blaod was applied 2 minutes after aspiration
the blood was centrifuged and severe pamn was produced by application of
the plasma at 7 minutes after aspiration

“The rapid decay of the substance 1s presumably due to the
presence of a peptidase 1n plasma’(Armstrong et al  1957)
ow, before considering the possible roles of these vanous
chemical agents in the production of the pain of tissue injury,
I should like to refer to the receptors upon which they act The

sensittvaty of the cutaneous pain receptors to ACh (10-%g fml )
M
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1s comparable to that of the motor end plate, and 1t 15 interest
1ng that the pain producing action of ACh 15 rather speaifically
antagomzed by tubocuranne and decamethonium A further
pont do different substances act on different receptors” We

4 tmor
3
£
g2
t
ol
ACh BBF
5049 /ml
4 Imin
Jmen,
3
3
H
)
I
° 1
ACh Bradykinin
100ug/mt 100 gl

Fio 12 Production of pain by burn blister flurd and by
bradykimin on the blister area

have no direct evidence on this point, but most subjects have
Iittle doubt that the immediate smarting pamn of ACh 18
different 1n character from the delayed burning, priching pain
of 5 HT and plasma PPS The former fecls more ‘superficial
than the latter and 1t m1y well be that ACh acts directly on the
nenve endings exposed on the blister base and that 5 HT and
PPS act at a decper level—hence their Iong latent penod
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CrevicAL AGENTS IV PatHoLocicaL Pary

Next I shall consider how far these various chemicals can
account for pathological pain It seems to me unlikely that
there 15 a single chemrcal medrator for all types of pam, and
comparsons with the role of ACh or noradrenalme as trans
mmcrs, or of histamme i anaphylactic shock are over

phfications  Good les of extrmsic pam producing
mixtures are provided by nettle stings and ansect venoms

Nettle Stings Emmelin and Feldberg (1947) showed that
nettle stings contain hgh concentrations of ACh and histamine
which could certamnly produce the imtral stinging pam The
itching and triple response would of course be due to the hista
mine

Recently Collier and Chesher (1956) have shown that nettle
stings also contain 5 HT 1n amounts which could produce pam
of longer duration It 1s also intriguing to hear that Brittara and
Collier (1957) have found an antagomst to 5 HT mn dock
leaves

But even with three pain producing agents 1t 15 still drfficult
to explamn why the pain following nettle stings may last for some
hours Tt seems to me possible that a proteolytic enzyme called
solanain, which occurs 1n nettle stings might contribute to the
pricture by forming pain producing polypeptides from plasma
and tissue protemns

Wasp Venom Jaques and Schachter (1954) have shown that
wasp venom contamns 1n addinion to hugh concentrations of
histamime and 5 HT a pam producing polypeptide named
kinin There 15 no difficulty here n accountng for both pamn
and local tissue reactions 1n terms of these substances

Among other venoms, bee venom contains much histamine
but no 5 HT and scorpron venom contams enough 5 HT to
produce pain (Adam and Wess 1956)

Now I would like to discuss the possible roles of the ntrnsic
pam producing factors Thus discussion 15 necessanly specula
tive 23 there are no techmecal means of measuring local release
of these substances while pan s occurning To me 1t seems most
Iikely that pain resulting from tissue damage could be due to
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histamine (in ngh concentration), 5 HT and the plasma PPS,
though 1n the special case of peptic ulcer HCl can play a part,
and 1t would be difficult to exclude the contnibution of re
Ieased potassium from damaged cells

Histamine would be hberated from damaged mast cells, and
perhaps 5 HT as well, but release of the latter could arse 1
another way Trauma damages capillary endothehum which
then becomes sticky Leucocytes and platelets adhere to the
damaged endothelium, the platelets disintegrate and release
5 HT 1 high local concentration If blood escapes mto the
tissues, release of 5 HT from platelets would also occur The
work of Beloff and Peters (1945) shows that tissue damage 16
leases an active proteolytic enzyme mn shin and if such an &2
zyme acted on plasma 1t could form the pamn producing poly
peptide Tissue cells also contain an actwvator of the proteolyic
system of plasma

It 15 Interesting to note that histamine, 5 HT and the plasm3
PPS form a muxture almost 1dentical with that found 1n Wasp
venom It 1s as if such an unholy trimty had been evalved by
Nature as the most relrable rectpe for pam!”

And now a few words about the possible relation of plasmd
PPS to blood clotting Macfarlane (1956) has long regarded
blood clotting as just one of many reactions of blood to mjury
50 1t 15 of interest to consider whether the formation of pl1sma
PPS 15 m amy way related to cloting When blood 15 put 1o
glass PPS formation occurs before wisible clotting Ant
coagulants such as hepann, atrate and oxalate do not prevent
the formation of PPS by glass so if the two processes are related
1t would appear to be at some early phase of thromboplastin
formation which does not depend on the presence of jonic cal
cum Other reactions of blood to smury could iclude act
vation of the permeabihity factor G, 1solated from gumea P18
plasma by Miles and Ius colleagues at the Lister Instituté, as
well as hberaton of lstamune, 5 HI' and adenosine triphos
phate from platelets (Humphrey and Jaques, 1955 Bo
1956

9'5112“5 m trymg to e\:plam responses to mjury we are faCCd
with the possibilitres that tissue cells, blood cells or plasma can
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all release or form active agents which could contnbute to the
pam In such a case as the delayed pam after a burn (see
Figure 1) histamune, 5 HT and plasma PPS could all be impl

cated The 5 HT mught well come from platelets as a direct
result of the heat, since we have found that heating platelets to
70-75 C for a few seconds releases this substance Dr Arm

strong has found 1n skin extracts an additional pamn producing
agent which has not yet been :dentified but 1t 15 not hustammne,
5 HT or a polypeptide In longer lasting ‘spontaneous pamn

histamme and 5 HT would be less hikely exaitants because
release of ustamine tends to be explosive and because pamn
nerve endings become refractory to 5 HT Formation of PPS,
on the other hand, could continue so long as there 15 proteo

Iytic activity n the damaged tissues™t seems likely that the con

tinued presence of relatively Jow concentrations of histamine

5 HT and PPS could produce hyperalgesta and an additional
factor which could increase the sensttivity of pam nerve endings
13 15chaemua of the nerves resulting from mncreased tension 1 an
mflamed area #

“There 15 a httle more to say about some of the conditions
discussed earlier on On the subject of the pan of peptic ulcer,
1 agree not only with Palmer and with Bonney and Pickering
that acad gastnic yuice can produce pamn but also with hansella
(r953) and with Smuth {1955) that 1t 1s the state of inflammation
m the ulcer which determmes the pain response If hyper
algesta 1s marked any stmutus will provoke pan ©

~With respect to wschaemic muscular pan 1 have no fresh sug-
gestions to make about the nature of Lewiss factor P but [
would like to make one point about the pain of coronary occlu
sion After the occlusion the affected heart muscle of course
contracts ischaemically but 1t must be remembered that the
anfarct 1s an acute inflammatory reactton Thus m addstion to
factor P, T would expect 5 HT and plasma PPS to contribute
to the pam of coronary thrombosis ~

“A few words more about migramne In addstion to distension of
the temporal artery Ostfeld and Wolff (1955) have shown that
there 15 oedema and a reduced threshold to deep pamn on the
affected side which they suggest 1s due to plasma PPS Thus the
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headache results from stimulation of hypersensitive pain nene
endmgs

~It would be quite wrong m a talk about pain to omit some
reference to foothache and 1 would like to mention briefly some
work now bemng done by Anderson and Howard at Guy's
Hospital They have shown that the exposed dentine1s generally
nsensitiye to chemucalexcitants of pam although sensitrveenough
to temperature changes particularly to cold, and to pressute
For toothache the most important factor would appear to be
the iflammatory changes 1n the pulp, with the ensuing hyper
algesia which can rise to pain at the shghtest external stumulus of
even from the pressure exerted by structures within the discased
tooth on the nerve endings 1n the pulp *

Next a few words about possible antagonusts to the pan
producing substances which I have mentioned Local anatsthelies
will of course prevent thetr action by bloching the pain nené
fibres peripherally, but we have not come across any speafic
antagonists to plasma PPS Salcylates have a shght action
but centrally acting drugs like morphine show no penpheral
antagonism to PPS Cortisone does not prevent activation of
PPS by glass, but we have not studied 1ts antagonism 0 the
action on the blister area Tt 1s difficult to study antagonists 10
5 HT on the blister are: owmg to the refractory state which
repeated applications of 5 HT induce

It 15 quite clear that there are many questions stdl to be
mswered, particularly i regard to liberatton and actwation
of pain producing substances 2 2220 1 hope that our expert
mental results and the speculations which have dev eloped from
them wll stmulate others to an interest 1 a subject which We
have found very fascimating
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Neurochemustry

HENRY McILWAIN

HEN I was mvited to lecture on 2 neurochemcal topic
s ;‘ / 1 provisionally accepted the simple title of Neuro-
chemistry , thinking that 1f necessary some one aspect
of this large subject could be chosen at a later date However, 1
the meanwhile my curiosity was aroused by the mcreasing use
of the term neurochemustry and 1t appeared valuable to discover
exactly what activittes this newly-proliferated name was cover
g So I propose to explore this 1n a way which exhubits the
development of the subject and the contribution which 1t males
to the scientific basis of medicine which gives some mdicatons
of our own current work and displays a httle the relationship
between the biochemical specialist and s parent subject

NELUROCHEMICAL LITERATURE

At least 1n the past decade, the term neurochemstry has been
wed to imclude all aspects of chemustry biochemstry and
chemical treatment related to the nervous system and to thi
neurological and psychiatric half of medicine (Elliott 1947)

These medical specialities have been especially probfic m the
number of compound terms which they have engendffﬂd
Neuroanatomy neurophysiology psychopathology have be
come current while hepatophysiology or myopathology hav¢
not, perhaps, therefore, a neurochemmstry was to be e'(pectcd
before a hepatoct ry or a myoch ry If there 1s a basis
for this i the subyj th Ives 1t pr bly Les mn the

1 The term Merencheme was employed in the last century to dicate more Lter
ally the chermstry of nervous tissues
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outstanding contribution which the nervous system makes to the
dommance of mammals and primarily of man This significance
of the neurological sciences has long been felt, n 1833 ] P
Couerbe p d to the Académie des S (Parns) a paper
which dealt primanly with the fractionation of cerebral hpids
but which he prefaced by making a plea for the fixung of the
attention of all our scientists on the nenvous system, and 1n
which he posed questions on the nature of man and hus ntelh
gence These questions he tackled by the neurochemical methods
oflus ttme  he attacked several pounds of ox bramn with ethanol
and ether with the object of separating and chemically char
acterizing 1ts constituents He apphed this method not only
to the brain of ammals but also to human bram, and thought
that he found ch 1 duffe between sp from the
normal the insane, and the 1diot

Thus type of study constitutes the beginning of neurochemis-
try contemporary with the beginning of orgamc chemustry
and biochemistry themselves The theme of separating and
wdentifying cerebral constituents especially hipids was multr
plied, but not diversified by ] L W Thudichum whose
Chemical Constitution of the Bramn (1884 1901) can be taken as
typical of the picture of neurochemustry at the turn of the cen
tury From then almost until the present decade the physio-
logical chemstry of the nervous system tended to attract much
less attention than 1ts el logy but W,
(1929) monographs are an c(ccpnon ‘When Page (1937} wrote
huss book, the biochemistry of the mervous system itself was
cstabhshcd and several current themes are included So we
come to the 1950 s with books by Himwich (1951) and Mc
Ilwarn (1955), and four coll of papers speaifically on the
subject of neurochemustry two symposia (1955 1957), and the
others edited by Elhott Page and Quastel (1955) and horey and
Nurnberger (1956} Itis these four collections and the chemucal
Papers appearing m current journals of neurology and psy
chuatry which I will take as typical of the present state of neuro
chermstry

Many ncurochemxcal studies of course appear m biolo-
gical biock phystol 1 and phar: ot 1 journals
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and have begun to appear in the new Journal of Neurochemisty
These are at present probably exceeded by the numbers appear
g 1n medical journals, some twenty neurological and psy
chiatric journals carry appreciable numbers of such papers
For the present survey I have chosen those appearing 1na few
unselected numbers of one Brtish journal, the Journdl of
Neurology, Neurosurgery and Psychatry and one American, the
Archizes of Neurology and Psychuatry Tt 1s remarkable that chemical
matiers constitute a domant part of 35 to 40 per cent of all
the papers m these numbers

Starting wath this sample of 82 papers from journals, 50 ffom
collected papers, and g8 from symposia, the classification of
Tables 1 and 2 emerges Ths first divides the subject mto tho
approximately equal parts 1n the first (Table 1), the nervous
system or preparations from 1t are studied largely 1ndepen
dently of the rest of the body In the second group (Table 2) the
dominating theme 15 the relationship of the nervous system with
the body as a whole The two aspects of course overlap and a7
terdependent

In all these different sources of neurochermeal data, studies
concerning the central nervous system preponderate Th 15
due, apparently to a combmation of causes to which cont?
bute 1ts importance and 1ts availabhty, especially the large
lump the brain, readily recogmzable by biochemists although
they may have to be ashed how much of the cercbellum o bram
stem they have included mn their samples

DIRECT STUDIES OF THE NERVOUS HYSTEM ITSELP g
In this and the following section, paragraphs are numbere
according to the headings of Tables 1 and 2 Of the mvestt
gations quoted many have been carrted out at the Maudsley
Iaboratonies and to these P Greengard, P J Heald H Martin
R Rodmght and G H Sloane Stanley have contributed
1 As already indicated the first fundamental chermical study
of the nervous system was of 1ts composition Table 1 bears
witness to the way i which this type of mvesugation has
contmued “New major constituents are sull bemng found among
the liprds, and these and the proteins of the nervous system have
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yet to be examined from many pomnts of view One, now 1n
creasingly studied, 1s their locahzation 1n different parts of the
nervous system and also i different subcellular components ¢

Taste 1 Subjects included in Neurochemical Publications

J MNeurol Neuro

Subgect e s Page Coucmd Symposia Ag§5591‘g?;)
R b3 1555 (1955 1957) Arch Newrol Py
(1901) (1929) (1937) ( S D e 1o

73 1955)

1 Chemcal compostiion

Relatively stable * * . peryey P T T
bile ] o o * * *
In relation to cell
structure 0 0o 0 sereane .
2 Metabolism
Lipi 0 Py e sreeen .
Carbohydrate res
piration 0 . ey v e e
Proteins and ammo
acx 0 . (]) e o vee »
Nudleic acids [} [ [ e
Phoshorylation h} 0 0 (9 LIETTET .
f coenzymes et al 0 0 [ - *
3 Metabolesm and trans
mssion or electyical
henomena
Acetylcholne and
enzymes 0 0 - * +
Noradrenalime and
adrenaline 0o © 0 = . .
Other probable
transmutters 0 ] [CR] A ]
Electrolyte move
ments 0 .« . .
Electrical phenomena
and metabohsm 0 L} r rasan

The * signs refer to the number of papers on the subject md cated or to the
nclusion of Joape accounts of the part cular subject 1 books by the authors
amed (%) s gns 1mply the subject 15 discussed largely on the baus of data from
pam of the body other than the nervous system
But new, purely chemical discovenes remain to be made even
1n kephalin, the iprd fraction which some mnety years ago took
its name from the bramn discovery of an mositol containing
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compound as a magor constituent 1s recent Still more recent 1
the finding, in the Maudsley Iaboratores, that the mositol
Lipid undergoes enzymic change with cerebral preparations at
rates 100 times greater than those previously recogmzed 1n
cerebral lipids

2~Ths 1llustrates how n earlier days a substance attracted
attention because 1t was present naturally in large amounts,
now 1t tends to attract attention when 1t undergoes rapd
metabolic change Ths gives a different outlook and diregton
to the study of the chemical composition of an organ by
analysing 1t before and after the induction of brief, rapsd changes
m functional actaty ndication 15 obtamned of the metabolic
changes which are closely associated with such actvity Exat
able tissues are pre emmently suited for studues of this /P8
which reachied a lugh level in relation to pertpheral nerve when
von Muralt (1946) working at intervals of mlliseconds only
tned to ‘freeze’ a nerve umpulse as 1t passed along an 1solat
nerve “A much wider series of changes has been studied in the
brawn, fixing the tissue for analysis at intervals of one or a few
seconds after electrical excitaton Wathin this brief period 2
number of cerebral constituents have been found to mncrease OF
decrease 1n lfevel These include substances such as ace
chohne and also many which are concerned 1n energy yrelding
and transferning processes glucose glycogen, lactate, and
creatine, adenosine, and morganic phosphates It 15 of course
necessarv 1p an organ which 15 to guide bodily action that
response should be rapid Response 15 usually thought of n
electrical terms and the study of chemical composttion shows
how extremely closely metabolic response 1n the bram 15 asso-
ciated with electrical phenomena This rasses one of the most
fundamental metabolic problems regarding the nervous syste
namely, how 1ts metabohism 1s controlled “For the increased
metabolism associated with activity can brefly, nse to many
tumes the resting level glycolysss, for example ten fold”

The actual processes of carbohydrate and related metaboltsm,
when studied i detail, have important quantitative aspects
which are speaific to the nervous system, mcluding these prob
lems of speed and 1ntegration with tissue function This has beent
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documented elsewhere (Mcllwain, 1955} In a qualitative sense
the processes are often stmular to those of muscle and other
tissues and mdeed the prnimary description of certain aspects of
carbohydrate metabolsm came from studies with cerebral
tissues This was especially so m relation to the role of co
carboxylase and thiol denvatives i pyrusate metabolism In
contrast however the energy consuming processes appear to
be more speaific to nervous tissues Any discusston of these pro-
cesses and of control of metaboltsm 1n nervous tissues must lead
back to the central problem of how nervous transmusston occurs
Here the available mformation tantahzingly awaits chemical
linkage Matenal, 10mic exchange s the basis of the nerve
mmpulse In the spike potential, exchange 1s too rapid to be
enzymic but probably requires carrier molecules and if so
these should be present m apprectable quantity and solable
So also should be more components of the systems expending
metabolically dersved energy m maintaiming the iomc differ-
ences on which the spike potential depends Here the contr
bution of the Maudsley Laboratores has been to try to follow
the fate of the additional phosphate which leaves energy rich
compounds 1n a brief period of seconds when cerebral tissues
are provoked to increased activity by electrical pulses For such
studies 1t 15 tmportant that means have been found of exciting
electrically 1solated mammahan cerebral tissues for the high
metabolic turnover of such tissues and the greater quantity
available give many technical advantages over studies with peri-
pheral nerve When radicactive phosphate s used, a few
seconds electnical excitation 1s 1n fact found to increase greatly
the labelled phosphate transferred from the labile phosphates to
other nucleotides and to phosphoprotemn These groups of com
pounds therefore deserve further study Between the energy
rich compounds and the 10n movement which they support must
come defined chermcal mteraction with other substances as part
of a membrane a protemn as n muscle or hypothetical molecules
which thereby can bind release exchange or displace sodium
©or potassium 1ons

3“The phenomena which have been described are among the
most fund I 1 neuroch y—those concerned with
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1on movement They also form 1ts major unsolved problems
the mech wism of 1on movement durmg the nerve impulsc, and
the mechanisms by which the tissue mamntams 1ts differentsal
1on concentrations mside and outside the nerve fibre? These
constitute the centre of neurochenustry much as the properties
and mteractions of atoms and molecules make the basis of
chemustry, and those of enzymes and metabolites the centre of
biochemistry Granted the chemical basts of the finng of the
ndividual neurone, and that transmission of 1ts impulse 2long
the nerve fibre 15 such 1 central feature of the subject, why does
1t not attract more work? (I am not speaking here of transmission
between cells ) Presumably because 1t 1s an mnherently difficult
subject, and because other aspects of neurochemustry are also
important and often seem nearer to clinical apphcation Forone
could not expect neurochemsstry to become a deductrve scienee
1f chemical mechamsms of transmusston were known, the sifu?
tion 15 more comparable to knowledge of molecular structure 1t
chemustry which has rather, made conjecture and antipation
more accurate and varted On the other hand one cannot expect
difficult, fundamental problems to be solved without con
siderable dehiberation, time, effort and resources Probably
only when they are mn the stage of formulation can such prob
lems best be approached sidelong, when clearly percened one
Judges the best attack to be a direct one Success m under
standing the chemistry of rmpulse transmisston could be very
mmportant, especially 1in bringing mcreased understandmg of the
make up of the nervous system as a whole, and of the way It
vguch 1t 15 affected by normal bodily events and by drugs

The phenomena which have just been described concern the
individual nerve cell and are common to almost all parts of the
nervous system of all spectes studied (though probably here, 25
elsewhere, comparative biochemistry has much to contribute)
Chemical diversity and specificity are however extremely
promumnent 1 the nervous system as 13 made mamfest by the
very names adopted 1n classifying neurones as adrenergic OF
cholmergic We here come to a second category of chemical
factors related to transmisston in the nervous system largely
concerning transmission between cells” These substances are
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mvolved 1n quantities small it comparison with the changes in
sodrum and potasstum 1ons already described but they are of
great qualitative importance They have proved more tractable
to chemical study than the systems concerned n ton transport
so that much 1s now known of the formation and breakdown of
acetylchohne and the way 1n which the functioning of the ner-
vous system 1s altered when such metabolism 1s disturbed
Nevertheless 1n most parts of the nervous system the synthesis
and breakdown of known transmtter substances by known
routes can nvolve only a small proportion of therr energy turn
over Most presumably goes, by routes already adumbrated to
support jon differences and the readiness to transmit The
transmutters one regards rather as triggers, making feasible, for
example the suggestions of abnormality 1n the metabohsm or
binding of acetylcholine 1n areas of abnormal epileptic dis
charge But in the central nervous system 1t 1s espectally pro-
Tusing to see that exploratory work of the last few years 15 1n
dicating still further chemical diversity among transmitter sub
stances, suggesting for example serotorun and ammobutyric
acids to be lved i h

Tue Nervous SysTEM AND THE ResT OF THE Bopy
4“With problems of mntercellular transmission one 1s clearly
approachuing the linkage not only between different parts of the
nervous system but also between the nervous system and the
rest of the body This latter relationship involves 1 one respect
a great elaboration of fine 1 detail, for example at
nerve endings at glands or muscles? 1n other respects 1t involves
much chemical detas) as i the mamtenance of the nervous
system 1tself and in the maintenance of homeostasis when the
nervous system responds to chemical strmuh and elaborates
agents making humoral connection with the rest of the body
"Relahonslups between the brain and the body have long been
the subject of speculation nearly a century ago Henry Mauds
ley was among the most insistent 1n emphasizing that the bramn
required a large supply of blood and that 1t was ughly sensttive
to materials supphed by the blood (McIlwan 1955)° Though
he was correctly orented 1n these respects Maudsley was not a
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laboratory worker For all those who have speculated on the
nteractions between the bramn and the body, only 2 handful
have nvestigated the interchange at 1ts major route by analy
sing the blood as 1t enters and as 1t leaves the bram Of the
major organs of the body, the brain 1s the one most immediately
dependent on second to second material supplies from the
blood Thus 15 obvious to all from the promptness with which
unconsciousness comes when the blood supply to the head 1s
stopped I find 1t valuable to emphasze this at the begmning of
brochemucal lectures in the Umversity course m psychological
medicine, indicating that in studymg the mnd, one 15 studying
the bodily actity most critically and continuously dependent
on material, chemical factors We shall see further examples of
thas shortly, but for the present' wish to describe the cvui:ncc
obtamed by analysis of artertal and cerebral venous blood
~Such studies began m the 1930s to give a consistent piciure
showing the importance of carbohydrate metabolism n main
tamning cerebral activities The balance sheet of glucose and
oxygen utihzed, and carbon dioxide, lactate and pyruvatt
formed was apparently self contained and consistent with gl
cose bemg the only mayor substrate from the blood stream
oxidized by the brain This was true although separated por
tions of the bramn could actively oxidize 2 wide variety of adde
substances, for example glutamic acid, yet artersal and venous
glutamic acid differ relatnely hittle, and such difference 28
exists congists of the formation of the amide glutammne /

Obviously other metabolic relationships exist between the
brain and the rest of the body Vitamins and trace metals must
be acquired, but these can be conceived as relatnvely slow pro
cesses ¥Perfusion studies, however have suggested more diverst
fied chemical exchange at the brain for simple glucose sahnes,
or even quite complex ones wath protemns or red blood cells
added, do not maintain normal cerebral activittes unless, curt
ously, the Liver 15 included 1n the perfusion system, when some
approach to normal 1s found /

5 Description so far in thus lecture has manly concerned the
normal adult nervous system Very extensive chemical mvest!
gation has understandably, been made of the nervous system
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TasLe 2 Subjects included in Neurochemrcal Publications
(continued from Table 1)

5 Neural Newro
Thud Wanter Collected (1‘6%4}’;}’9[;;’
Subyect papers posia
ichum sten  Page “ygs5 (1955 1057) Arch Neurol Py
chemcal aspects of {101) (1529) (1937)  J328) o (72 1958
[

4 Interaction betuween
brain and body
Measured by blood
nal

analyes 0 0 v - * 12
Perfusion and related
methods 0 * * 0 * o
Nutntion [ * A 0
B{,‘;T,’,f’,f‘" GCSF 0o 0+« o0 where . ser
Hormonal o o o0 = e M
Measured by unnas
Mered byunnary 0 - srerne
5 Plymological and patho
logtcal variables .
enctic o o 0 * *
Developmental and
degenerative changes 0 N LM ereseres
Supply of metabolites 0 * ot r JOtosores
Convulsive condstions 0 0 [ i .
Neurological disorder 0~ 0 *  ** - 2
Mental and emotional .
dsorder and defect 0 0 0 * hd »
6 Pharmacological and
toxic agents
Neurotovuns and P
venoms o 0 * 0
Metals metabolic in
hibtors and anig - .o ersene
General depressants 0+ * * M W s
Specific depressants 0 o+ 0 v
Drugs mainly excitant 0 * [ 4 »*
Others ncluding side w we
effect of drugs o 0 o o 0

Nomenclature as Table 1 except that when many papers appeared in a gnen
subject their number 13 qven by figures
N
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during development and degeneration and also of the brain and
the rest of the body m nervous, mental and emotional ds
orders The first neurochemical symposum concerned the
development of the nervous system, and gave an mmpressie
picture of the march of chemical, electrical and natomual
events while the brain 15 taking over 1ts adult functions We
for example showed how, m completely separated cerebral £
sues from ammals of different ages, thewr metabolic character
wstics changed so that just ahead of the growth of electrneal
activity 1 the brain came the ability to obtamn metabolic
response to appled electrical pulses, the brain was bemng pre
pared metabolically for its new functioning just before such
functioning began Perhaps the most important general fact
this connectron 1s that the greater part of the nervous system 8
formed actually during its functionmg Even n the brait
electrical activity begins when the organ 1s only about one fifth
of 1ts adult weight Growth during funchonmg carrying e
possibility of mouldmg to functional need, 15 2 commonplace
1n most organs of the body—in the muscles for example—but
can be realized also as of very great tmportance in the bram
It makes very real the possibility during the first few years &
human bfe, of building a repr ation of the
nto the individual

Exploration of chemucal factors n the nervous systems 1
action to physiological extremes and to pathological change has
a long history For a brief exposition I cannot do better than
remund you of Barcroft s half impertinent questioning of Claude
Bernard s famous aphorism Bernard wrote La fixite du miliet
imternal, est la condition de la vie ibre and Barcroft (r934)
bluntly quenied What 1s thus free Iife of which the fiaity of the
internal medium 1s the condition? His answer 15 extubited 18
Table 3 All these changes 1n the level of bodily constituents
affected first the nervous system and especially the bram The
free hife disturbed or disrupted by these extremes, Barcroft con
cluded to be the Lfe of the intellect of normal mental and emo-
tional behaviour, since this was the first to suffer when bodily
chemstry was disturbed i all the various ways xamples
could now be increased greatly those referred to in the collected
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papers wmclude thiamine pyndoxine, mcotime acid vitamun
B,, copper salts and galactose ~
6 I have left until last a description of how the study of
pharmacological agents fits into neurochemstry for I feel 1t 15
Tasre 3 Effects of changed of bodily

(Largely from J Barcroft 1934 sec Himwich 1951 and
Mellwam 1955 1957)

Furst result of change 1n level

Constituent Decrease Increase
Water ‘Weakness mimrnizes Headache nausea diz
epileptic tendency ziness asthenia 1nco-
ordnation

Hydrogen on (pH) ~ Headache omz
Oxvgen Headache lassitude  Convulsions
poar performance
1n mental testy

Glucose Changes 1n sensation  Shght narcotic action
and behaviour coma
Sodium salts Fever Reflex irnitability weak
ness paresis
Calcium salts Nervous twatchings Apathy drowsines \erg
convulsions ng oncoma general
atonia

at present one of the least satisfactonily accommodated yet most
mmportant The reason for the importance 1s two-fold First over
half the existing agents of the pharmacopoea act primarily on
the nervous system Secondly when neurochemucal mvesti
gatons lead to new therapeutic applications they naturally
lead most directly to chemical means of therapy Neurochemcal
studies may of course have other routes of application as diag
nostic tests or in pointing to dretary measures But the major
triumph of chemustry 1n 1ts application to disease and discomfort
wvolving the nervou system has been 1n the production of
synthetic drugs from the well established local anaesthetics
analgesies sedatives curare like substances depressants antt
convulsants and many other classes to the excitants and depres
sants of the central nervous system which are now being exa
mined in refation to mental illness The ability to produce these
drugs must be contrasted with our ignorance of how most of
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them act Of those named, only the curare like substances can
be said to be reasonably understood 1n action Ignorance r¢
garding the others underlines our lack of knowledge of chemical
factors m nervous transmussion Only recently, study of the
electrically stimulated metabohsm of cerebral tissues and of
gangha has demonstrated metabole effects of anticonvulsznts
or general depressants on those parts of the nervous system at
which they have their primary actions, and m the low con
centrations at which they do act

Unfortunately, actions of chemical substances on the nervos
system are not always of medicmal value Rather, they méy
It the employment of compounds synthestzed, for example,
as antimalanals or as local anaesthetics Many morganic sub-
stances have their toxic effects also at the neryous system, s also
do several toxic agents of plant and ammal onigin, and Table2
bears witness to the continued preoccupation with such agents
as scen by the number of papers in current neurological and
psychiatric hiterature There are not as yet a corresponding
number of papers on such subjects m the neurochemtcal
symposta or collected papers, which reflects the lack of under
standmng described earher Clearly, m spite of protective bar
riers’ the nervous system remains a major target for chemical
substances of almost all sorts, introduced to the body I would
like to point out a most interesting confirmation of this 1n the
way 1 which the synthetic drugs discovered dunng the last
century largely acted at the nervous system and to 2 great
extent did not have the effects intended by the v estrgators who
first studied them The actual sequence 15 shown 1n 2 simplt
fied and schematic form 1n Table ¢

It will be recalled that throughout the last century the most
pressing medical problems were those of infectious disease
Even Thudichum, 1n relating hus study of the chemistry of the
brain to practical problems, gave more prominence to cholera
and typhoid fevers than to general paralvsis of the insant, and
more to this than to other forms of mental discase This pr
occupation with infectious disease makes 1t understandable
that the substances which found application as general anacs
thetics were first studied 1n relation to consumption and other
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diseases of the lungs The first antipyretics and analgesics came
from agents which were mtended to combat fevers and infection
sahicyche acid and qunoline denvatives Sahcyclic acid Kolbe
found to prevent putrefaction 1 ritro and he therefore anti
apated actvity i1 wizo against mnfection This at first appeared

Taste 4 Intention and discovery mn the first synthetic drugs
(From Mcllwamn 1957)

Group of substance and First studsed in
examples relation to Application found
Sumple gascous or volatile Discases of the General depression
compounds N O ether ungs
Sunple aliphatic alecohols alde  Sedation Sedation
hydes paraldchyde chloral
Sumple aromatic d disease p mild
amline phenol salicylates analgesia local
antisepsis
Heterocyclic compounds easily  Infectious disease  Antipyresis seda
derved from simple alipha  sedation tion

ticand aromatic compounds
quinohines pyrazolones bar
biturates

confirmed when he found 1t to lower body temperature, only
later was the effect shown to be on the heat regulating centres
of the medulla obl The qunokhine and p; lone den
vatives, made in rmitation of quinine, proved to act 1n the same
way and to have no more than symptomatic effect 1n fevers
The table mcludes one category of substances which had the
medicinal effect which was mtended by those whe mvestigated
them This 1s the group of sedatives or hypnotics where a central
action was desired and obtained The table may be said 1n
breef to summarize an experiment which lasted almost 2 cen
tury the exposure of man and other amunals to representative
compounds of almost all the mam groups of organic chemicals
a3 successtvely orgamc synthesis made them available Thus
Table 4 extubits the sensivaty of the nervous system to syn
thettc substances much as Table 3 gwving Barcroft s expeniments

exhubited the sensitvity of the bram to naturally-occurring
compounds
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The question of how synthetic drugs are produced 1s no more
than touched on 1n Table 4, n 1ts entirety 1t presents an eaor
mous amount of chemical data regarding the nervous systerm
Thus the table mentions briefly only a few classes of compounds
Within these classes and many others, much effort has beet
expended 1 finding the structures optimal for different desired
actions, and avording tovic effects How to produce the most
valuable member of a sertes—in essence, the practice of chemo
therapeutic research—was learned during the last century
primanly m connection with agents affecting the nerous
system This however 15 a long story which 15 told more fully
elsewhere (McIlwam, 1957) 1 wall note here only the fact that
this development did take place largely 1n relation to the bran
and that this reflects the sigmficance of chemical factors it
relation to the nervous system, n 2 way charactenstically
different from that of the rest of neurochemsstry

NEUROGHEMISTS

Finally, T would like to comment on the sort of people who 3¢
doing neurochemical work At present, they are of very many
different backgrounds For while no one has been tramed prt
manly as a neurochemst, chemical and brochemical workers
are 1n contmuous demand for studies 1n relatton to the nervous
system and 1ts ailments or for research in laboratories whi
study the nervous system as part of physiology, endocrmology
or pharmacology Taking as example those who have recett ed
tramng m our own lahoratories, one finds that they hase
come from or gone to departments of biochemustry, medcinat
chemustry chemical pathology pharmacology phy stologys
other medical specialittes and the laboratorses of general and
mental hospitals

Present traming 15 gamed 1n an apprenticeship fashion,
large extent by carrying out research Most established neur0
chemical workers have a double or triple qualfication per
haps a pnmary degree 1n chemustry, biochemistry ph}’s"’l"gy
or medicine, a higher degree 1 a complementary subject a0
subsequent traming 1n work requiring knowledge of neuro
anatomy, neurophysiology or pharmacology Probably tramng

toa
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1n a subject such as neurochermstry will remain for many years
a postgraduate speciality, but one feels that the time has come
when 1t could be a primary postgraduate speciahity certanly
no narrower than crystallography, geophysics or microbiology
Potentially, neurochemustry can be considered a more funda
mental subject than 1s pharmacology as chemstry 1s more
fundamental than medicinal chemustry

Where do present neurochemical workers receive their train
1ng? For work on chemical aspects only of the nervous system
and 1n collaboration with other investigators some have come,
without further special trammng from departments concerned
with the chemustry of natural preducts as 2 whole Simularly
with respect to purely metabolic work others have come from
departments of brochemustry where the nervous system receives
some comment as one of the twenty or thirty other special
systems studied, which range from bacteria and plants to the
organs of primitive and higher animals The wide background
has obvious advantages but leaves the necessity for specifically
reurochemical learning or traimng later This may come by
collaborative work It 1s only during such work—and perhaps
only incidentally during 1t—that major outstanding problems
neurochemistry as a whole are appreciated

A worler trained 1n general chenustry or biochemustry tends
to sec as central problems of chemustry or biochemstry of
which the nervous system presents examples A chemical
worker collaborating 1n a department of pathology or mn a
mental hospital 15 led to study aspects of the nervous system of
current importance 1n pathology or in mental disease Each
approach has great value but there 15 beyond them the neces
sity to see neurochemustry as a whole so that the feasibility and
value of the separate chemical viewpomnts can be appraised
There has for mnstance been trenchant criticism of abuse of
chemical effort 1 studying mental and emotional disorders
(Altschule 1953) Moreover much real progress in neuro-
chemustry has come when the nervous system 1tself has been
taken as central and different chemical aspects of 1ts functioning
have been co-ordmated when metabolism 1 2120 15 compared
with that tn tttro when ct 1 aspects of the

position and
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functioning of primitive nervous systems are compared with
those more highly developed, when 2 serses of potential thera
peutic agents are studied metabolically and from the powt of
view of their distribution, both i the whole ammal and in
separated systems These studies usually require a wider range of
techmques than are found 1n one laboratory Also, unless ¢
sources are adequate there 15 a tendency to study some con
venient and already developed system rather than the most
appropnate, the action of anticonvulsants on peripheral nene,
for example, or of agents of very various types, on the cerebral
cortex of the rat

There are probably not more than four or five places n the
world where studres have been made mn each of the six major
categories of Tables 1 and 2 At the Maudsley in the past eight
years, both research and teaching have wncluded all these divt
stons, but 1t has never been possible to matntain work 1 more
than a few of the divisions at any one tme Much has been
carried out with grants on a yearly basis, afterwards the vworer
with hs specialized knowledge has departed, often developing
his part of the subject elsewhere, but unavailable for the collab
oration between widely different branches of neurochemustry
which has produced most results and 1s necessary for tackling
major unsolved problems

Until the central problems of neurochemustry have been
successfully tackled and we see more clearly how the nervous
system utilizes 1ts large energy supply mn nervous transmssion
and maintaining the systemn a state of readiness to react an
how the bramn 1s moulded to an animal s experience, chemical
aspects of most of the neurological sciences—and above all,
matenial approaches to nervous mental and emotional dis
eases—remain as empirzcal as was organic chemustry before
the advent of structural formulae
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XI

The Metabolism of Acetylcholne
m Nervous Tissue

V P WHITTAKER

T 15 now generally accepted that transmussion at certaint
Inewe endings mnvolves the synthests, release and destruction

of acetylchol The cl 1 Tes of this type of trans
mussion are found within the sympathetic ganghon where &
cholinergic pre ganghonc fibre synapses with a non cholmergic
post ganghonic fibre and at the motor end plate where impulses
are transmitted from the cholmergic nerve fibre to the end plate
of the muscle The relatively wmsolated anatomcal localization
of these junctions has made thewr expenimental 1nvestigation
simpler than that of synapses 1n the central nervous systesm
but there too there 1s good evidence though of a less direct kind
for the existence of chohnergic transmission

The evidence that acetylchohne 1s the transmiting agentIn
sympathetie gangha 18 summarized n Figure 1 and 1s as follows
(1) sarmulation of the pre ganghonic fibre releases acetylcholne
m the ganghon whereas (2) antidromuc sumulation of the gan
ghon cells does not {3} acetylchohne 1 small doses evokes the
charactenstc post synaptic potenttal {(psp) {4) the abiltty of
the pre ganghome fibre to conduct impulses 10 yelease wcery!
choline and to synthesize 1cetylcholine m wtro disappear oft de
generation {Bamster and Scrase 1950 Hebb And Wartes 1925}
while the post synaptic membrane remains responsive 10 acetyl
chohae, (5) the ganghon cells eensc to respond to acetylchohne
Jf caused 10 degenerite while the pre ganghiontc fibres retan
thesr ability to synthesize and release acety icholine (6) the post
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syniptic region 1s accessible to, and 1ts response to acetylcholine
18 powerfully modified by, certain drugs which do not ffect
peripheral cond Sumilrarg ts apply, mutatis i
to the motor end plite

Normal synapse

I ACH released TG ACH celeased
on stimulation \ mic
allmulo(lon

3 ACH evokes p 3
2 Jonction accassiplo to drugs

Degenerated presynaptic fibre

4a No ACH synthesis  4b_Ganglion ce
r reloase normally rcsponilve

W

Degenorated ganglion cetl
_a ACH synthesized  5b Gangion el

3
/und released nerm/aly ‘untesponsive to ACH

&
&

11a 1 I'vidence for transmusion by acetylcholine (ACH)
at a sympnthetic ganglion

The success of 1cetylcholine 1s 1 transmitung ngent depends
upon its prompt removal from the site of wction when its work
of exciting the post junctionil membrane 1s complete Though
passive diffusion may under certain circumstances play 1 not
nconsiderable part 1n thus process (Ogston 1950) 1t 1s power
fully reinforced under normal condmans by the presence in the

of the cl —wlnch catnlyse the
hydml)su of'lcctylchohnc to the physiologically mactive nectic
acid nd choline Ifthe destruction of acctylcholine 15 interfered
with—for example, by means of a cholinesterase intubitor—
prolonged depolinzation of the yunction will ensue eventually
prssing, over, 1n the case of the neuromuscular junction, 1to a
non depolanzed type of blochde (Theslefl, 1955)
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nerve endings mvolves the synthess, release and destruction

of acetylcholine The classical examples of this tvpe of trans
mission are found within the sympathetic ganglion where @
cholinesgc pre ganghonic fibre synapses with a non cholmergic
post ganglionic fibre and at the motor end plate where smpulses
are tr ted from the cholinergic nerve fibre to the end platc
of the muscle The relatively 1solated anatomical Jocahration
of these Junctions has made therr experimental nvestigation
simpler than that of synapses in the central nervous systert
but there too there 1s good evidence though of a less drect kind,
for the existence of cholinergic transmission

The evidence that acetylcholine 1s the transmutting agent i1
ymp: 1c ganghais 1zed in Figure 1 and 15 as follows
(1) sumulation of the pre ganghionc fibre releases acetylcholne
m the ganghon whereas (2) antidromic stimulation of the gan
ghon cells does not (3) acetylchohne m small doses evokes the
charactenistic post synaptic potential (psp) (4) the ability of
the pre ginghonic fibre to conduct impulses to release acety!
chobne and to synthesize acetylcholine 1n rifro disappear on de
generation (Bamster and Scrase 1950, Hebb and Wantes, 1956}
while the post synaptic membrane remains responsive to acety
choline, {5) the ganghon cells cease to Tespond to acetylcholine
Jf caused to degenerate while the pre ganglionic fibres retan
their alnlity to synthesize and release acetylcholine (6} the post

IT 1s now generally accepted that transmission at certain
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It has long been known that most if not all of the acetyl
choline 1n nervous tissue 1s 1n a difficultly extractable or bound
form and can only be hiberated by special conditions These
conditions have been recently very fully studied by Stone
(1955) and are essentially the conditions which are requred
for the disruption of mitochondria The possibility that acetyl
cholme 12 1220 15 bound to or contamned 1n mitochondrion hke
particles (Bodian 1942, Feldberg 1945) 15 interesting i view of
the work of Blaschko Hagen and Welsh (1955) on the intra
cellular locahization of adrenaline in the adrenal medulla
Similar considerations apply to choline acetylase the enzyme
responsible for the synthes:s of acetylchohne (Hebb and Small
man, 1956) Ttis g to lude that acetylcholine syn
thess and storage take placc within what Peters (1951) would
call the mitochondnial box , thence to be conveyed to the nerve
ending to be hiberated 1n response to the approprate signal

We thus see that transmission at cholinergic nerve endings
1volves four main processes (1) the synthesis of acetylcholine
(2) release of acetylcholhne 1n response to the nerve 1mpulse,
(3) b of acetylcholine with ptor sites and de
polanization of the post synaptic membrane (4) destruction of
acetylcholine and repolanzation of the post synaptic membrane
All these processes should be susceptible to btochemical invest:
gation though obwviously with varying degrees of difficulty I
shall now attempt to mdicate briefly what has so far been
achieved under these heads and what remains to be done

RELEAsE OF ACETYLCHOLINE
Process (2) the release of acetylcholine 1n response to nerve
umpulses may be disrmssed shortly for there 1s httle that can be
said at the present ttme which would not be pure speculation
Nevertheless the isolation and charactenzauon of bound
acetylcholine offers an h to this problem
Hebb and Whittaker (1958) and W}u(takcr (1958) have
confirmed that most of the acetylcholine m bran tissue 1s bound
to or contained within subcellular particles which have sech
mentation properties grossly simular to those of brain muto-
chondria but which are probably specialized particles These
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In the sympathetic ganglion, as m other parts of the nervous
system and 1 other tissues, two distinct cholimesterases are to be
recogmzed one characterized by its preferential hydrolysis of
acetylcholine at low substrate concentrations which I wall refer
to as the aceto cholinesterase (Whattaker, 1953b), the other, by
1ts preferential hydrolysis of physiologically active higher
acylcholines, which T will refer to, for historical reasons, as the
pseudo cholinesterase There 13, mdeed, nothing ‘pseudo’ about
the action of this enzyme, but 1t 1s perhaps too late now to change
1ts name to something more non commuttal fike deutero-cho
hnesterase  Recent studies (Hebb, Silver, Swan and Walsh,
1953, Cavanagh, Thompson and Webster, 1954, hoelle, 1954
Bulbring, Philpot and Bosquanet, 1953) have established that
the pseudo cholinesterase 15 associated with the ghal cells If
the pre ganghomc fibre 15 caused to degenerate, the aceto-
cholinesterase disappears pan passu with the acetylcholine syn
thesis (Sawyer and Hollingshead, 1945), but the pseudo choln
esterase remarns unaffected In the analogous case of the neure
muscular junction, degeneration of the motor nerve reduces,
but does not abolish the aceto cholinesterase which warns us
not to expect too umform a pattern at chohnergic synapses
throughout the central nervous system

Although acetylchohne synthesis occurs throughout the
length of a cholinergic neurone, 1t 15 unneces ary to conclude
that acetylcholime 1s also involved 1n conduction along the fibre
Recent studies by del Castillo and Katz (1954, 1956) have
shown that minmature end plate potentials occur spontaneously
even when transmission 1s not taking place They have con
cluded that small quanta’ of acetylcholine are contmuously
being hiberated from the motor nerve endings even at rest an
that the arrival of a nerve impulse results 1n an enormous
increase 1n the number of quanta emitted They have drawn
attention to recent demonstrations of the presence 1 several
tvpes of nerve endings of sub microscopic ‘particles’ or vest
cles’ (cf also Palade, 1954, de Robertss, 1955, de Robertis and
Franchi, 1956) and have speculated that the popping or bursting
of these could result 1n a quantized hiberation of transmutter

substance
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It has long been known that most 1f not all of the acetyl
choline 1n nervous tissue 1s 1n 1 difficultly extractable or bound
form and can only be hiberated by specinl conditions These
conditions havé been recently very fully studied by Stone
(1955) and are essennally the conditions which are requred
for the disruption of mitochondna The possibihity that acetyl
chohine 1 2220 15 bound to or contamed m mitochondrion ltke
particles (Bodian 1942 Feldberg, 1945) 1s interesting m view of
the work of Blaschko Hagen and Welsh (1955) on the itra
cellular locahzation of adrenalime in the adrenal medulla
Similar considerations apply to chohne acetylase, the enzyme
responable for the synthesis of acetylcholine (Hebb and Small
man, 1956) Itis tempting to conclude that acetylcholine syn-
thests and storage take place within what Peters (1951) would
call the mitochondnal ‘box , thence to be conveyed to the nerve
ending to be hiberated 1n response to the appropriate signal

We thus see that transmussion at cholinergic nerve endings
mmvolves four main processes (1) the synthesis of acetylcholine,
(2) release of acetylcholine 1n response to the nerve impulse
(3) combmation of acetylcholine with receptor sites and de
polanization of the post synaptic membrane (4) destruction of
acetylcholine and repolanization of the post synaptic membrane
All these processes should be susceptible to biochemcal investy
gation though obviously with varying degrees of difficulty I
shall now attempt to indicate briefly what has so far been
achieved under these heads and what remains to be done

RELEASE OF ACETYLCHOLINE
Process (2) the release of acetylcholne m response to nerve
impulses, may be dismissed shortly for there 1s hittle that can be
said at the present time which would not be pure speculation
Nevertheless the 1solation and characterization of bound
acetylcholine offers an experimental approach to this problem
Hebb and Whittaker (1958) and Whittaker (1958) have
confirmed that most of the acetylcholine 1n brain tissue 1s bound
to or contained within subcellular particles which have sed:
mentation properties grossly similar to those of bramn mito-
chondrra but which are probably speciahized particles These
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particles appear to be 1dentical with those contarmung choline
acetylase If they can be 1solated 1n a pure state 1t should be
posstble to discover the chemical factors determining the release
of acetylcholine from them and perhaps to relate these to the
chemical concomtants of electrical activity

COMBINATION OF ACETYLCHOLINE WITH RECEPTOR SITES
There 15 also not much one can say about process (3), the com
bination of acetylcholie with receptor sites Pharmacologists
have been tallung about receptor sites for years—one can trace
the concept back to Ehrlich The first reaction of the brochemist
15 to wonder why, 1f these sites exist, no one has solated and
charactertzed them Perhaps, however, we are dealing with
receptor systems rather than receptor sites—delicately potsed
metabolic systems which are capable of alterng the nternal
10me environment of the cell as a result of being stimulated by
the sudden availability of the appropriate substrate Nowadays
one would look for such a system among the phospholipids, and
here 1t 1s worth mentioning that phosphatidylserine has recenty
been reported to be a selective chelating agent for potassum
(Solomon, Lionettr and Curran, 1956) In this general con
nection some recent worh by Hokin (1956) may prove to be
highly significant

Hokrmn s studies began with pancreas He measured the meor
poration of 3P 1nto various phospholipid fractions durng pan
creatic secretion w2 mitro He found that agents which specific
ally stimulate enzyme secretion—mncluding acetylcholine 1n low
concentration—also increase the rate of incorporation of 1P
1nto certmn phospholipid fractions This effect has also been
detected i other secreting tissues for acetylcholne and adrena
Line in sahivary gland and for thyrotrophic hormone m thyrod
ussue Not all phosphohpid fractions are affected equally,
the fraction most affected 1n pancreas and thyroid 1s the phos
phomositide fraction Similar effects have been found 1n brain
cortex shces and homogenates

Table 1 shows that acetylchohne stimulates the 1mcerporation
of 3*P 1nto the varnous phospholiprd fractions This effect 15
small with phosphatidylcholine neghgible with phosphﬂlld)’]
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phosphomosiide It 1s also marked with the phosphatidic gad
fraction, but owing to the small size of ths fraction this 15 again
less important than the diphosphomositide effect

ethanol and phosphatidylserine and greatest with di

Taste 1 Effect of acetylcholine on the incorporation of 3P into the phos-
pholipids of guinea pig bram cortex shices (results of Hokmn and Hokin 1956)

The system containing m 4 m! hrebs hicarbonate saline 8 mg glucose
80 pc P as NaH,7PO, 400 mg tssue and either 4 mypM atropine
sulphate (control) or 240 uM eserine and 40 uM acetylcholme(ACh) was
mcubated for 3 hr at 30 Counts corrected to specific activity of 10%
cts/mun fug P for norganic P in medum

4 total Speaific actrvity
Phospholipid phosphoelip:d (ctsjmun Jug P)

type P Control ~ ACh
Phosphatidylcholine 74 76 126
Phosphatdylethanalamine 78 9 12
Phosphatidylserine 193 2 3
Diphosphinositide 34 710 1650
Phosphatidic acrd 07 1020 2180
Caled overall specific actwaty 70 135

The effects shown 1n the table were obtained with cortex
slices and acetylchohne at 1072 M concentration but other
work mdicated that the threshold effect was obtamned with
107 to 10~5 M acetylcholine and could be demonstrated mn
particulate preparations as well as shces It thus occurs within
the physiological range of concentration of acetylcholine and 1s
evidently an intracellular effect

The sigmificance of these findings 15 difficult to assess at the
present ime The most obvious point 1s that brain cortex 1s not
as far as 1s known a proten or polypeptide secreting tissue like
the other tissues 1n which this effect has been observed How
ever 1t 15 known that part of the cell potasstum 1s firmly bound
to mitochondna nterference with mitochondrial phospholipid
metabolism might well result in changes 1n cell potasstum which

could modhfy the electrical properties of the post synaptic mem
brane
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SyNTHESIS AND DESTrUCTION OF ACFTYLCHOLINE
Invontrast to processes (2) and (3), much 15 now known on the
biochemical side regarding processes (1), the synthess of acetyl
choline, and (4), 1ts destruction The mam facts are summanzed
1n Figure 2

1o
Aoy,
08,
O L Acetate
S5 IEN CH,CO,
\
1
Acetylcholine Choline } {acetate activatng enzyne
CH,CO,CHCHNMe,  HOCH,CH.N Me S coa vt
tlr
Ry Acetyl Coentyme A
@\:;}v\“) CH,CO S CoA
&

o Acelvl donor systems
£g 1 Citrate + CoA _condensing
TDPNH, malie enzyme

2 Acetylphosphate CoA
+ phcsphmrunsncetylase

3 Pyruvate + CoA + pyruvats

Fio 2 Synthesis and ¢ of Ichol

enzyme

e orldase

Acetic acid, resulting from the hydrolysis of acetylcholine by
cholinesterases, enters the metabolic pool, where 1t 15 conv erted
mto the acetyl denvative of coenzyme A (CoA), comple¥
pantothenic acd dersvative which 1s now known to be mvolved
nmanydifferent types of acetyla tionreactions (reviewed by Lip-
mann, 1953) The acetylation of coenzyme A by acetate s cata
Iysed by the acetate actiating enzvme and requires @ source O
encrgy 1n the form of adenosine triphosphate (ATP) Three such
activating enzymes are known which between them can acuvate
the whole gamut of fatty acids from acettc to stearic with the
formation of the corresponding acvl coenzyme dertvatives, and
ather acids such as benzoic and sucanic are also actwated in 3
similar way (Bemert Green, Hele Hift von Loorff and Rama
Leishnan, 1953, Mahler, Wakil and Bock, 1953, Kornberg and
Pricer, 1953, Schachter and Taggart, 1953, haufman 1953,
Sanads, Gibson and Ayengar 195%) Acetyl coenzyme A 18 not
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only formed from acetate, 1t 15 the penultimate product of a
number of catabolic processes, including the breakdown of fats
and carbohydrates It in turn combines with oxaloacetate to
form atrate which 1s utihized wvia the tricarboxylic acid cycle
In mammalian and avian nervous tissue acetate activation 1s
quantitatively a relatively minor process and there 15 reason to
believe that most of the acetyl coenzyme A comes from other
sources 1 have therefore indicated the connection between
acetate and acetyl coenzyme A by a dotted line A considerable
proportion of acetate activating enzyme of brain preparations
may 1ndeed reside 1n the supporting tissue since Berry (1955)
has shown that acetate activation actually increased 1n the
degenerating provumal portion of sectioned cat sciatic nerves up
to the minety sixth day at which time there had been consider
able proliferation of Schwann cells, although acetylcholne syn
thesis had disappeared after eight days

The transfer of acetate from acetyl coenzyme A to choline 15
catalysed by a third enzyme choline acetylase The name cho
Line acetylase was onginally used to denote the complete system
which utilized acetate (or a suitable acetate donor like citrate)
coenzyme A, ATP and choline for the synthesis of acetyl
choline Tt 1s now used to denote only the transfernng enzyme
(Korey de Braganza and Nachmansohn 1951) To emphasize
this distinction I shall use the term choline transacetylase rather
than choline acetylase when referning to the transferring enzyme
alone The separate nature of the activating and transferring
enzymes has been amply demonstrated for mammahan bram
by humagai and Ebash: {1954}, who have prepared the latter in
a purified form Choline transacetylase 1s only one of a number
of acyl group transferring enzymes now known

The best proof that acetyl coenzyme A 1s the immediate pre
cursor of acetylcholine has come from experiments by korkes
del Campillo, Korey, Stern Nachmansohn and Ochoa (1952)
m which squid ganghon choline transacetylase preparations
have been coupled with various acety] coenzyme A generating
systemsorinwhichacetyl c Am h I
replaced the donor systems Even in the tnost lughly punfied

choline transacetylase preparations however, acetyl coenzyme
o
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A 15 not as efficient a source of acetyl groups for acetylcholine
synthesis as 15 2 donor system 1 which coenzyme A 1s presentm
catalytic amounts (Berman, Wilson and Nachmansohn, 1953)
Only 30 per cent or less of the acetyl groups of added acety!
coenzyme A e transferred to cholime This1s probably duetothe
presence of deacylases (thiolesterases), enzymes catalysing the
hydrolysis of acetyl coenzyme A Concenably, part of ths
deacylase activity 1s an inherent property of chohne transacety
lase ttself, just as transferase actvity 15 a property of certan
hydrolytic enzymes, notably phosphatases This 1s equivalent o
proposing that water effectively competes with cholme for
acetyl groups at the enzyme surface as 1n the followng scheme

! AcCh
A)hne
Ac CoA + Enz CoA + Ac Enz

w
L ACOH + Enz (Deacylase act v t)

+ ATP + Act voting enzyme
(a | Ch=cholime Enz y

Enz {Cholme ocetylase
oct wity)

If this 1s correct, the addition of ATP should make acetyl
coenzyme A as effective an acetyl donor as ATP plus coenzym®
A plus acetate As shown in Table 2 (Whittaker 19532), A
does make acetyl coenzyme A more effective as an acyl donoh
but 1t 15 still not as effective as the acetate plus coenzyme Aplus
ATP system, suggesting that endogenous acetyl acceptors other
than water or choline are involved

Figure 2 also shows some of the acetyl coenzyme A generating
systems which have been successfully coupled w witre with cho-
line trans acetylation The condensing enzyme 1s the enzym¢
which catalyses the reaction between acetyl coenzyme A and
oxaloacetate to give atrate It 1s the first of that group of en
zymes which collectively catalyse the events of the tricarboxylic
aad cycle In theory 1t should be possible to reverse this action
using citrate as a source of acetyl coenzyme A n practice it
was found that this could only be achieved, 1n coupled system$
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1f oxaloacetate, the other product of the reaction, were removed
by reduction to malate with reduced diphosphopyridine nucleo
ude (DPNH,) and malic dehydrogenase Other acetyl coen-
zyme A generating systems which have been used are acetyl
phosphate which reacts with coenzyme A to gve morgame P

TABLE 2 Acetyl-coenzyme A as an acetyl donor for acetylcholine
synthests i pigeon bram (results of Whittaker 1953a)

The system contaned 1n 116 ml enzyme (reswn treated saline extract
of 10 mg acetone powder) KCI (50 M) Na/PQ, buffer pH 70 (20 uM)
eserine (1 mg) NaF (12 pM) chohne (10 uM) cysteme (25 pM) and
acetate (10 pM) ATP (15 mg) coenzyme A (025 kM) or acetyl coen
zyme A (0 25 uM) asindicated

Incubation 37 for 30 mm

‘Acetylcholne
synthesized
(wM]g powder/hr )
Acetate +ATP+CoA 750 100
Acetyl CoA 062 8
Acetyl CoA+Acctate 060 8
Acetyl CoA+ATP 490 65
Acetyl CoA + Acetate + ATP 750 100

and acetyl coenzyme A 1n the presence of bacterial phospho
transacetylase and pyruvate which 1s oxidatively decarboxy
lated to acetyl coenzyme A by the pyruvate oxidation system of
heart and other tissues

As I have already indicated there 15 some doubt that acetate
1s 1n fact the mamn source of acetyl groups for acetylcholine
synthesis m the higher vertebrate nervous system From what we
know of the metabolism of brain we may assume that pyruvate
or ultimately glucose 15 the mam source Acetate 1s poorly utt
hized by bramn preparations which rapidly oxidize pyruvate
and the various cycle intermediates (Peters and Wakeln 1953)
and carboxylic acids generally are not considered to pass the
blood bramn barrier Nevertheless crude chobine acetylase pre-
parations from brain can activate acetate for acetylcholne
formation they can also utilize aatrate Mammahan prepara
tions ndeed, utihze atrate more effectively than acetate for
this purpose (Balfour and Hebb 1952) though the reverse 1s
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true for mvertebrate preparations (Smallman, 1956) One might
assume that citrate 15 converted to acetyl coenzyme A via the
condensing enzyme but the available evidence suggests this is
not so (Ebashi, 1954) An enzyme has been described 1n pigeon
Liver and 1 brain (Srere and Lipmann, 1953, Balfour, 1955)
which catalyses the reaction

Catrate +ATP + CoA—Acetyl CoA +oxaloacetate +ADP+P

and another 1n micro-orgamsms (Dagley and Dawes, 1053)
which catalyses the reaction

Citrate—>Acetate J-oxaloacetate

Nerther of these enzymes 1s identical with the condensing
enzyme The first mightinvolve citryl coenzyme A as an nter
mediate, but Srere and Lipmann were unable to establish this

Tt1s quute possible, then, that mammalian brainutthzes vitrate
as the 1mmediate source of active acetate for acetylcholine
synthesis perhaps by means of an enzyme distinct from the con
densing enzyme and associated in some spectal way with the
transferring enzyme It 15 important to realise, however, that
the acetate or aitrate utilizing systems of crude brain chohne
acetylase preparations are present n rate limting concentra
tions This has been amply demonstrated m work by Hebb
(1955) who hasobtained rates of acetylcholinesynthesisin certain
portions of the nervous system three or four times those pre
viously reported by addition of an exogenous source of actt
vating enzyme (a pigeon liver extract) This techmque con
siderably 1ncreases the sensitivity with which choline acetylase
can be detected 1n small samples of nervous tissue, and 1s O
particular value i studies of the topographical location of cho
line transacetylase 1 the nervous system In this way, 1t has
been possible to demonstrate that certamn parts of the central
nervous system, e g the dorsal roots are completely devaud o
acetylcholine synthesizing ability—a rather damaging finding
for those who mamntain that acetylcholine 1s mvolved ubiqul
tously 1 nerve conduction {cf Nach hn, 1955,
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Specrrierry oF CHOLINE TRANSACETYLASE
Choline tr: tylase 15 not completely specific for acetyl
choline synthesis Its specifiaity for the cholime portion has
recently been investigated by Burgen, Burk and Desbarats-
Schonbaum (1956} Therr results (Table g) show that consider

TapLz 3 Specificity of rat bramn chohne acctylase (results of Burgen Burk
and Desbarats Schonbaum 1956)

The complete system contaming acetylcoenzyme A (AcCoA) (075 pM)
base (11 uM) TEPP (007 uM) EDTA (22 pM) K/PO, bufter pH 70
(56 uM) and enzyme m 1 ml  was incubated at 36 for 30 mmn Rate of
deacetylation of AcC.oA measured by fall m optical density at 232 mp
aganst blank contamming no base

+
N C,H,OH
Rate
R R, R, (%)
Me Me Me 100
Me e Et 143
Me Et Et 102
Et Et Et 95
Me Me 11
H H Me 15
H H H 15
Me Me aCH, 74
Me Me nCH, 67
Me Me C H,OH 79
Me C,H,OH CH,OH 63
CGH,OH C,H,OH CH,OH 16
B methy]  « methylcholne homocholine o

able vananons m the size of the quaternary mtrogen group are
compatible with a high rate of acetylation, indeed the ethyl
dimethyl analogue of cholme had a higher rate of acetylation
than choline itself On the other hand alteration of the hy
droxyethyl end as 1n homocholme and the methylchol led
to a sharp fall in actiaity The N OH spacing thus seems to be
critical

The acyl group specificity of greater physiological nterest
m view of the occurrence of higher homologues of acetyl
coenzyme A 1n the body and the considerable physiological
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true for invertebrate preparations (Smallman, 1956) One might
assume that citrate 1s converted to acety! coenzyme A wia the
condensing enzyme but the available evidence suggests this 1s
not so (Ebashi, 1954) An enzyme has been described 1n pigeon
hver and 1n bran (Srere and Lipmann, 1953, Balfour, 1955)
which catalyses the reaction

Citrate +ATP + CoA~~>Acetyl CoA +oxaloacetate+ADP+P

and another 1 micro-organssms (Dagley and Dawes, 1853)
which catalyses the reaction

Citrate—sAcetate +oxaloacetate

Neither of these enzymes 15 1dentical with the condensmg
enzyme The first mght involve citryl coenzyme A as an iter
mediate, but Srere and Lipmann were unable to establish this

It1s quite possible, then, that mammalian bramnutihzes citrate
as the mmediate source of active acetate for acetylcholine
syathesss, perhaps by means of an enzyme distinct from the con
densing enzyme and assocrated 1 some special way with the
transferning enzyme It 1s mmportant to reahse, however, that
the acetate or atrate utihzing systems of crude bram cholint
acetylase preparations are present n rate imiting concentra
tons This has been amply demonstrated 1 work by Hebb
(1955) who hasobtained rates of acetvlcholine sy nthesisin certain
portions of the nervous system three or four times those pre
viously reported by addition of an exogenous source of actt
vatung enzyme (a pigeon Inver extract) This techmgue con
siderably increases the sensitvaty with which choline acetylase
can be detected 1n small samples of nervous tissue, and 15 of
particular value 1n studies of the topographical location of cho-
Iine transacetylase 1n the nervous system In this way, 1t has
been possible to demonstrate that certamn parts of the central
nervous system e g the dorsal roots are completely devoid o
acetylcholine synthesizing ability—a rather damaging finding
for those who mamntain that acetylcholine 15 involved ubiqut
tously 1n nerve cond (cf Nachmansohn, 1955)




METABOLISM OF ACETYLCHOLINE 199

by this tissue 1s 1n reality brought about by three different
enzymes (1) the classical choline acetylase, which synthesizes
only acetyl and propionylcholine at sigmificant rates (2) an
enzyme responsible for the synthess of the intermediate choline

Taste 4 Synthes:s of n acyl cholines by fortified unpunified pigeon bram
choline transacetylase

The system contamed 1n 27 ml NaCl (200 uM) MgCl, 520 M)
KCI (100 «M) ATP (10 pM) cysteme (20 pM) coenzyme A (01 pM)
cholime (20 xM) eserme (01 uM) fatty acid (20 £M) extract from pigeon
Iiver acetone powder (20 mg ) extract from pigeon bram acetone powder
(20 mg) and was incubated for 1 hr and pH 7 at 37 _Products were

and 1d d by hy on columns of weak acid 10n
exchange resin as described by Gardiner and Whattaker (1954) Values for
esters other than acetylcholme are exclusive of a small amount of acetyl
choline also synthesized

Ester synthesized
Fatty 2c1d added Quantity
Tdentity (ub/g fur)
Acctate acetylcholine 150
P Ichol 20
Butyrate butyrylcholne 40
Valerate valerylcholme 35
Caproate caproylcholme 30

esters up to caproylcholne (3) the palmutylcholine synthesizing
enzyme, which s not involved 1 the synthesis of any of the
lower acyl cholines The situation with respect to the estenfica
tion of chohine 15 thus at least as complex as that with respect to
choline ester hydrolys:s Further knowledge in this direction
may well contribute to an understanding of the much discussed
role of the pseudo chohinesterases
I suggested some years ago (Whattaker, 1g51) that the pseudo
hol , specificall d as they are to the hydro
Iysis of the higher acylchohines may be concerned tn 120 with
the hydrolysis of physiologically active homologues of acetyl
choline It seemed hkely that some of the hugher acyl coenzyme
Adenvatives formed 1n the course of the metabolism of the fatty
acuds should react with choline to form physiologically active
acylcholines One such homologue propionylcholine has m
deed been identified m ox spleen (Bamster Whittaker and
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activity possessed by the higher acyl cholines, has also been
studted Pigeon bramn choline acetylase preparations synthes: €
propronyl and butyrylcholine 1f incubated with CoA, ATP and
propionate or butyrate i place of acetate (Whittaker, 19533,
Gardmmer and Whittaler, 1954) Stmular results have been ob
tamned by Nachmansohn and co workers (horey, de Braganza
and Nachmansohn, 1951, Berman, Wilson and Nachmansohs,
1953) with squid ganghion preparations In our own expen
ments the formation of propronyl and butyrylcholine was
cheched by chromatographic and biological charactenzaton
of the product We felt 1t was essential to do this because of the
ever present possibility that other acids were merely serving
as a source of acetate Small amounts of acetylcholine were 12
fact synthesized by these preparations along with the other
esters, these probably arose from endogenous sources of acetatt
present i the preparations

In these experiments, rehance was placed on the actnating
enzymes present 1n the bramn preparations Thus the overall
specificity was being measured rather than the specificity of the
choline transacetylase per se Concervably the imiting factor was
the ability of the brain tissue to activate the higher fatty acds
Dr Berry and T have now re exammned this point using a cholme
transacetylase preparation fortified with an acyl coenzyme A
donor system from pigeon liver capable of activating the home
logous sertes of lower fatty acids Control experiments show ed
that with the concentration of liver enzyme used the rate ©
actvation was 1n no case rate determimng It will be seen
(Table 4) that cholme esters of all the # fatty acids up to #
caproate, the highest acid tested, were synthesized, though, as
with the unfortified preparanons, at rates decreasing with 11
creasmng chain length Pigeon hver preparations alone were unt
able to synthesize choline esters from these shorter cham fatty
acids However both pigeon hver and brain were able to sy nthe
size palmitylcholine from added palmitic acid and choline
compound with properties similar to palmitylcholine has ¢
cently been discovered by hennedy (1956) m the phosphohpld
fraction of bramn and Iver Purtfication of pigeon bram by the
method of Ebashi (1954) revealed that acyl choline synthests
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the 1solated head was noted The ability of the drugs to cause
aceto chol hit n 11L0 was g ly tested by
measuring the threshold dose for potentiating the twitch height
obtamed by sitmulating the ttbiahis muscle via the motor nerve

This potentiation of twitch height 1s a phenomenon which

Tazere5 The effect of selective cholinesterase mhibetors on arousal reaction
and twitch height 1n the cat (results of Desmedt and LaGrutta 1955)

Mean doses (¢g ) for
Potentiation of

Actwation (arousal) o SHIREOR,O

of sleeping cortex

tibialis
Ro 20683 5 95
DFp 12 205
Ro 2 1250 70 12
BW 284C51 200 5

depends on inactivation of the aceto cholinesterase at the
peuromuscular junction The selective nature of the inhibitors
for the two cholinesterases of cat s bramn was also checked by
conventional Warburg methods Results were obtained with
two selective inhibitors of each sort one of each pair being
selected for 1ts predommantly water soluble character, the other
for 1ts lipord solubility In this way the factor of differential solu
bility or penetrability was controlled It will be seen from the
results presented in Table 5 that the two pseudo cholinesterase
nhibitors were effective m ehciting the arousal reaction m
extremely low doses, whereas much higher doses of the aceto
cholinesterase inhibitors were needed The effect of the pseudo-
cholmesterase mhibitors could not have been due to the mhib
tion of aceto cholinesterase smce much higher doses of these
same mhibitors were needed to mhibit aceto-cholinesterase as
measured by the potentiation of twitch herght The aceto
cholinesterase inhibitors were probably acting by way of mhi
bition of pseude-cholinesterase since the doses of these mhibr
tors required to elicit the arousal reaction were much higher
than those required to inhibit aceto-cholmesterase as measured
by the potenuation of twitch height
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‘Wyesundera, 1953, Gardiner and Whattaker, 1954) Howeser,
m a rather extensive study of other tissues of ox, sheep, goat
and rabbit, we have been unable to identify any physiologically
active ester of cholme other than acetylchole (heyl and
Whattaker, 1954) Ths suggests that the lation of these
higher homologues 1s effectively suppressed by the presence of
the pseudo cholinesterases Why this does not happen i the
case of ox spleen 15 not known We have attempted to test this
hypothesis by repeatedly mjecting propronate into rabbits
chronically mtoxicated with DFP so as to mantain blood levels
of propionate of about 2 mg {100 ml over a period of two to
three weeks We hoped that the mhibiton of pseudo-cholin
esterase would allow propronylcholine to accumulate Howevery
no propionylchohne could be d rated at the end of this
period m bram or intestine, the two tissues contatung the
Tughest acetylcholine equivalences, i spite of a considerable
nse 1 the acetvicholine equivalence of the intestine Such
experiments suffer from the techmcal limitation that it 18
extremely difficult to bring, about a significant degree of depres
sion of tissue psendo cholinesterase with the currently avatlable
selective mhibtors without at the same time depressing the
aceto cholinesterase level to danger pont Some of the best
selective inhibitors iz w2470 also have undesirable side reactios
wn o The plasma cholinesterase of our rabbits never fell
below 235 per cent of controls

Whether or not the function of the pseudocholinesterases
15 as 1 have suggested evidence continnes to accumulate that
pseudo cholinesterases play some part in nervous activty A
recent example 1s Desmedt and LaGrutta s (1955) finding that
selective anhibitors of pseudo-cholinesterases 1n low concentr2
non can evohe the cortical potentials in sleeping cats which are
charactenstic of the waking state This arousal’ reaction Y]
produced by selective inhibitors of aceto cholmesterase only 1
much higher concentrations where they are probably no longer
selective The technique 15 briefly as follows The drugs were 10
jected mto the external carotid artery of unanaesthetized €ats
with a spinal transection at Cr The mimimum dose require
to accelerate and desynch the sf ous thythms 0!
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the wolated head was noted The ability of the drugs to cause
aceto cholinesterase inhibition 11 ¢1z0 was ingemously tested by
measuring the threshold dose for potentiating the twitch height
obtaned by stimulating the tibialis muscle via the motor nerve
This potentiation of twitch herght 15 a phenomenon which

Tasre 5 The effect of selective cholimesterase mhibitors on arousal reaction
and twitch herght m the cat (results of Desmedt and LaGrutta 1955)

Mean doses (g ) for
Potentiation of

Actwvation (arousal) ndirect twitch of

of slecping cortex

tibials
Ro 2-0683 5 95
DFP 12 205
Ro 2 1250 70 12
BW 284C51 200 5

depends on 1nactnvation of the aceto chohnesterase at the
neuromuscular junction The selective nature of the mhibitors
for the two cholinesterases of cat s brain was also checked by
conventional Warburg methods Results were obtamned with
two selective inhibitors of each sort, one of each pawr being
selected for 1ts predominantly water soluble character the other
for 1ts ipord solubility In this way the factor of differential solu

bility or penetrabihity was controlled It will be seen from the
results presented 1n Table 5 that the two pseudo-cholinesterase
mhibitors were effective mn ehciting the arousal reaction in
extremely low doses, whereas much higher doses of the aceto

cholinesterase mhibitors were needed The effect of the pseudo-
cholinesterase inhibitors could not have been due to the inhiby

tion of aceto cholinesterase since much higher doses of these
same 1nhibitors were needed to mhibit aceto-cholinesterase as
measured by the potentiation of twitch height The aceto-
cholinesterase inhibitors were probably acting by way of inhs

bition of pseudo-cholinesterase since the doses of these inhib

tors required to ehiert the arousal reaction were much higher
than those required to inhibit aceto-cholmesterase as measured
by the potentiation of twitch height
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The activation of bramn potentials by way of pseudo-cholin
esterase mhibition 13 especially interesting 1 view of the
Iocation of brain pseudo cholinesterase i the neurogha and the
posstbility that the supporting cells of the central nervous
system have 4 considerable fatty acid metabolism of their own
which may be connected with myelin formation Concenvably
the pseudo cholnesterase of the central nervous system 1s
concerned with the suppression of the formation of physto-
logically active higher acy! cholines which mught otherwise
mterfere with acetylcholine function m neighbouring nene
cells Possibly significant 1n this connection 1s the ability of pro
pionylchohne and butyrylcholne to awake the sleepmg cat’s
brain 1n low concentrations

To these cansiderations must now be added the further posst
bility that choline esters of higher fatty acids may make 2
significant contribution to the composition of the brain lipids
and that their synthesss and breakdown arc brought about by
mechanisms closely parallehing the acetylcholine system of
cholinergic nerve cells The well known demyelmating action
of certain ant cholinesterases might usefully be remn estigated
along these lines, and the possibility that the two systems may
interact at the level of the post synaptic membrane suggests
intriguing vistas for the future

Tt has been known for some time that the three components
of the acetylcholine system—chohne acetylase aceto-chobn
esterase and acetylcholine 1tself—are distributed 1o 2 patchy
manner 1n the central nervous system Unfortunately these three
entities have never been quantitated by one mvestigator at the
same time 1n 1dentical tissue samples therefore less satisfactory
comparisons between the results of different workers have had
to be made Nevertheless, these comparisons show a satisfying
degree of correlation Tt 15 eastest to see this1f individual tracts
are followed up As an illustration of the degree of correlation
obtained I have plotted in Figure 3 the distnbution of the three
components for the somatic sensory and pyramidal (motor)
tracts as tabulated by Burgen and Chipman (1951) from their
own results for cholinesterase and those of Feldberg and Vogt
(1948), and MacIntosh (1941), for choline icetylase and acetyl
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choline respectively It will be seen that regions of hugh aceto
cholinesterase activity (white blocks) are also areas of high
choline cetylase activaty (hatched blocks) and lugh acetylcholine
content (dotted blocks) and vice versa Simular correlations have
been found for the optic, acoustic and olfactory tracts and for

[] cholnesterase & ea © 5uM MCH hydrolysed/g t ssuefiOmn
Chol ne acetylase Area O 9uM ACH synthesized/g powde /hr
[ Acetyichol e content Area lug ACHjg t ssue

&= Cholinergic  C== Non chol nerg ¢ neurone

Fic 3 Distribution of acetylcholine system along sensory and motor
tracts of the dog MCH =acety] p methylcholine ACH=acetylcholine

portions of the extra pyrarmdal system More accurate absolute
values for the choline transacetylase distribution have recently
been obtained by Hebb and Silver (1956) using the techmque
of fortufied preparations already descibed without, however,
altermg the fundamental picture

These results strongly suggest that some but not all of the
neurones of the central nervous system are chohnergic The cor
relation between aceto-cholinesterase and choline acetylase 1s
certainly not perfect but this can be accounted for by assumng
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that cholinergic neurones of the central nervous system, ke
sympathetic pre ganglionic fibres and the somatic motor nerves,
synthesize acetylcholine throughout thetr length, while choln

esterase activity may be concentrated at their endings If this
15 50, the distribunion of choline acetylase, especially, gres usa
clue as to which neurones are cholinergic, and the result 15
obtamed that in many tracts there appears to be an alternation
between cholmergic and non cholinergic neurones This has
been mdicated dragrammatically 1n Figure 3 There are also
mteresting phylogenetic differences which deserve to be more
fully explored For example, all parts of the pigeon bram—
hemuspheres, optic lobes and cerebellum—are very nch m
aceto-cholinesterase (Whattaker, 1g53b) It 15 well known that
the avian fore bramm—derived as 1t 1s from the archistriatum of
the primittve bra—is homologous with the mammalan basal
gangha also regions particularly rich 1n aceto cholinesterase

Pallial tissue, represented by the less active mammalan cortex,
1s but poorly represented 1n the avian fore bram The optic
lobes represent an enormous development of the regton of the
prnutive brain which 1 mammals 1s represented by the cor

pora quadrigemma, thalamus and gemculate bodies, agan
areas rich i cholinesterase In the cerebral ganglia of nverte

brates—nsccts, crustaceans and cephalopods—extremely high
concentrations of the components of the acetylcholme system
are encountered It 1s possible that chohinergic transpussion 1s 2
primitiee kind of transmission which has been rather fully
utihzed 1n the avian brain, but which has been 1n part super

seded 1n the mammals

Oraer Active Esters or CGHOLINE
Although the emphass of much recent work on acetylcholine
has been on 1ts role 1n the central nervous system we should not
lose sight of the fact that acetylcholine 1s an extremely widely
distributed substance m nature and that 3t 15 by no means the
only physiologically active ester of choline to occur there
We can now add two new ones to the Lst (Keyl, Michaelson
and Whittaker, 1957) One of these occurs mn the hypobranchml
gland of the predatory marmne gastropod, Tkais florsdana, the



METABOLISM OF ACETYLCHOLINE 205

other m the same organ of the common whelk of our Englsh
coasts, Bucctnum undatum Nerther 15 1dentical with urocanyl

chohine (1}, identified by Erspamer and Benat: (1953 1954) 1n
the Mediterranean whelks Murex trunculus, M brandans and
Tntonahn ennacea by ourselves 1 other, Amenican North
Atlantic Munadae (Whittaker and Michaelson, 1954) and grven
chinieal application by de Blasi and Leone (rg55)

+
CH CH CO, CH,CH,NMe,

]V “ -+
\N Me,C CH CO,; CH,CH NMe,
H U] (In

The ester from Thais flortdana has been identified as 3 g di
methylacrylylcholine (IT} on the basss of gas chromatography of
the volatile fatty acrd liberated from 1t by hydrolysis, and other
tests (Whittaker, 1957) It1s mteresting to speculate that histr
dme and valine respectively may be the precursors m the bio
synthesis of these esters this 1s supported by our observation
that T lapullus contains a powerful « deaminast. Oddly enough,
none of the Munadae so far exammed has discovered the
advantage of reducing the s1de chain of urocanylchohne to grve
imidazole propionylcholine, an ester go times more active on the
frog rectus abdomunts muscle than urocanylcholine Perhaps
when we know more about the function of these esters 1n the
snail and can evaluate their relative activitie on a test organ
more phystological—from the snail s pomnt of view—than the
frog rectus, these interrelationships will become more ntell
gible

However that may be the fuller nvestigation of these naturally
occurring choline esters therr function and metabolism, may
be expected to provide some interesting analogies with the

acetylcholine system with which this review has been mamly
concerned
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XII

Factors Influencing the Action of
Neuromuscular Blocking Substances

ELEANOR ZAIMIS

cally usefusl and of great nterest to pharmacologists and

physiologists, tubocurarme gallamine, decamethonum
and suxamethomum holding the ceatre of the picture
these are quaternary ammoniumn compounds and their pharma
cological actions both tn animals and man have been studied 10
great detay] (Paton and Zamus 1952, Zaumis 1954, Bovet and
Bovet Nuttr, 1955, Goodman and Gilman, 1955, Robson and
heele 1956)

For this reason I will restrict myself to the discusston of some

factors which nfluence thew action and which may be of
importance 1n their chimcal use

N EUROMUSGULAR blocking drugs have proved to be chint

Seecies DIFFERENCES

Tubocurarme and gall nterrupt lar trans
mussion 1n all mammals by competition with acetylchohne They
do not interfere with the release of acetylcholine from the moto?
nerve endings and have no effect on the electrcal properties of
the end plate or muscle fibre These compounds apparenﬂl'
combine reversibly with the end plate receptors and therefore
block the normal points of attachment of acetylcholine

The mode of action of d h and }
on the other hand 1 not uniform In some mammahan species
such as man and cat these compounds interrupt neur war
by * Jang acetylcholine as was first reabized

tr
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CAT TIBIALIS

Fic t In this and the following figuses the tracings are stmul
tancous recordings of maximal twitches n response to mdirect
sumulation elicited once cvery 10 seconds

A and B-—contractions in response to acetylchohine mmjected
mtra artenally ¢ and p—neuromuscular block produced by
acetylcholne 1n the presence of neostigmine NEO—neostigmne
methylsulphate
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Fic 6 Cat C

mfusion of h duodide At 1 1 mg
of tubocuranne chlorde A R —aruficial resprration
25 R
20
B De omethon um
0 Tubocurar ne
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during the study of the mode of action of decamethomum
(Zaums, 1951) Dunng activty the release of acetylcholine
from the motor nesve endings 1ts action on the motor end plate
and its destruction by the enzyme 1s a very rapd process

leted 1n a few millseconds When however very large
amounts of acetylcholine accumulate, depolanzation of the
motor end plates persists during which efectrical inexaitabality
develops and neuromuscular block setsin Consequently acetyl
cholime 1tself may {a) imitiate contraction or () mterrupt trans
mission Plate XV, Figure 1 shows these two effects An artenal
mngection of acetylcholine causes 2 quick contraction of the
tihalis muscle but, 1n the presence of neostigmune, 1ts action
peraists and neuromuscular block results

Burns and Paton (1951), using the gracis muscle n the
ntact cat, demonstrated that this bikeness to acetylcholine rests
n the ability of decamethonium to cause a persistent depolariza
ton of the end plate region Using the same techmque, they
showed that all the pnnapal features of block by decame
thomium can be reproduced with acetylcholne 1n the presence
of an antichohnesterase drug

Inother han spectes | , including the monkey,
dog rabhut and hare, d honum and honium ex
hubit imtially an acetylcholine Like action butdurnng theblock
g process therr action changes mnto that of a substance com
peting with acetylcholine When first observed this mode of
action was described as dual (Zaimus, 1953)

Neuromuscular transmussion may thus be interrupted by
radically different modes of action Any one of these compounds
1f injected intr ly mnto an hetized ammal will
produce a flactid paralysis superfically indistingwishable from
that produced by any other But 1f the animals are anaesthe
tized a nerve muscle preparation set up, the indirectly stimu
fated contractions of thexr muscles recorded and the same drugs

d ed the charactenstics of the lar block
they produce are different

The following are the more relevant charactensnics of a sub
stance blocling by competition with acetylcholne Furst, the

muscle shows an mcreased sensttmty to subsequent doses
P
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Second, a tetanus produced while the muscle 1s under the m
fluence of such a drug 1s notwell sustamned It grues nsetoatran
sient contraction of the muscle which yrelds rapidly to complete
neuromuscular block for the remainng duration of the tetanus
On returning to single twitches a strhing and long lasung
restoration of the transmussion 1s seen Third, the block 1
readily antagonized by neostigmine or any other substance
which sensitizes the motor end plate to acetylcholine or inhibuts
the enzyme and allows acetylchohne to accumulate (Plate X1,
Figure 2)

When substances mterrupt neuromuscular transmusston by
smmicking acetylcholine the paralysis they produce tsusually pre
ceded by potentiation of the maximal twitch and byspontaneous
fasciculations A tetanus, 1f present duning the block, 1s wellsus
tatned and does not antagontze 1t Neostigmune has httle effect
upon the course of the block or may deepen and prolong 1t
Incontrast the block s effectively antagomzed by tubocuranne
and finally the muscles show the same sensitmty to at least the
three or four subsequent doses Plate XVII, Figure 3 shous all
these characteristics

T must admat that there are not many mammalian species in
whose muscles t and d homum exhibit 2
pure ‘acetylcholine Ithe action In fact, the only ones 5o far
observed are the cat and man But 1 such muscles the charac
terisics of the blockade remam unchanged whether large,
small or repeated doses are gnen or whether the muscle 1s hept
paralysed for several hours

Whereas skelett! muscles when blocked by depolarization,
are very sensitive to d ¥ and honum, they
are relatvely msensitive when the same compounds nterrupt
neuromuscular transmussion by 2 dual mode of acton More
over, not only are they relatively insensitrve to the first dose but
they exmbit 2 rapadly decreasing sensitmaty to repeated doses
An analyss of the charactenstics of the block shows that 1t has
two components one due to the wmual acetylcholine ke
action, the other to a_curare hke actron The block s prcccdcd
by potentration of the maximal twitch a feature pecuhar to 2
substance capable of depolanzing the motor end plates But 2
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tetanus produced during the block 15 not well sustained and
antagomzes 1t ‘The block 1s deepened by tubocurarine and 15
readily antagomzed by neosigmme In other words one 1s
confronted with a type of block which has some of the charac-
tenstics of a depolanzation block and some of the charactenstics
of a competitive one But the striking decreasing sensitivity of
the muscles to subsequent doses 1s a totally new feature absent
m either of the two bastc mechanisms when they appear in their
pure form (for details see Zaimus, 1953) Plate XVII Figure 4
shows the charactensstics of the dual mode of action of deca
methonum and Plate \VIIT Figure 5 demonstrates the curare
like effect of suxamethonium both 1n the dog In the first part
of the experiment 1illustrated by Figure 5, suxamethomum was
admnstered by a slow nfuston until 1t produced respiratory
arrest and a 100 per cent block of the tibiakis muscle 0 5 mg of
neostigmine methyl sulphate administered mntravenously readily
d the action of homum m both ttbials and

respiratory muscles Three hours later tubocuranne was ad
munstered and as was expected neostigmine produced the
same antagonism

These results demonstrate that a single substance may pro-
duce different types of neuromuscular block 1n various mam
mahan species It follows that differences must exist between the
muscle membranes of these species 1n spite of the apparent
similanty of therr reaction to acetylcholine But where these
differences ressde remains a matter of speculation

DirFERENCES 1v VaRrIOUS MUSCLES OF THE SAME SPECIES
Further work has demonstrated that differences between neuro-
muscular yunctions ewst not only between the muscles of
different spectes but even between various muscles of the same
spectes For example 1n the cat decamethomum and suxa
methonum block the tbialis by an acetylchohne like action
but they block soleus by a2 dual mode of action (Jewell and
Zaims 1954)

Plate XIX Figure 6 gives an 1dea of the comphcated situation
which anses when such differences exist 1 the various muscles
of the same spectes In this expenment the respiration of the
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ammal and the contractions of the tibialis and soleus muscles
were recorded simultancously, while the rate of suxametho-
mum infusion was adjusted to produce an 8o per cent block i
tibralis At this concentration of suxamethomum the respiratory
muscles were httle affected and soleus muscle blocked only by
50 per cent One mg of tubocuranne, admmstered intraven
ously, readily antagomzed the block 1n tibials but deepened
that of soleus and paralysed the respiratory muscles It 1s quite
obvious that the actions of tubocuranne and suxamethopium
are antagonistic m the tibtabis muscle of this animal, but both
exhibzt the same mode of action 1 soleus Respiratory muscles
1n the cat are known to be relatively resistant to depolanzing
drugs (Paton and Zaims, 1951), posstbly because, as 1n the case
of soleus, these drugs exhubit 2 dual mode of action

The phases of depolarzation and competition 1 muscles 1
which suxamethomum and decamethontum exhibit a ‘dual
mode of action are not always the same In some muscles the
depolanization phase predomnates, 1n others the competing one
Nor 15 the dual mode of action which decamethonsum and
suxamethonmum exhibit the same The balance betneen the
depolanzing and competitive propensities with <uxamethonum
appears weighted mn favour of the former, whereas with deca
methontum 1t 1s the competitnve tendency which appears domu
nant In other words, of the two, 1t 1s suxamethonum which
mumics acetylcholine more farthfully

One thing should be clearly understood, that the mode of
action of suxamethontum and decamethontum necer changes
duning the coursc of a single experiment Ifthe spectesor the ndt
vidual muscles under study respond to these compounds by pur¢
depolarization the response will remain unaltered throughout
the experiment In mine years of work I have neverseena muscle
which was blocked by a pure acetylcholine Iike action at first
and later showed a dual’ block

INTERPRETATION OF RESULTS
The results described provide an explanation for the var)ng
sensiivity of different species to decamethontum and suxa
methomum, 1n contrast to therr relatively umform reaction 10
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tubocuranne (Plate XI¥X, Figure 7} Sensitivity 1s at 1ts highest
where the ¢ ds interrupt lar tr
by an acetylct like action I 1y the dual’ mode
of action appears, the muscles become more resistant to the
same drugs most probably because these two modes of action
are antagonistic

Thus 1t 1s farly clear that the ability of a compound to pro
duce a2 neuromuscular block by several modes of action,
although a very interesting phenomenon, 15 a complicating
factor n the handhing of such drugs Thesleff (19552 b) from
electrophyssological expeniments on the solated diaphragm of
the rat and the sartortus muscle of the frog has questioned the
exsstence of a block due solely to depolarization While not
denying the similanty of d honium and honium
to acetylcholine, he clarms that depolanzation 15 not sustamned
during the whole period of the block But we know that the
results obtamed with these compounds in one species are not
necessanly vahd for another, and furthermore that there are
species 1n which the results obtaned m one muscle are not
repeated 1n all muscles Thesleff 1n hus papers disagrees with the
results of Burns and Paton (1951) but although his findings and
interpretations may be correct for the isolated muscles of the
frog and the rat 1t seems doubtful whether they can safely be
transferred to the ntact cat

Another question I would like to raise 15 that of experiments
on 1solated muscles Here the difficulty at once arises that there
1s no means of proving that the physiological properties of
1solated tissues suffer no alteration through bemg separated
from the body of which these tissues are an mtegral part
Further 1n order to study the effects of different drugs on such
Ppreparations the substances are added to the fhud surrounding
the wolated tissue Tt 15 obvious that there can be no real
resemblance between such an application and the contact
which drugs make with the motor end plates when carnied by
the eirculaion Thus species and muscle differences the differ
ent expentmental techmques used etc  have to be considered
very carefully before the results obtained are interpreted and
especially before they are transferred to man The answer will

1 g
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ammal and the contractions of the tibralis and soleus muscles
were recorded stmultaneously, while the rate of suxametho-
nium nfusion was adjusted to produce an 8o per cent blockin
tibralis At this concentration of suxamethomum the respiratory
muscles were Lttle affected and soleus muscle blocked only by
50 per cent One mg of tubocuranne admumistered mtraven
ously, readily antagomzed the block in tibials but deepencd
that of soleus and paralysed the resprratory muscles It s qut
obvious that the actions of tubocurarmne and suxamethonum
are antagonistic in the tibialis muscle of this ammal, but both
exhibut the same mode of action m soleus Respiratory muscles
1 the cat are known to be relatively resistant to depolanzing
drugs (Paton and Zaimis, 1951), possibly because, as i the ¢as¢
of soleus, these drugs exhibit a ‘dual’ mode of action

The phases of depolanzation and competition 11 muscles m
which suxamethomum and decamethonrum exhibit 2 dusl
mode of action are not always the same In some muscles the
depolarization phase predominates, 1n others the competing' one
Nor 15 the dual mode of action which decamethomum and
suxamethonum exlubit the same The balance between the
depolanzing and competitive propensities with suxamethomum
appears weighted 1n favour of the former, whereas with deca
methomum 1t 1s the competitive tendency which appears domt
nant In other words of the two, 1t 15 suxamethomum which
mimucs acetylchohine more farthfully :

One thing should be clearly understood, that the mode ©
action of suxamethonium and decamethonium necer changes
during the course of a single expertment Ifthe speciesor the ndt
vidual muscles under study respond o these compounds by pure
depolarization, the response will remain unaltered throughout
the experiment In nine years of work I have never seen a musc e
which was blocked by a pure acetylcholine hike action at first
and later showed a dual block

INTERPRETATION OF RESULTS
The results described provide an explanation for the varyng
sensttivity of different species to decamethomum and sux2
methonmum, 1 contrast to ther relativcly umform reacuon o
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prolongs the action of depolanzing drugs, the nature of the blockade
15 1n no way affected however long the paralysis lasts
Cooling has less effect on the action of substances blocking
by competition with acetylcholine In fact when small doses of
such drugs are used producing less than a 40 per cent reduction
of the maximal twitch tenston the degree of block 1s actually
smaller at lower temperature Plate XXII, Figure 11 llustrates
the results obtained with a small dose of tubocurarine Holmes,
Jenden and Taylor (1951), tn experiments carried out on the
1solated diaphragm of the rat have already demonstrated that
cooling reduces the effect of tubocurarine When tubocurarme 1s
admimstered 1n larger doses, the magnitude of the effect 15
not significantly changed by cooling, but the duration of the
blockade may be prolonged But one must remember that
tubocurarine a substance only slowly destroyed and excreted
{Marsh, 1g52), produces progressively larger responses even at
normal body temperatures
An attempt was made to express qualitatively the effect of
cooling on the action of the two groups of drugs by measuring
the mcrease 1n 50 per cent recovery time produced by a change
n temperature from approximately 36 C to 31 C It was
found that with larger doses of tubocurarine a fall in tempera
ture of ths order approximately doubled the 50 per cent recovery
tme However, 1if the temperature was rased agam the effect
was only shightly reversed On the other hand with decameth-
onwum and suxamethonum a ssmilar fall in temperature caused
a fourfold 1ncrease 1n 50 per cent recovery ime and this effect
‘was completely reversed on rew arming
From these results 1t 1s clear that cooling has a pronounced
effect on the action of depolanizing drugs The fact that a block
produced by decamethonium 1s more or at least as much, pro
longed as one produced by suxamethonmum suggests that the
prolongation of the effect cannot be due to mactivation of
enzymes at the lower temperatures for 1f this were so the suxa
methonum block should be the most affected This result
together with the fact that substances nterrupting the neuro
by 1on with acetylcholine are
less aﬂ'ected by cooling suggests that cooling influences the
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come only when the same shalled electrophysiological techmgues
which scientists use now on 1solated muscles of frogs and rats
can be apphed to the muscles of the intact man or cat

Tue ErFect oF MuscLE TEMPERATURE OV THE
AcTioN oF NEUROMUSCULAR BLocking Drucs
Work done recently by my colleagues and ryself has brought
to light a new factor which underlines once more the differences
between the modes of action of these drugs (Bigland, Goetzee,
Maclagan and Zams, 1958)

The effect of body—1nd particularly muscle—temperaturcon
the action of neuromuscular blocking drugs was studied on
anmmals whose body temperature was vaned 1t the rate of
4°C per hour by passing hot or cold water through a thin
rubber bag inserted nto the abd 1 cavity or by modifyng
the cxternal heating This method made 1t possible to produce
2 slow but steady fall 1n body temperature without perceptible
shiverning

When the neuromuscular blocking effects of successtve doses
of suxamethonium and decamethonum were tested at different
temperaturcs 1t was found that the block produced by the
same dose was greater both 1n magnutude and duration the lower
the temperature Plate XX, Figure 8 illustrates the results
obtamed 1n an experiment 1n which suxamethomum was used
The first dose admunistered when the muscle temperature Wa.
38 C, produced the usul short lasung mterruption of newro
muscular transmussion As the muscle temperature fell, the
duration of the blockade became more and more prolonb’cd
Such effects were regularly obtained and were completely rever
sible on rewarmung the ammal Plate XX, Figure 9 1lustrates
similar results with decamethomum

Plate XXI Figure 10 illustrates the results of an experiment
1n which suxamethonium was admimstered by a slow infusion
after the body temperature had been lowered to 29°C The rate
of infusion was adjusted to produce a 100 per cent block and
Lept constant while the animal was rewarmed It can be clearly
seen that the magmtude of the neurormuscular block followed the
temperature variations farthfully Although cooling considerably
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prolongs the action of depolanizing drugs, the nature of the blockade
13 1n 10 way affected, however long the paralysis lasts

Cooling has less effect on the action of substances blockmg
by competition with acetylcholine In fact, when small doses of
such drugs are used producing less than a 4o per cent reduction
of the maximal twatch tenston the degree of block 15 actually
smaller at lower temperature Plate XXII Figure 11 illustrates
the results obtained with a small dose of tubocurarme Holmes
Jenden and Taylor (1951) n experiments carned out on the
ssolated diaphragm of the rat, have already demonstrated that
cooling reduces the effect of tubocurarine When tubocurarne s
administered 1n larger doses the magmtude of the effect 1s
not sigmificantly changed by cooling but the duration of the
blockade may be prolonged But one must remember that
tubocurarmne, a substance only slowly destroyed and excreted
(Marsh 1g52) produces progressively larger responses even at
normal body temperatures

An attempt was made to express quahtatively the effect of
cooling on the action of the two groups of drugs by measuring
the mncrease 1n 50 per cent recovery time produced by a change
m temperature from approximately 36 C to 31 C It was
found that with larger doses of tubocurarime a fall 1 tempera
ture of this order approxumately doubled the 50 per cent recovery
time However if the temperature was raised agam the effect
was only shghtly reversed On the other hand with decameth-
omum and suxamethonium a simmlar fall in temperature caused
a fourfold 1ncrease 1n 50 per cent recovery time and this effect
was completely reversed on rewarming

From these results 1t 1s clear that coolng has 2 pronounced
effect on the action of depolarizing drugs The fact that a block
produced by decamethonium 1s more or at least as much, pro
longed as one produced by suxamethonium suggests that the
prolongation of the effect cannot be due to inacuvation of
enzymes at the lower temperatures for 1f this were so the suxa
methontum block should be the most affected This result
together with the fact that substances interrupting the neuro

1 by p with acetylcholine are

less affected by cooling suggests that cooling mfluences the
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process by which a long lasting depolanzaton of the motor end
plate interrupts neuromuscular transmussion This suggestion s
supported by the findings of Csapo and Wilkie (1956) who
studied the effects of potassium on frog skeletal muscle and
found that at low temperatures the recovery of the depolanza
tion produced by potasstum 1s very slow, and that a bnef period
of warming leads to sudden and dramatic recovery

Suxamethonium 15 known as a short lasting neuromuscular
blocking drug From time to time, however, anaesthetists come
across cases 1 which suxamecthonum produces & prolonged
apnoea Much work has been done, and many theorzes formed,
m attempts to explam this phenomenon, but so far no satis
factory reason for 1t has been found If this prolonged apnoca
1s really due to a prolonged neuromuscular blockade of the
resprratory muscles, then the mitial cause of 1t may well be 2
fall in their temperature From our experiments 1t 15 obvious
that even a small fall in muscle temperature can prolong the
duration of a blockade produced by depolinizing drugs
these factors put together suggest to us that such a possibility
should be borne in mind by the 1naesthetists
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XIII
Phospholipids

CYRIL LONG

which possess the general physical properties char

actenstic of fatty substances but which are distinguished
chemucally by the fact that they contain phosphorus They are
substances of relatively low melting point and are soluble
several orgamc solvents but insoluble 1n water, though some of
them form fairly stable emulsions with water Although the
hastory of the phospholipids may be traced back to the closing
years of the eighteenth century for a long ttme they did not
excite any very general mnterest Indeed, the prelimmary studies
m thus field are largely due to the energy of a few enthusiasts
such as Thudichum the Macleans and Levene Durnng the last
twenty years however, the phospholipids have become much
more popular as subjects for research and 1t 1s probable that
quite soon they will be regarded as being of great sigmficance in
medicine for they are umversal constituents of hving cells At
the present time 1t 15 not possible to do more than predict this
important future for them, because there 1s still a great deal of
fundamental work to be carrted out, before the medical apph
cations can be properly examined In what follows an attempt
will be made to assess entrcally some of the major advances
which have been made 1n the study of the phospholipids It wall
be necessary to deal wath their chemical structures, the problem
of their separation from one another therr degradation by
enzymes and their synthesis by living cells Finally 1t might be
profitable to speculate on the possible function of one phospho
hipid namely lecithun 1n the hver

Tm: phospholiptds may be defined as those compounds
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Most phosphohp:d bioch would probably agree that,

despite recent ntensive actvity, progress m the study of the
phospholipids has not been as rapid as one could have wished
The fact that hpids, as a class, are only soluble in certam organic
solvents, 18 not so great a disadvantage as mught be supposed,
1 fact, this property can be very useful in that, prowided the
conditions are properly chosen, hipids can be separated com
pletely from contamunating protetns and largely from carbo-
hydrates and other water soluble substances There are, how
ever, two man difficulties in obtamung pure Iiprds Fust, the
various hpid types have rather similar solubihity charactersstcs,
due largely to the dorminating snfluences of the component long
chamn fatty acid radicals, ths 55 so in spite of the fact that these
may be clear differences 1n the chemical structures of the differ
ent types The problem becomes even more complex whenit1s
realized that the presence of one type of hpid modifies the sol
Iahty properties of others For example, punfied phospholiprds
are spaningly soluble 1 acetone, but n the presence of newtra
fats they become much more soluble The second difficulty
anses from the fact that mdmndual phospholipd types do not
occur 1 biological matenals as single chemical substances
Swmce thewr component fatty acid radscals may contain diffesent
numbers of carbon atoms or possess different degrees of satura
uon, thesr solululity properties extend over a consderable
range Lecthin for example, which 15 the most common
phosphofiprd, contasas two fatty acid radieals wmn s molecule
Usually one 13 saturated and the other unsaturated and ths
type of lecithin 13 soluble n ether However, lecithuns have
been molated from animal tiszues 1 which both fatty acd radt
cals are saturated and these lecithins are msoluble 1 ether
As @ result of these two factors, there 13 normally a consider
able overlapping of solubility properties between different hpd
types In spite of these dufficulties, however, until a few years
ago solvent fractionation techmques were practically the only
methods wvatlable for the separation of hipids and 1t 15 not sur
prising that the preparation of individud lipid types W2s
extremely laborous snvarably resulted mn great losses O
matersals and normally gave products of purity not greater than
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go-g5 per cent and sometimes much less In an attempt to
mmprove these separations counter-current distribution methods
have been exammed but there seem to be certan techmical
difficulies which will prevent their general application The
most tmpressive advances have been made with the advent of
chromatographic procedures and these will be dealt with later

CHEMICAL STRUCTURES

Most of the phospholipids are based on L « glycerophosphonic
acid (I) ? the two free hydroxyl groups usually being estentfied
with long chamn fatty acids such compounds are termed phos-
phatidic acids (II) The phospholiptd which has been most 1n
tensnely studied 1s lecithin (I11) The phosphate group of the
phosphatidic acid 1s estenified wath choline (IV) Thus structure
for lecithin has been firmly established both by degradative
studies and by chemical synthesis (Baer and Kates, 1950, Long
and Maguire, 1953 1954) Lecithin accounts for about 1~2 per
cent of most antmal tissues

Phosphatidylethanol V), pr ly known as ‘kepha
Iin  resembles lecithin very closely m structure but contains
ethanolamine (VI) 1 place of chohne Phosphatidylethanola-
mine 15 also present m most ammal tissues to the extent of
about 1—2 per cent Phosphatidylserme (VII} (Folch 1948) 15
based on the same plan the mitrogenous component beng the
amno acid serine (VIII) It 1s usually present mn ammal
tissues at a lower concentration than 1s lecithun or phosphatidyl
ethanolamine

Lysolecithin (IX) 15 often regarded as a breakdown product
of leaithun by removal of one fatty acid radical However 1t
occurs In appreciable quantity mn egg yolk under conditions
where enzymic degratlation can be ruled out (Lea Rhodes and
Stoll 1955)

The pl

1 1 e

I3 {acetal phosg ) are also based on

glycerophosphate There1sa great deal of uncertamnty concern

ing their structures due largely to the fact that they have never

been 1solated 1n pure form The structure shown (X, after klenk

and Debuch 1954 1955) 15 only one of several possibilities
1 Illustrations I-X VI are shown n Figure 1




220 CYRIL LONG
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Fic 1 cont

Ethanolamine plasmalogen 15 a major consutuent of bran
while choline plasmalogen 1s present 1 high concentration 1n
carciac muscle

There are at least two phosphoglycerides containing nositol
Phosphatidylinositol, with the possible structure (XI) has
been obtained from hver by Hawthorne (1935), while a sub
stance with one more phosphate group and one less fatty acid
radical, diphosphomositide (Folch 194g) of possible structure
(XI1), 15 a constituent of bramn

A well known phospholipid contammng no glycerol but based
mstead on spk (XIII) 15 spt hn (NIV) Tt
Ppresent 1n large amount 1n bram

Perhaps the best comment on thus catalogue of the varous
phaspholipid types 1 that with few exceptions there 15 a lesser
or greater degree of uncertanty concerning theiwr chemical
structures This 15 largely due to the fact that to date satis
factory methods are not available for the 1solation of most of
the various types in pure form This applies espeaially to the
plasmalogens and the inositol phospholipids

SEPARATION OF LipiDs FROM ONE ANOTHER
At the present time there 1s a surge of activity 1n several centres
In an attempt to effect complete and quantitative separations
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Enzymuc degradation As far as enzymic breakdown 1s concerned
1t will be noted that the lecithin molecule contams four ester
linkages and, as would be expected, these four linkages are
hydrolysed by four separate enzymes Figure 3 shows their
sites of action  These enzymes have been studied 1n detail and

Crude lipsd mxture

Alumina

|
Neutral lipids :‘md choline  Non choline phospholipids

containing phospholipids
Silica gel Siltca gel
leutral L ) 9! dyl L
hipids k and
and some 1nosttol
Leathin lecithin phospholipids
Fic 2 The of egg yolk phospholipid

Method of Rhodes and Lea (1957)

are known as phospholipases 4 B Cand D The term lecithm

ases which was oniginally used for these enzymes has largely
been abandoned owing to thewr Lnown lack of specificity
Expeniments carnied out several years ago (Fawrbaun 1945

Kahane and Levy, 1945) suggested that the intracellular
enzymes of animal ussues brought about a complete hydrolysis
of endogenous lecithin when the tissues were homogemzed and
incubated, so that there subsequently arose a general feehng
that ammal tissues with their mixed battery of enzymes were
unpromsing materials for the study of individual enzyme acti

vittes During the last ten years therefore, much effort has been
devoted to the study of single enzymes which are found m bio-
logical materials other than ammal tissues In the following para

graphs the action of phospholipases on lecithun only will be
considered
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of the various types of hipids The Lipids of cgg yolk have recened
special attention, because the mixture 1s less complex than those
obtaned from ammal tissucs, being wirtually free from plas
malogens and phosphatidylsenine One of the most useful
observations 1s that of Hanahn, Turner and Jayho (19,1), who
have shown that chromatography of mixed lipids on an alumina
column will quantitatively retan non choline phospholipids
from a chloroform methanol solution and permut the neutral
Lpids and choline containing phospholipids to pass through
with the solvent front Rhodes and Lea (1957) have extended
this method and have been able to elute the non choline phos
pholipids from the column with a more polar solvent (ethanol
chloroform water) Thus, 1n one stage, 1 quantitative separatzon
of egg yolk ipids mto two distinet fractions with no overlapping
of components has been achieved The two fractions may then
be further separated by chromatography on a silica gel column
(Figure 2) The first fraction from the alumina column 1s sepa
rated into neutral lipids, pure leaithun, and a mixture of Tyso-
leaathin and sphingomyelin contaminated with some lecithin
The non choline phospholipid fraction 15 separated mto pure
phosphatidylethanolamine and a muxture of lysophosplmtld)l
ethanolamine and ositol phospholipids If the more complet
phospholipid mxtures from ammals tissues were to be subjected
to this procedure however, 1t seems hikely that the lecithn
would be contaminited with choline plasmalogen, while the
phosphatidylethanolamine would be contaminated with both
ethanolamine plasmalogen and phosphatdylserme Neverthe
less, these separations are a great advance on earher methods
They have the virtue of being quanutatve and apphcable to
small quantities and 1t may be hoped that sull further separ
ations will result from the use of other types of colurnn

ProsproLtpip BrocHEMISTRY
Phospholipid biochemistry may be considered under two main
headings, namely breakdown and synthests by enzymes Lect
thin has been most widely studied mn this connection largely
because 1t 1s the most readily available phospholipid and because
1ts structure s firmly established
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tion by ammal tissues may be reconsidered In the first place,
1t seerns likely that phosphohipases € and D are not implicated
the former being a bactenial enzyme and the latter a plant
enzyme On the other hand there 1s evidence that lecithin 1s
normally degraded in amimal tissues by the successive actions
of phospholipases 4 and B While 1t 1s true that lysolecithin
the product of phospholipase 4 activity, does not appear to
accumulate m animal tissues, an active phospholipase 4 has in
fact been extracted from pancreas (Noguchi, 1944) Phos
pholipase B 1s present 1 liver tissue, as shown by Dawson
(1956b) Furthermore, glycerylphosphorylcholne was found
to accumulate mn autolysing pancreas and intestme (Schomdt,
Hershman and Thannhauser, 1945) and tracer experiments
with hiver tissue by Dawson (1955) have shown that 1t must be
a degradation product of lecithin rather than a precursor Itis
probable that the phospholipase B activity of tissues always ex
ceeds their phospholipase 4 actvty, so that toxic amounts of
lysolecithm do not 1 Since Liver also contains an
enzyme which hydrolyses glycerylphosphorylcholne mto gly
cerophosphate and choline (Dawson 1956a), 1t seems clear that
the enzymic breakdown of lecithin n hver and possibly in
other animal tissues can be represented by the following, path
way leaithin — Iysoleathin — glycerylphosphorylcholine —
glycerophosphate -+ choline

Enyymic synthess In studies of the biosynthests of lecithun,
the first clear indications were derived from expermments on
ammals to which radioactive 1norgamc phosphate had been
adminmistered The lectthin and water soluble phosphate esters
related to lecithin were separated from the tissues and the
spearfic radioactmity/tume curves were then evamned by
cnteria which distinguish precursors from non precursors (Zil
versmt Entenman and Fishler, 1943) In this way 1t has been
shown by Popjak and Muir (1950) that « glycerophosphate 1s 2
Precursor of lecithin mn the liver, however, other observations
on liver by hornberg and Pricer (1952) have shown that phos
phorylcholing 15 also a precursor of lecsthin Thus result, that
both glycerophospt and phosphorylcholine can be pre
cursors of lecithun 1n hiver 1s rather surprising especially when 1t

1A
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The venom of several species of smike, including the cobra,
rattlesnake and especially the black cottonmouth moccasin,
contams a very potent Phospholipase 4 Thyg enzyme has been
shown to split off the fatty acid radical from the = position of
the lecithin molecule, the product bemg Iysolecithin (s,

&

€HO cor
RCOOCH o
HO PO OCH, cHN fon)
5]

Fic 3 The cnzymue hydrolysss of lecthin The letters denote
the site of attack of phospholipases 4 B Cand D

Hanahan, 1954, Long and Penny, 1954) Lysoleaithun 15 2
haemolytic substance and 1s responsible 1n part for the 1ll effects
following snale bite Lysolecithin can serve as substrate for
another enzyme phospholipase B, which 15 present mn large

leathin molecule For example, phospholipase €, which 1s
present 1n cultare filtrates of the strict anaerobe Clostridium
welchu and related species (Macfarlane and Kunight, 1941,
Macfarlane 1948) splis off phosphorylcholine leaving an
« B diglycerde (XVI Long and Maguire, 1954) This enzyme
has been identfied with the « toxin of Clostridm welehy and
1s the factor causing the haemolysis associated with gas gangrene,
the enzyme presumably attacking the lecithin present mn the
erythrocyte membrane

Phospholipase D has been found 1n several plantsand seems to
bepresentin highest concentration inSavoy cabbage and Brussels
sprouts (Davidson Long and Penny, 1956) It removes choline
from lecathin giving the corresponding phosphandic acid (I )

Having obtained this detailed knowledge of the activittes of
the mdrvadual phospholipases the problem of lecitlun degrada
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have been considered, but ultimately, every phospholiptd bio
chemist must ask What 1s the nature of the pnimary function
of phospholipids 1n lving cells® At the present time there 15
no answer to this question which 1s acceptable to all workers,
although most would agree that phospholipids are probably
concerned 1n some way with the permeability of cells and of the
cytoplasmic particles of cells and that their metabohism 1s asso-
ctated with fatty acid metabolism in away that1s not understood

Stnce several types of phospholipid ewst, 1t 1s reasonable to
mfer that there are at least an equal number of functions, more
over, 1t cannot be assumed that any individual type of phos
pholipid wall have the same function i different kinds of cells
although the differences may well be quantitative rather than
qualitative If the function of even one single type of phospho-~
lipid 1n one kind of cell were understood a sound beginning to
the elucidation of thus dfficult problem would have been made
The following section presents some speculations on a possible
role for lecithun 1n the metabohsm of the liver

Although there 15 a very considerable hterature on the role
of leaithin 1n the hiver the bulk of 1t 15 difficult to mterpret
A great deal of work has been done with mtact ammals, a
fact whuch 1n 1tself introduces uncertainty because 1t 15 well
estabhshed that both triglycendes and lecithin are continually
Ppassing from the plasma to the hver while lecithin also passes
from the hver to the plasma These transfers are difficult to
allow for Then agam, many workers owing to the 1nadequacy
of available methods of separation have expressed their results
mn terms of total phosphohpid Since this 15 a heterogeneous
fraction, the observations are susceptible to more than one
interpretation Even when expenments have been carried out
with homogenized hver preparations and when the lecithm
has been 1solated 1n pure form by chromatography, there can
still be some uncertainty owing to the fact that the lecithin will
be denved from different sub cellular fractions all of which
may not behave 1n an identical manner Inshort it seems that
the only reliable results are those whuch have been obtawned
from cytologically homogeneous cell fractions from which the
lecithin has been obtaimed 1n chemically pure form
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1s borne tn mind that glycerylphosphorylcholimne 1s not {Dawson,
1995) The only logical conclusion 15 that there must be two
separate pathways for the biosynthesis of lecithin 1n Iver, and
these two mechamsms have now been fully established by the
work of Kennedy in Chicago and of hornberg 1n Bethesda
during the last few years

Kennedy (1953) showed that rat liver mutochondna con
verted « glycerophosphate nto what appeared to be a phos
phatidic acid Almost 1 usly and mndependently, horn
berg and Prcer (1953) showed that gumea pig hiver micro-
somes catalysed the estenfication of one molecule of glycero-
phosphate by two molecules of palmutic acid, that the product
was 1n fact a phosphatidic acd and that the coenzyme A dert
vative of palmitic acid was an mtermediate hennedy {1954)
showed that choline could be incorporated into lecithun by rat
liver mitochondna, that ATP was required, and that neither
phosphorylcholine nor glycerylphosphorylcholine were inter
mediates The complete process can be represented by the
following scheme

palmitate + CoASH +ATP ->palmitoylSCoA + AMP+PP

glycerophosphate + 2 palmitoylSCoA —~phosphatidic aad
+2C0ASH

phosphatidic 2aid +choling~»lecithun

The phosphorylchohine pathway was clanfied by hennedy
and Weiss (1955), who showed that cyudmedxphosphocholmc
was an intermediate The reaction pathway 1s probably

horvlchal Vinediph
Y T

cytidine triphosphate 4-phosphor y
phocholime +PP
o § diglycenide~+cytidinediphosphochol lecithin+ CMP
Although the acceptor molecule has not been defintely ident!
fied as an « B diglycende, Rodbell and Hanahan (1955) showed
that «8 dipalmitin sumulated the rate of incorporation of phos
phorylcholine into lecithin by guinea pig hiver mitochondna

A possiBLE FUNCTION FOR LECITHIN IN LIVER METABOLISM .
So far, the chemustry and ymology of the phospholipids
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mately choline 15 set free which can 1n turn be converted 1
to phosphorylcholine which can then react with more di
glycende The cycle 15 then repeated and with each turn,
ane molecule of diglycende yields ats fatty acids for odation

Some supporting evidence 1 favour of this scheme can be

Triglyceride (ploamﬂ)

Tr glyceride {iiver)

Fatty actd
Duglycer de ~——s Lecithin
Fatty actd
Phosphorylchol ne  Lysolecithin
Fatty acid

Cholne  Glycerylphosphorylchohine

Glycerophosphate
Fic 4 The phosphorylcholine cycle A possible role for
lecithin 1n the metabolism of trglycerides m the hiver

found m a paper by Rodbell and Hanahan (1g552) These
workers found that the oxidation of the fatty acid radicals of the
endogenous lipids of guinea pig hiver mitochondria was stimu
lated by the additton of lysolecithin  glycerylphosphoryl
choline and especially by phosphorylcholine, when used 1n
catalytic amounts

The choline formed 1 this cycle will partly be destroyed by
the action of the hiver choline oxidase 1n those spectes which
possess this enzyme Thus the rat whose liver contains choline
oxidase 1s well known to require a constant supply of choline or
choline precursors in the diet In their absence the cycle would
cease to function and triglycerides would accumulate 1n the
Lver This could explamn the production of fatty hvers in rats fed
a diet deficient 1n choline On the other hand the hver of the
gwrnea pig contams no choline oxidase and 1t has been observed
repeatedly that guinea pigs do not suffer from fatty livers when
fed a diet deficient mn choline

With regard to the other pathway, the glycerophosphate
almost certamly anses by the reduction of dihydroxyacetone
phosph an d m the glycolysis of carbohydrate




228 CYRIL LONG

There 1re only three well estabhished facts about leathun
metabolism m the liver, namely the pathway of degradation
and the two pithways of biosynthesis, and these are the only
facts whach may legiimately be used i an attempt to establish
a role for lecithun tn hver function So far, the tvo brosynthetc
pathways have been distinguished i terms of the phosphate
group However, 1t 15 probably more wseful m the present ds
cussion to distinguish them in terms of the glycerol portont of the

lecule In the first patioway, the glycerol s already estenfied
with fatty acid radicals before the attachment of the phosphate,
whereas n the second the plycerol 15 estensficd to phosphate
before the addition of the fatty acid radicals In statmg the
problem 1 ths way, we are led to a search for the ongn of the
diglycennde and of the glycerophosphate

There 11 at present no very good evidence for the ocpurrence
of free glycerol 1 liver, so that the digly cende 15 unlikely to be
formed by the partial estenfication of gly cerol with fatty 208
On the other hand, there 15 always ar apprectable amount of
tnglyceride 1n Iner, probably ongimating from the fat depots
and transported to the hver via the plasma and a partzal hydro-
Iysss of teuglycende could produce the necessary diglycersde This
1dea 15 supported by the finding of an enzyme in Tver which
hydrolyses esters of long cham fatty acids {Copenhaver Stafford
and MeShan 1950}, and 3f this enzyme has an action pattern
sinmlar 1o that of the well known pancreatic hpase (Mattson
and Beck 1955), the dighycende formed will have the ep
configuration, which s the womer required for reaction with
phosphorylcholme In the normal anmal the fatty acid radscal
of hwer nglycende are reachly oadized but before this e
happen the three faity acds must be released from the tat
glycende The hipase enzymeis unable to do thus by uself; 2532
assuming that the lLiver and pancreatic enzymes ar¢ sumular,
because Lpise cannot xemove the fatty aad radical from the
§ position of the tnglycende, and 1n fact reachly liberates only
one fatty acd radical The scheme shown m Figure 4 mdicates 2
posstble way 1n which these three fatty acd radicals may
made avaable for oxidation Liberation of two of these f2tf)
acxds 1s associated with the breakdown of the lecsthm, and ultt
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these 1deas are untenable, however, then they will have to be
discarded, a fate suffered by many earlier theortes If and when
this happens, however we shall surely be approaching nearer
to the truth, and this after all 15 the ultimate aim of scientific
research
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Fatty acid brosynthesss 1n Liver takes place by the condensation
of several molecules of acetylcoenzyme A to givelong chain fatty
acylcoenzyme A, presumably by a pathway rescmbling the fatty
acd oxadatson spiral 1n reverse The acetyfcoenzyme A mole
cules are lso dernved from carbohydrate Since theresa houted

Pyrywic oerd Acetylcoentyme A
glycotyss
glycotysts
Carbenydrate ~ Dihydrovyacetone Fatty
phosphate atybcoen yme A

Glyre ophosphate ———= Prosphatidic 00
< ol
Lecsthin Chaline

Fiz 5 A possble function for the glycerophosphate pathway of fecithin
synthesis in the comersion of carbohydrate mto fat 1t the livet

quanuty of coenzyme A n Iner cells, the brosynthests of long
chan fatty acylcoenzyme A would soon cease owing fo the
immobihzation of coenzyme A However if the fatty 3¢}
coenzyme A molecules can condense with an acgeptor MOi¢
cule such as glycerophosphate the coenzyme A vl be regenet
ated The phosphatdie acid thus formed could then 5ot i
choline to grve lecathun If thas scheme, which 1s shownn Figure
5 15 correct then 1t follows that wn the carly stages of 1098
chamn fatty sad synthesss in Liver using tracer acetate, the Bty
acid radicals of the lecsthan will be labelled more strongly than
those of tnglycende and this has been shown to be the cast by
several workers (see g Tove Andrews and Lucas 1956}
The fate of the lecithm so formed 15 at present uncertain eré
15 no known mechansm for the conversion of leaxthin 3nto §1
glycendes although 1t s very bkely that such a conversion does
take place either m the liver stself or m the extrahepatic tissues
to which the lecsthin s transported via the plasmt
These two schemes for leathin fancten i the tner which
have been tentatively suggested are adrmttedly very speculauvc
Many of the observations in the hterature can be understood
if these pathways are correct IF further evidence shows that
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The Synthesis and Degradation
of Polysaccharides

W J WHELAN

occurring sugar polymers containing ten or more mono
Tecul

IF we define the term polysacchande to mean the naturally

1de residues per then the known examples
of their enzymic synthesis by cell free enzyme systems are very
few In the plant and ammal kingdoms the only known systems
are those responsible for the synthesis of starch and glycogen
respectively, and even with the mclusion of the microbial
enzymes the field 1s restricted to the synthesis of three types of
linkage the « 1 4 and « 1 6 glucopyranosidic inhages and the
B8 2 6 fructofuranosidic linkage All these systems were dis
covered before 1950 1
Despate this lach of progress in the discovery of new systems
the last decade has been a period of great advances in our under
standing of the mechamsm of the enzymic synthesss of poly
sacchandes This 1s because of the rapid progress i the related
field of ohgc haride synthesis Olg harides may be
considered to comprise the range of sugar polymers containing

I Since this review was prepared three new typ s of polysacchande synthesis
have been reported Each one utitzes a undine diphosphate sugar compound as
the donor substr te () Hyaluronic acid  synthesized by an enzyme system from
Rous sarcoma of ch ckens using undine diphosphate ) acetylglucosamune (Glaser
L (1957) Dus Absir 17 29) (1) Chtn s synthesized by a particulate cnzyme
f om Aeuro fora erass with undsme diphosphate N acetylglucosam ne (Glaser L
and Brown D H (1957) Buockem buphys Acta 23 449) (m) Cellulose 1s synthe
sized by a cell free part culate system from A _tobacter apltum using undie diphos
phate glucose as donor substrate (Glaser L (1957) Buochem buophys Acta 25
436 scealso Colvin J R (1957) 4 ch Biockem Buophys 70 ~94 and Greathouse
G A (3957) F Amer chem $™ 79 4503)
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+
Enzyme  (4)

L OA D /:A
+ Enzyme + = \E Zym 4 =
= n; e
/ N

RO H RO
RO H

An exception to this generahzation 1s the breakdown of hyalu
ronc acid by certan bactenal enzymes, with the formation of
an unsaturated disaccharide (Linker, Meyer and Hoffman,
1956) This reaction does not seem to mmvolve an acceptor sub
strate

CH.OH . CHOH
O,{~OCH, OH
(OH H——OH === H-—0CH,
HO' HOOH E]
[ H
D=OR + H-OA == 0 --—0A + H--OR

Fic 1 Hydrolysis of %0 labelled methyl § glucoside by almond emulsin
Glucosyl-oxygen scission also oceurs 1n hydrolysis by hydrochloric acid and
when methyl a-glucoside 15 hydrolysed by yeast a glicondase or acid
(Bunton et af 1954)

Examples which 1lt the lizatton are the hydro
lysts of methyl g glucoside by almond g glucosidase (emulsin)
(Figure 1) and the synthesis of « 1 4 glucostdic linkages by
muscle phosphorylase (Figure 2) In these and other cases 1t 1s
known that the enzyme splits the glycosyl oxygen bond 1n the
donor substrate and transfers the glycosyl radical not the glyco
sidic (glycosyloxygen) radical (Cohn 1949 Bunmton Lews
Llewellyn Tnstam and Vernon 1954, hoshland and Semn
1954) The enzymic tramsfer of sugar residues 1s therefore
known as transglycosylation

SYNTHESIS OF STARCH IN PLANTS
It would be more appropriate 1n ths series of lectures to deal
first with the synthesis of glycogen 1n ammals but there are
fewer unsolved problems pertaming to the similar enzyme

system responsible for the synthes:s of starch and this 1s therefore
easier to describe
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from two to minc monosacchande residues per molecule?
Whereas ten years ago we knew more about polysacchande
than obgosacchande synthess, today the position 1s resersed
but the two fields are so intimately refated that our knowledge
of polysaccharide synthesis has inevitably increased The mamn
factor 1n these advances has been the chromatographic method
mn all sts forms, but particularly paper chromatography, and
to a lesser extent } and 1sotopic tracer teck Ir
there were some method, chromatographic or otherwise, of
detecting polysaccharide synthesis as readily as oligosacchande
synthesis can now be followed, then the former field would
undergo the same rapid development It scems likely that such
methods will be forthcoming

Tie Mecuanisy oF CARBOHYDRASE ACTION
Almost all synthetsc and degradanve reactions of polysaccha
nides as catalvsed by enzymes can be expressed m terros of @
reaction between a donor and an acceptor substrate as shown
m the following equation

D--OR +H—0A =D—0A+H—OR ®
Donor Acceptor
substrate  substrate

In this equation the group D must be a carbohydrate residue, R
and A may also be carbohydrate 1n nature but necd not neces
sarily be so It has been suggested (see Barker and Bourne,
1953) that equation (1) can be sphit mto two equations which
show how the enzyme participates m the reaction

D-—OR +Enzyme H=Enzyme D+H—OR (2)
Enzyme D +4+H—QA =D-—0A 4 Enzyme H 3

An alternative suggestion (Jermyn 1957) 1s as follows

Smart
1 istinction between ohgo- and poly saccharides (Whisiler and

b 5.3’1).h 1: not mtended to be preaise but the upper lunit of ol.go:acchand; :.‘éfml;
afso near the lumut of the ability of paper chrematography to scparatc i r‘od e
sugars and the defined range of ohigosaccharide size includes most of the P!
formed by the so-called ohgosaccharide synthesizing systeras
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Historrcally spealing the first clue to the mechanism of starch
synthests came from the demonstration 1 1937 by Cori and
others that rabbit muscle and liver contamned an enzyme system
capableof effecting a reversible conversionof o b glucopy ranose
1 phosphate mnto glycogen This was followed by Haness
finding of a ssmular enzyme system in peas and potatoes (Hanes
19403, b) and thereafier the developments 1n both fields have
kept 1n step Hanes made two important contributions He re
cogmized that synthesis of starch did not take place unless pre
formed chamn molecules of « 1 4 inked glucose umts (*primer )
were added to the sugar phosphate and enzyme It was pre
sumed, and all later evidence confirms this, that synthesis
takes place by the apposition of « glucose umts derved from
the ester (donor substrate), to the non reducing cham ends
of the acceptor substrate the primer molecules (Figure 2) The
posttion ofattachments at the C 4 hydroxylofthenon reducing
end glucose unit The reaction 1s freely reversible and in the pre
sence of excess primer the equbbrium 1s influenced only by the
concentrations of morganic and ester phosphates {see Whelan
(1955) for details and for Baum and Gilbert s method of crystal
hzing potato phosphorylase) The smallest molecule which wall
actas primer 1s maltotnose but this 1s very mefficient by compar
son with mal raose and larger maltodextrins (Weibull and
Tiselius 1945 French and Wild 1953 Whelan and Bailey,
1954} Some dextrans (« 1 6 hnked polyglucoses) have been
reported to prime the reaction but only « glucose 1 phosphate
of the many esters tested 1s effective as a donor substrate (see
Whelan, 1955) The second contribution made by Hanes was
the demonstration that the punfied enzyme (phosphorylase)
did not synthesize starch but a polysacchande having the pro
perties of one of the two components of starch namely amylose
In particular, the synthetic polysaccharide had the mtense blue
1odime stam and complete degree of $ amylolysis to maltose
charactenstic of the natural material, the molecule of which 1s
an essentially unbranched chan of several thousand « 1 4
lmked glucose umts The other starch component amylopectin
has a weak purple 10dine stain and only about half of the mole
cule can be attacked by p amylase (see later) The enzymic
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umts per molecule, but this may be due to the presence of

amylolytic impunities 11 the Q enzyme preparation (Nussen

baum and Hassid 1952) Q Enzyme does not seem to be able

to reverse the conversion of amylose 1nto amylopectin but 1t

may perhaps be able to reposition the « 1 6-hnks It 15 known
Phosphorylase

Amylose (

Phospharylase

Glucose ( phosphate
+primer

Phospharylgse R enzyme

Amylopectin ( phosphate}
Phosphorylase Q enzyme

Fic 4 The enzymuc synthesis and degradation of amylose
and amylopectin

Q enzyme

that the donor substrate must be at least 40 umts long before
Q enzyme can exert a rapid action but the requirements of the
enzyme towards the acceptor substrate have not been defined
(Peat Whelan and Bailey 1953) The protozoal Q enzyme
of Polytomella cosca wall utilize maltose as an acceptor (Barker
Bebbington and Bourne, 1953) Amylopectin is also synthesized
when Q enzyme 15 added to a mixture of phosphorylase primer
and glucose 1 phosphate If only small amounts of branching
enzyme are added and the reaction 1s not allowed to go to
completion, products ntermediate m structure between amy
Iose and amylopectin can be 1solated (Barker Bourne Peat and
Wilkinson 1950) The terrelationships between phosphory
lase and Q enzyme are shown m Figure 4

There is a third enzyme m the potato which probably func
tons alongside phosphorylase and Q enzyme 1n the formation
of starch molecules This 15 D enzyme (Peat, Whelan and Rees
1956) which transfers chain segments of « 1 4 hinked glucose
units from one starch molecule (donor) toanother such molecule
or to glucose or a variety of related acceptor sugars (Peat
Whelan and Jones 1957 Walker and Whelan 1957) The
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synthesis of this fatter polysacchande was achicy ed by Haworth
TPeat and Bourne (1944) by means of Q enzyme from the potato
This converts (mylose mto wmylopectin {Barker, Bourn¢ and
Wilkinson, 5g50) and has been crystalbized by Boum and Gi
bert (1953} The net effect of Q enzyme action 18 that about

EHOH CHOH cHOM

CHOH
OC}‘OD‘O O-K 1 Ki >kc
CHEH

CHOM e CHOM

Fi6 § Ut step i the synthess of amylopectin from amylose by O
enzyme (Itis ot yet prosed that glycosyl-oxygen scusson akes place )

5 pereentof the a 1 4 Tinkages of amylose are conv erted 1nto
« 1 6 hnhages The enzyme 1s presumed to act by sevenng 2
portion of an amylose chain {donor substrate} and attaching
the severed portion through 1ts reducng end to the pnmary
hydroxyl group of another eham {acceptor substrate) {Figwe
3} The branching action seems {0 cease when the proportion
of non reducing cham ends has wcreased from one i several
thonsand to one 1n twenty as in natural amylopecun The
resultant amylopeetin molecule 1 a tree hike structure contam

ing the unit chamns (average DP about 20) cross Linked through
the  t 6 bonds m random fashion as envisaged by Meyer and
Bernfeld (1940) and proved for natural amylopectin by Peat
Whelan and Thomas {1952 1956) The branch hinkages ave 50
sttuated that § amylase which attacks starch type molecules
from the non reducng chamn ends sphitmg off maltose 1 365
progress along the chain 13 able to remove only about haif of

¢the molecule as the disaccharde before 1ts endnise action 1
stopped by the appreach of the enzyme 10 the points ofbranch

ing, which 1t cannot ercumvent Ciateutations of the lengths of
the outer and mmner chauns of amylopectin and ghycogen have
been made by Manners (1953 1955) (see Figure 7) The sy»

thetse material has a lower degree of polymerization than
natural amylopectm, which contamns several thousand glucose
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polysaccharide floridean starch (from Dilsea edults) also contamns
the & 1 3 linkage (Peat Turvey and Evans, 1957)

There 1s a great deal of circumstantial evidence of the
mterdependence of the metabolism of sucrose, the first free
sugar to be formed tn photosynthests (Calvin, 1956) and glucose

glucose 1 phosphate
+
uridine triphosphate

pyrophosphate
+
urigne diphosphate
glucose,

+fructose, fractose
6 phosphate
utidine diphosphate uridine d phosphate
+ +
sucro e sucrose phosphate

suc_ose phosphate

Fic 6 The enzymc synthesis of sucrose from glicose
1 phosphate

1 phospl the starch p The enzymic interrelation
ship of these two substances has recently been estabhshed
(Buchanan 1953 Cardim Lelor and Gluniboga 1955 Leloir
and Cardim 1955, Bean and Hassid 1955 Burma and Mort:
mer 1956) It appears that there are two routes connecting
glucose 1 phosphate and sucrose (Figure 6) The key mter
mediate 15 undine diphosphate glucose (Figure 5) This 1s
formed 1n the reaction between undine triphosphate and glu
cose 1 phosphate Uridine diphosphate glucose can then react
euther with fructose to yreld sucrose and unidine diphosphate or
with fructose 6 phosphate to form sucrose phosphate and un
dine diphosphate The sucrose phosphate then yields sucrose
by the action of a phosphatase The enzyme system has been
detected m a wide varety of plant parts

The phosphorolysss of starch The degradation of starch may be
accomplished by the hydrolytic amylases (see later) or by

R
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hnkage synthesized 1s the same as that broken, 1¢ the a1 4
bond When acting on maltotriose (the smallest donor sub-
strate}, glucose wnd maltodextring Iarger than maltotnose are
formed, but nesther the number of « 1 4 glucosidic Imhages nor
the average degree of polymerization of all the molecules pre

CH,ON co
q ( \xH
o
OH g 9 '
o) 0-B-o=p—0-GH,
oH OH OH
OH CH

Fio 5 Undine diphosphate glucose

sent changes during this actton The role of D enzyme 15 per
haps to move fragments of starch chans from one site to another
Whelan (1957) has discussed possible s w0 functions of D
enzyme m regulating the supply of pnmer for phosphorylase,
1 assisting in the phosphorolysis of starch (1e converston o
glucose 1 phosphate) and 1 a scheme to explam the simul
taneous deposition of amylose and amylopectin 1n the starch
granule D Enzyme can presumably synthesize amylose from the
small maltodextrin ohgosacchandes such as maltotriose Itis
Anown that the addition of glucose to a muxture of D enzyme
and maltodextrns causes the average degree of polymerization
of the oligosacchandes to decrease (Peat, Whelan and Rees,
1956) Presumably the continuous remozal of glucose would have
the opposite effect and cause the oligosaccharides to mncrease 1t
length, as m the analogous case of amylomaltase (sce below)

It has recently heen discovered that waxy maize starch,
which 1s virtuaily free from amylose contains a small propor
tion of « 1 3 linkages 1n addition to the previously recogmzed
o 14 and « 1 6 linkages (Wolfrom and Thompson 1956) The
enzyme responsible for the synthesis of these linkages 15 not
known but 1t has been suggested that Q enzyme may be
responsible, as well as for the synthesis of & 1 6 finkages (Pazur,
Budowich and Tipton 1957} The amylopectin hke seaweed
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SynTHESIS AND DEGRADATION OF GLYGOGEN IN ANIMALS
Glycogen 1s a polyglucose having the same « 14 and « 1 6
linkages and the same tree like structure asamylopectin (Larner,
Ilhingworth, Cort and Cort 1952}, but the umt chams of glyco-
gen are only about half the length of the amylopectin chains,
contaiming from 10-14 units although vanations outside this
range have beennoted (Abdel Akherand Smuth, 1955 Manners,
1955, Manners and Archibald, 1957) Ammals do not appar-
ently store an amylose like polysaccharde

The glycogen synthesizing and degrading enzymes corre
spond 1n type to those of plants but differ from them in many
pomts of detail Most mvestigators have chosen rabbit hver
and muscle as the sources of the glycogen metabolizing enzymes
These organs contain a phosphorylase a branching enzyme
[amylo (1 4~>1 6) transglacosidase] and a debranching enzyme
{amylo 1 6 glucosidase) corresponding 1 function to plant
phosphorylase, Q enzyme and R enzyme respectively

Rabbit muscle and other ammal phosphorylases exist i two
forms knownasphosphorylases aand & Methods of crystallizing
phosphorylases are deseribed by Con, [lhingworth and Keller
(1955) and Sutherland (1955) The two forms are intercon
vertible Phosphorylase & 15 inactive 1n the absence of adenylic
acid but # loses only about 30 per cent of its acuvity 1f adenylic
aad 1s removed Recent work on the structures of these two
enzymes has been reviewed by Korkes (1956} who suggests that
phosphorylase 4 consists of two proten moieties (En and En')
linked to each other through two molecules of undine mono
phosphate (UMP) and that the transfer of glucosyl units from
glucose 1 phosphate (G 1 P) proceeds via a unidine diphosphate
glucose enzyme complex (En UDPG) 1n a manner somewhat
analogous to the transfer of glucosyl units from glucose 1 phos
phate to fructose mn the synthesis of sucrose (Figure 6) 1¢

En UMP PMU En'+G 1 P<En UDPG+En' UMP  (5)

6)

En UDPG +Primer<=En UDP+G Primer {
En UDP+En' UMPSEn UMP PMU En'4-P o
The sum of equations {5} (7) 1s
G 1 P+Primer<G Primer+P (8)
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phosphorylase In the same way that phosphory lase butlds up
starch chamns by apposition of glucosy] residucs (from glacose
1 phosphate) to the non reducing chamm ends of the pnmer
molecules, 1ts degradative action on starch (donor) in presence
of excess morgame phosphate (acceptor) mvolves the remosal of
glucosyl umts from the non reducing ends This endwise action
ceases when the enzyme approaches a glucese umt mvoled
substitution additional to C 1 and C 4, eg the b-substituted
glucose unit at the branch pownts of amylopectin The comer
sion of amylopectin into glucose 1-phosphate 15 only about
40 per cent (Bourne, Sitch and Peat, 1949) The removal of the
1 6-links of amylopectin, which allows of 2 more complete de
gradation by phosphorylase or other endwise attacking enzymes
such as B amylase (see below), 15 accomplished by R enzyme,
found mn potatoes and broad beans (Hobson, Whelan and
Peat, 1951) This enzyme hydrolyses the amylopectm « 1 6
branch Linkages but does not act on any and every type ©
@ 1 6 glucosidic ink For example, 1t does not hydrolyse the
a1 6 linked glucose disaccharde 1somaltose, nor the poly
glucose dextran, containing the same hinkage It seems that the
substrate for R enzyme must also contan a 1 4 glucosidic
Iinkages (see Whelan, 1953) and stersc factors influencing the
enzyme action are also evident R-Enzyme does not attack the
a 1 6 linkages 1n glycogen, which are much closer to each
other than i amylopectin (sec below) These links do, how
ever, become accessible to the enzyme if the glycogen 1§ first
sphit nto small fragments by « amylase or by aad (Peat,
‘Whelan, Hobson and Thomas, 1954)

Observations on the degradation of amylose by phosphory
lase are conflicing Hestrin (1949) and Peat, Thomas an
Whelan (1952) found only 70 per cent conyversion by muscle
and potato phosphorylases respectively, and the latter workers
showed that a soya bean preparation (Z enzyme), believed
to be a B glucostdase rendered the amylose susceptible to more
complete phosphorolysts On the other hand Baum Gilbert
and Scott {1956) suggest that the obstacles to the phosphoro
Iysis of amylose are artefacts ntroduced by aerobic oudation

of amylose
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order to explam conflicting information about the chamn length
1t was assumed that the discrepancy may be due to the breaking
off of the long [synthetic] chains (Corietal 1945) Ifthis hap
pened and the glycogen primer were set free then 1t should con
tinue to prime the reaction whereas with small amounts of
glycogen, synthesis ceases long before the phosphate equilt
brium 1s reached {Cor ¢f al, 1945) This question seems worthy
of further mvestigation as also are the observations already
mentioned that glycogen 15 a primer but hnear chuus of the
same length are not while longer linear chains (amylose) are
effective The suggestion 1s that the size of the whole molecule
as well as 1ts content of non reducing end groups 1s a controlling
factor (¢f Swanson and Cor1, 1948)

The branch ponts mn glycogen are synthesized by the branch
mg enzyme amylo (1 4-—>1 b) transglucosdase from rabbrt
heart and hver (Cor1 and Cor1 1943 Larner, 1955) When
acting m conjunction with phosphorylase on glucose 1 phos-
phate and glycogen primer the enzyme gives rise to glycogen
Unlike Q enzyme the branching enzyme does not act on amy
lose (Cor1 and Cor1 1943) but will introduce additional brinch
hnkages 1nto an already branched molecule 1 1t will act on
glycogen outer chawns 1f these are more than 6 umts long
(Larner, 1953), presumably transferning the severed portions
to accepting primary hydroxyl groups in the same or 1n other
molecules Unlike Polytomella coeca 3 enzyme (see above) 1t does
not transfer glucose chamns to maltose or other simple sugars
(Larner and Uwah 1956)

Phosphorolysis of gheogen In order to effect the complete
phosphorolysis of glycogen 1t 15 necessary as with amylopectin
to remove the points of branching which 1mpede the endwise
glucose removing action of phosphorylase The inimal counter
part of the plant debranching enzyme (R enzyme) 1s amylo
1 6 glucosidase, from rabbit muscle (Cort and Larner 1951,
Ilhngworth Larner and Cort 1952 Larner et al 1952 Con
1955, Larner and Schliselfeld 1956) Unlike R enzyme amylo
1 6 glucosidase does not act on the native polysacchande but on
the hmit dextnin which remaimns when phosphorylase action 1

pl Other diffe by the two are that
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which 15 the s1me as that shown m Figure 2 The formaton of
phospherylase b by the action of phosphorylase rupturing (PR}
enzyme and the fact that & has half the molecular nesght of ¢
are 1ccounted for s follows

En UMP-PMU En'+H,0->En UDP+En' UR {9
{En UDP==phosphorylase 4, UDP=undme diphosphate,
UR =undyhc 1id)

The parnapation of adenyhic acd (AMP) 1n the acton of
phosphorylase § can be also accounted for

En UDP+AMP «En UMP-PMA +P {10)
En UMP PMA4-G 1-P=Ln UDPG4+AMP {11}
En UDPG4-8G Prnmer e2En UDP+G Pnmer  (17)

The sum of equations (10) (12) 15 the same as for phosphorylase
a, 1e equation (8) Other aspects of the relation of ¢ t0 b,
such as the conversion of b mnto @ are accounted for 1 the same
hypothesis It wall be of interest to learn whether undine diphos
phate glucose also participates m the reactions of plant phios
phorylases Flavine ademme dmucleoude has been found 12
jack bean phosphorylase preparation (Sumuer, Chou and
Bever, 1950)

It 1s not clear to what extent, if any, phosphorylases a and 8
differ sn thewr specific requirements towards the substrates for
glycogen synthesss The nvesugauons to be descrabed have
been made with phosphorylase @ The fact that a primer 38
essential to the reaction was discovered 1 1939 by Cont and
Cors, who used glycogen for this purpese Lanear « 14 hinked
glucose chains of the same length as the glycogen unit chans do
not prime the reaction {Cori Swanson and Con, 1545 Cor,
1954} an wmportant distmction from potato phosphor'ﬂf’;c
(see above) Glycogen amylapectn and amylose prme ! :
muscle phosphorylase reaction 1n proportion to thewr cozm:ﬂt
of non reducing end groups but there 15 an upper hmut of abou
200 units on the length of chan capable of exerting pnmusg
actwaty (Cont et ol 1945) The cham fength of the polysacd
charide present when synthesis from glycogen pramer had ccaS;n
was determuned by Hasid Con and MeCready {1953)
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Nagabhushanam, Nigam and Belavads, 1955) If D enzyme
were present 1n the amylo 1 6 glucosidase preparation 1t would
not be necessary to postulate that the phosphorylase produced
the glucose stubs, since these could be exposed by the trans
ferning action of D enzyme

glycogen  phosphate

Phosphorylase | | Phospho ylase
+ +

Amylo (1 4=16) transgiucosidase | [ Amylo 16 glucosidase
glucose 1 phosphate glucose
Phosphogl comutase ’ ‘

glucose  He ok nase glucose6 phosphate  Glucose glucose phosphate
adenos e 6 phosphatase
triphosphate

Fic 8 The enzymic synthes:s and degradation of glycogen
Cor1 1954)

The products of the combined or successive actions of phos
phorylase and amylo 1 6 glucosidase are glucose 1 phosphate
(from « 1 4 inked glucose umts) and glucose from « 1 6 linked
glucose units The molar ratio of these two products 15 there
fore a2 measure of the average length of the umt chatns in the
parent polysaccharide (Cor and Larner, 1951, Ilhingworth,
Larner and Con 1952)

The interrelations of the glycogen metabolizing enzymes are
shown 1n Figure 8 It has proved possible to relate some of the
known glycogen storage diseases to the lack of sufficient amounts
of one or other of these enzymes either by deductions based on
the structure of the glycogen 1solated from the diseased liver
or by direct assay of the enzyme Storage diseases related to
deficiencies 1 glucose 6 phosphatase amylo 1 6 glucosidase
and amylo-(1 4—1 6) transglucosidase have been recogmzed
(Ilingworth and Cont 1952 Cor and Cor, 1952 Con, 1954
Con and Schulman 1954, Ithngworth Com and Con 1g56)
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amylo-1 § glucosidwe also acts on amylopectmn it devton
and hydrolyses 1somaltose whereas R enzyme acts on amylos
pectin but nat glycogen and does not attack somaltese The
action of wmyle 1 6 glucosidase 15 recognized by the hberation
of glucose and the susceptibility of the treated dextrin to further

Quter
chaio H*

B
e e
Quier chan inaer ctain

Fio 7 Types of umit chain m gheopen and amylopectin as defined by
Peat W hct:snpacnd Thormas{igy2} (g(;:ﬁm rcducmg-cnpctl\group j=a~1b
tuk } Each molecule also contains one C cham wiuch 1 a B cham wik
a free red d group In the tetely random forsn of the Meyer
and Bernfeld (1940} mode! theve are equal numbers of A and B (+C)
chans (Hirst and Manners 1g54) Only the outer chans are attacked by
# amylase and phosphorylase « amylase can artack outer and wscr chamt

O;

phosphorolysis It 15 beheved that the glucose represents the
residue of the A chams of the ghycogen rematmng after phos
phorolysis (Figure 7) and therefore that phosphorylase can
remove alt but one of the glucose units i an A chain R Enzyme
does not attack snch terunally hnhed ghicose units only nor
termnal 1 6 bonds (Whelan 1953) Phosphorolysis of the B
cham {Figure ) ceases when 5 or 6 glucose tnits remam on the
non reduang side of the branch point (Con and Larner, 195%)
Since phosphorylase action is ble there 15 a direct 1mplt
cation that these single glucose stubs  the degraded A chawns,
are the priming nucler for phosphorylase action but Con and
Larner (1951) have ymphed that this s not the case It does not
seem possible that phosphory lase would so attennate a glycogen
chain that it lost its praming capacity 1t would be of iwnterest
to know whether rabbrt muscle or hver contams any counter
part of D enzyme Such an enzyme capable of disproportion
ating maltose has been reported in rat iner and bram {Guin
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Dextransucrase Dextransucrase from Leuconostoc mesenterordes
and other bacteria, catalyses the conversion of sucrose into dex
tran, a polymer of a 1 6 linked glucose umts and free fructose
(Hehre, 1941, see reviews by Hehre (1g51) and Stacey and
Rucketts (1951), Tsuchiya et al 1955 Barker Bourne Grant
and Stacey 1956) Some dextrans are branched and 1t 15 pos
sible that the dextransucrase preparations contain branching
enzyme(s) as well as the chan forming catalyst As with
amylosucrase action the conversion of sucrose 1s almost (g9
per cent) complete, and 1t 15 difficult to decide whether sucrose
1s both the donor and acceptor substrate If it can act as an
acceptor 1t 13 certamly very ineffi since the molecul
weights of the polymers synthesized would requre only o ooz
per cent of the sucrose to participate 1n this way (Edelman,
1956) This priming action mught therefore be due to an 1impu
nty 1n the sucrose or the enzyme Sugars such as glucose
1somaltodextrins (« 1 6 linked glucose oligosacchandes) melt
biose etc can function as acceptors since their presence in the
reaction medum causes the formation of other oligosaccharides
and a lowermng in molecular weight of the polysacchanide which
can be synthesized from a given amount of sucrose, 1e the
transferred glucosyl units are distnibuted between a greater
member of acceptor molecules than 1 the absence of the test
sugar (koepsell et al 1953 Tsuchiyaetal 1955)

Letansucrase An enzyme from Bacllus subtihs or Aerobacter
lecameum  transfers the § fructofuranosyl umts of sucrose and
builds a high molecular weight polymer of 8 2 6 linked fruc
tose residues (levan) hiberating the glucose component as the
free sugar {(Hestrin Avinen Shapiro and Aschner, 1943, Hes
trin Femngold and Avigad, 1956 Femngold Awvigad and Hes
trin 1956) The equilibrium bes far to the side of the polysac-
chande and as with previous examples the nature of the primer
from which the enzyme synthesizes high molecular weight
levan 1s uncertain The enzyme can also transfer fructose to a
variety of acceptor sugars forming sucrose analogues {Feingold
Awvigad and Hestrin, 1957)

Dextran dextrinase  Atrobacter capsulstum and wiscosum contamn
an enzyme capable of transforming short maltodextrin molecules
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PoLYSACCHARIDE SYNTHESES BY Micronuat Exzyses

Some of the micro-organisms which store starch or glycogen
Iike polysacchanides scem to contain enzymes sumular to those
which plants and ammals use for the synthesis of these sub-
stances T'or example, phosphorylase has been obtamed from
yeast {Meyer <nd Bernfeld, 1942, see Whelin, 1955), which
also contains a debranching enzyme (Manners and Khm
Maung, 1955) Polytomella coeca stores a starch contarming amy
lose and amylopecun (Bourne, Stacey and Wilkmson, 1950),
and 15 hnown to contan phosphorylase and Q enzyme {Beb
bington, Bourne, Stacey and Wilkinson, 1952, Bebbmgton,
Bourne and Wilkinson, 1952, Barker ¢t al , 1953) Apart from
these examples a few cases are known of polysacchande syn
theses which asyet have not found counterparts m the hugher
antmals or plaats These are described below

Amplosucrase This enzyme system has been detected m cel
free extracts of Newsena perfla a (Hehre and Hamulton 3946,
1948 Hehre Hamulton and Carlson, 1949) It catalyses the
converston of sucrose mnto glycogen but 1t 1s probable that the
product of amylosucrase action 15 amylose and that this is con
serted by a second enzyme {or enzymes) 1mnto glycogen, since
1thas been shown that thus latter comversion takes place when the
extract 18 mcubated wath amylose The fructose component of
the sucrose 15 released as the free sugar Considerations of the
energy assoctated with the sucrose and ¢ 1 ¢4 glucosidie hnkages,
the latter being much the stronger of the two, suggest that the
equlibnum 1 the reaction will be to the side of the poly
sacchande and 1n fact a 98 per cent conversion into glycogen
was found The reverability of the reaction was demonstrated
by meubating starch with fructose and adding destransucrse
(see below) to take up the sucrose as 1t was formed and to turn
1t 1ato dextran (Hehre and Hamilton 1g51) It s not cestait
whether a special primer 1» needed by amylosucrase or whether
sucrose tself will aceept the « glucosy! umis transferred from
another sucrose molecules but 1t 1s known that synthesis daes
not tahe place 1 the presence of « amylase, which destroys
plant phosphorylase primers (Hehre, rg51)
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1s the case with the maltodextrms in D enzyme action the trans
ferred glycosyl radicals will be shared between all the sugar
molecules present instead of a hmited and controllable number
of added primer (acceptor) molecules Two factors which
mfluence the position of equibibrium 1 these reactions are the
relative energy levels of the glycosidic hinkages before and after
transfer and the acceptor acuvity of the restdue which remains
after transfer from the donor, 1 ¢ the molecule HOR 1n equa
tion (1) A large energy difference will lead to a hugh conversion
of the donor, e g the conversion of sucrose by dextransucrase
The acceptor efficiency of HOR 1s determined by the activation
energy required for its participation 1n a reaction with a donor,
and the energy of the resultant hnkage An example i which
HOR has appreciable acceptor activity 1s the synthesis of amy-
lose, 1n which morganic phosphate (HOR) competes with the
primer molecules (HOA) for glucosyl units transferred from
glucose 1 phosphate, to the extent that the equibbrium quo-
tient [inorgamc phosphate]/[glucose 1 phosphate] 15 g2 at
pH 70 The pol hande primer molecules are therefore
appreciably more efficient as acceptors than 1s morganic phos
phate, but the difference 1n acceptor activity between amylose
and morgamc phosphate cannot be nearly so great as between
dextran molecules and fructose n the formation of dextran by
dextransucrase

CHEMICAL SYNTHESIS OF POLYSACCHARIDES
By comparson with the ease and specificity with which enzymes
synthesize pol hardes ch | methods are crude and
cumbersome Monosacchandes can be polymenized by treat
ment withacid The main condition conducive to the formation
of large molecules by this means 15 that the water content of the
reaction mxture should be at a mmmum Polysacchandes
made 1n this way from glucose contamn manly « and 1 6 link
ages but any and every type of glucondic lnkage 1s ikely to be
present to some extent (Pacsu and Mora 1950 hent rg53
Ruchetts 1954 Thompson Anno Wolfrom and Inatome, 1954)
A method for controlling the type of Linkage formed has been
devised by Haq and Whelan (1g56a) who shawed that 2 3 4
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mto a dextran hike molecule of apparently hugh molecular
weight (Hehre and Hamailton, 1949, 1951) The most actne
donor substrate tested was maltohep Large amyl
molccules {amylose, amylopectin and glycogen} are not glucose
donors Thus 1s claimed as the first known sastance of the con
version of one polymenc material into another i which essen
ually every linkage s affected” It would be of terest to know
more about the 1cceptor requirements of this enzyme

Amplomaltase When Eschenchiz cols 35 adapted fo grow o1
maltose there 1s developed an enzymie wath the ability to transfer
ghucose umts between maltose molecules, producing glucose and
a muxture of low molecular weight maltodextrins (Monod and
Tornam, 1950 Monod, 1950, Barker and Bourne, 1952} Like
D enzyme thisisnot a true polysacchanide synthesizing enzyme
but can be mduced to make lrge molecules by a contmuous
removal of the glucose as was shown by adding glucose oudase
to the nmylomaltase maltose system, when a blue rodie
stam;ng polysaccharide was formed (Monod and Tornam
3950,

Enzvaac SYnTHESS OF OLIGOSACCHARIDES

As mentioned carher there are now a conuderable number of
examples of this type of synthess These are outside the scope
of this discussion and the reader 15 referred to the seview by
Edelman (1956) The manner m which olxgosacchande syn

thesis takes place 15 exactly the same as for po!ysacchandc
synthesis 1¢ by transfer of glycosyl radicals from a donor sub

strate to an acceptor substrate but 1t is snstructine to explore
the reasons why in some instances the products never attais 2
high degree of polymenzation while 1 others the synthetic
molecules may contam hundreds or thousands of monosac

chande restdues The essenual requirements for polysaccharsde,
as opposed. to oligosacchande synthesis seem to be first that the
enzyme must not utilize water as an acceptor substrate for this
would lead to the wltimate breakdown of the polymers asm the
action of mvertase on sucrose (Bacon 1953 Edelman, 1956)

and secondly that the donor substrate must hate no of very
weak, acceptor acuvity If the acceptor actvaty 18 strong 2
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CHEMICAL DEGRADATION OF POLYSACCHARIDES

Methods for the chemical degradation of polysaccharides are
legion and 1t 1s proposed to mention only those which resemble
enzymic degradations These are a pomter to the possibility
that we may one day be able exactly to imitate enzymic action
with synthetic catalysts Acid hydrolysis corresponds to the
random fragmenting action of an endo enzyme while an exo
action can be obtained with alkali, peniodate or by the Finan
and O Colla degradation method, as explamned below

Alkaline degradation This method has largely been developed
by Kenner and co workers (henner and Richards, 1956,
Bottle and Gilbert, 1954) and has been applied mainly to 1 4
and 1 3 hnked glucose polymers An endwise splitting of mono-
sacchande residues takes place action commencing at the
reducing chain end A 1 g hinked glucose umt 1s converted mto
metasaccharinic acid and a 1 4 hnked umt 1nto wsesacchanimic
acid There1s an analogy with the exo action of § amylase 1n that
alkahne degradation cannot pass through a 1 6 linkage

Penodate oxidation Periodate salis or the free acid oxudize
« glycol groupings and therefore can effect a considerable
oxidation of polysaccharide molecules (see review by Bobbitt
(1956)) After the 1mnial oxadation a slower reaction may set
1 whereby the molecule 1s eroded in stepwise manner from the
reducing end Chamns of 13 or 1 4 linked hexose umits are
attacked but 1 6 linked molecules do not undergo erosion and a
1 6 ik 1n the mtenor of a 1 4 linked chamn 15 a barner 1o
further oxdation (Lawley 1955, Bines 1956 Hough and
Perry 1956 Parrish unpubhshed results)

Barry (1943) degradation. When a penodate oudized poly-
sacchande 1s heated with phenylhy drazine the oxidized portions
of the molecule are broken off and the ressdue may become
susceptible to further oxidation and degradation In the case
of branched polysacchandes the degrad pro-
ceed essentially from the non reducing ends into the interior
of the molecule (Dillon O Ceallacham and O Colla, 1953
Barry and Mutchell 1954}

Finan and O Colla degrad, When the phenyl of

y
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tn 0 acetyl « b glucopyranosyl bromide will undergo selif
condensition, with elimmation of hydrogen brormde, to form
chasms of § ¥ 6 hinked glucose umts (gentiodextrms) Molecules
contmmng up to § glicose uruts were detected A glucose
anhydnde has also been caused to polymenize m this way {Haq
and Whelan, 1956b)

Exzvenc DEGRADATION OF POLYSACCHARIDES

If by the term degradation we snclude any process it which
sugar to-sugar lnkages re decreased m number then the
phosphorolysis of starch or glycogen to glucose 1 phosphate
18 a degradative process That 15, 2 degradative process may be
regarded as one It which the acceptor molecule 13 not a 5ugar
The most ubsquitous of such acceptors 1s water and the enzymes
which use water are termed hydrolases There are two man
groups of carbohydrate hy drolases the endo and the ex0 hydro-
lases An endo enzyme 15 one which can attach hmkages through
out the polysacchande at random, breaking the molecule mto
smaller and smaller fragments An exo enzyme 15 restncted m 1S
action to the end of the cham molecule and 11 all known €ascs
st 15 the non reducing chain end at which react:on commences
Typical of the endo enzymes 15 & amylase, found almaost all
Irving orgamsms This hydrolyses the « 1 4 glucosdic lmkageof
amylaceous substances and 1 general prefers to attack linkage
ot sitwated at chain ends It does not attack the « 16 branch
Lnkages 8 Amylase, found only m plants, 15 an €x0 en2yme,
acung on chains of « 1 4 hinked glucose umts by sphtung the
penultimate and subsequent alternate Iinkages, commenting
at the non reducing chamn ends The dssaccharide maltose 1
therefore the product of 1its action Qther exp enzymes sphit
only one monosaccharide at a time from the pol)szcchandc,
eg ghcamylase (Phithps and Caldwell 1g51) The known
examptes of carbohydrate hydrolase action are far more numel
ous than of synthesis manly because degradation 1s s0 muc:
more easy to detect than synthesss The reader 1§ referred “;_
Manners {1955} and Whelan (1957) for detaited reviews ©
these enzymes
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i oviduct (Strominger, 1955), neuramime and stalic actd ke
compounds (Park 1952) glucose, galactose glucuronic acid
N acetylglucosamine, arabinose and xylose, 1n mung bean
seedlings (Ginsberg Stumpfand Hassid 1956 Sohns, Feingold
and Hassid 1957)

the known examples of polysaccharide synthesis mvolve
the transfer of single monosaccharide residues from the donor
to the acceptor substrate But this may not prove to be the rule,
and 1n the search for donor substrates consideration should be
given to the possibiity that the building units may be ohigo- or
poly saccharides Such a mode of synthesis would rattonahze
the enzymic requirements for the synthess of the complex poly
sacchandes Q Enzyme action 1s m effect an example of this
type of synthesis The suggestion may be illustrated by refer
ence to particular polysaccharides Nigeran, from Aspergillus
niger, 15 a glucose polymer 1n which 1 3 and 1 4 hinks alternate
(Barker, Bourne and Stacey 1953 Barker, Bourne O Mant and
Stacey, 1957) Itwassuggested by Barker and Carnington (1953)
that mgeran may not be synthesized by the addition of glucose
umts 1 alternating linkage to a primer but by the unton of
maltose radicals (« 1 4 linked) through « 1 3 hinks or by join
g radicals of the z 1 3 linked diglucose (mugerose) through
« 1 4 bonds Similarly Peat Whelan and Roberts (1957) have
suggested that Iichenin (from Iceland moss) may be synthesized
by polymerization of cellotriose radicals through « 1 3 Imks
since the linkages in this polysacchande seem to have the repeat
ing pattern Br4 Br4 13 A barley gum (Aspmall and
Telfer 1954) 15 another possible mstance of a regular repeating
structure When a more detatled examination has been made
of the polysaccharides contammg several different monosac
chanides eg the blood group polysacchandes or the plant
gums 1t may be found that they are based on repeating groups
of sugars It may also be that this type of synthesis 1s not re
stricted to complex polysacchandes If hehemn 1s mdeed built
up from cellotriose radicals jomed through 1 3 Links may not
cellulose be synthesized by jorming cellotriose through 14
hinks? This type of synthesis would moreover mdicate the m
1120 function of the ohigosacchande synthesizing enzymes These
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laminantrose (8 1 3 hnked glucose trsacchande) was treated
with 7 cation exchange resn at room temperature there were
produced lamminbiose and glucosazone (Finan and O Colls
1955) Osazone formation takes place at the reducing groups
of sugar molecules so that there 15 provided 2 method for the
stepwise degradation of reducing sugar polymers from ther
reducing chamn ends

CoNCLUSION

One of the most pressing problems i studtes of polysacchandes
15 the quesuon of the mede of their enzymic synthesis ftisa
sobering thought as already mentioned that the main outlmes
of the enzymc synthesis of glycogen and starch were established
1 the years 1937-44 and that these are still the only mstances
of polysacchande synthests i3 plants and ammals where the
responsible enzymes have been ssolated and the i wlro Sy
thesis 1s posstble The problem at the t 15 not so much 0
obtam the polysaccharide synthesing enzymes 10 the active
state as to discover the donor and acceptor substrates on which
they act The fortunate chance that phosphorylase action 18
reversible was responsible for the discovery of glucose phos
phate but many polysacchande syntheses will probably prove
to be pracucally wreveruble as with syntheses based o SUCTOSe
as substrate (sce above) so that the search for the substrate
rmust be largely empinical A systematic exarmunation of the
particular anmmal or plant past which 1s the site of polysat
chande synthesis for possible substrates would seem @ be the
only way of systematizing the search It may be that undmg
phosphate sugar com pounds will prove to e key mtermediates
The role of uridine diphosphate ghicose 1n sucrose and glycogen
synthes:s has already been mentioned Uridine d\phosphstc de
mnatives of the following sugars have also been discovered

tucurontc acd 1 Inver (Storey and Dutton 1955 Stromuagers
Maxwell, Axelrod and Kalckar 1957) & acetylglucosamin®
and N acetylgalactosamne the former 1 yeast (Caleb Lelml"
and Cardim 1953) and both 1 Liver {Ponts, 1955) N acety
galactosamme sulphate and A acetylglucosanune 6 phosx)hmc

1Seep 233 0 1
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could be providing the building umts for polysacchande syn
thests
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It seems that vitamin B (pyndown) 1s required for the conver
sion of hnoleic to arachidomc acid (Witten and Holman,
1952)

There are certain chemical pornts that are important Obv
ously a large number of 1somers of Iinoleic acid can exust exther
posttional 1somers 10 which the double bonds are shufted along
the molecule to different positions or geometrical 1somers 1n
which the hydrogens on one or both double bonds are frans
(grving cus frans, trans as or trans frans womers—hereafter re
ferred 1o collectively as ¢rans) Unfortunately the frans 1somers
are more stable than the natural ais czs1somer It wall be noticed

- that the double bonds are methylene mterrupted and not i
the more stable conjugated posiion (~-CH=CH-CH=CH-)
and that 1n each of the four compounds shown there 1s no
double bond until the sixth carbon from the methyl end 1s
reached, 1f 2 double bond occurs 1n this part (as in the ordinary
form of Linolentc acid) the compound has no EFA actvity and
thistsimportantsince many highly unsaturated (or polyethenoid}
fatty acids present in fish oils have a double bond n the 3 4
posttion counting from the methyl end

The presence of double bonds makes EFA easily oxidized 1f
oxygen 1s present and traces of metals catalyse thus oxidation
with production of hydroperoxides which are themselves strong
oudizing agents Reduction also occurs fairly easily under ap
proprate conditions with production of steanc acrd nickel s
used for catalysing this hydrogenation in the facture of
marganne and if hydrogenation 1s not complete #rans and post
tional 1somers of Iinoleic acrd are formed So unstable are the
EFA 1 presence of oxygen that they would not exst for long in

- the food or body were 1t not for the presence of antioadants the
most mmportant of which are the tocopherols (vitamins E)
These are distributed 1n plant sources roughly parallel with the
distribution of inoleic acid They hunder destruction of EFA
the food 1n the gut and in the body There appears to be some
synthes:s of EFA 1n the gut by bacterta and 1n the body when
we speak of arachidomic acrd and 1ts p 2as being ‘essen
tral fatty acids we mean that one or other or combmations must
be supplied 1n the diet since they cannot be synthesized 1n the
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Essential Fatty Acds i Nutrition and
their relation to other Vitammns

H M SINCLAIR

Navure oF Essentias Farty Acios
e need for fat in the dict of animals was not demonstrated
l until Evans and Burr {1928) showed that a diet of punfied
casesn and sucrose, supplemented with salts and yeast and
cod liver orl, produced subnonmal growth mn rats Vanous
worhers have now studied the syndrome of deficiency of essen
ual fatty acids (EFA) in at least seven spectes of antmal nclud
g monkeys, and there are strong reasons for believing that they
are needed by man
The most important EFA 1n the diet 15 hnoleic acd of
s § 10,ai 12 13 octadecadienoic acid, thisha, one more double
bond than has oleic acid and two more than stearic aad all of
winch have 1B carbon atoms Lanoleic acid 15 converted 1n the
body to v hinolenic 2c1d by the in ertion of a third double bond
but this acid does not oceur 1n appreciable amounts in food
stuffs Then two carhons are added to y hmolemc acd and 2
fourth double bond 15 mserted giving wachidome acsd which 18
allass 6 89 11 12, 14 15 wcosatetraenorc acd Theae steps
which have been eluadated by Mead and Howton ( 1957) are
as follows
CH~(CH,),~ CH = CH-CH,-CH~CH-(CH,),-COOH (lmagsg)
3
CH~(CH,) ;- CH = CHCH,- CH~CH- CH,~CH=CH~{CH )i~
COOH (y linolenie acd)
CH,~(CH,)~(CH=CH CH ),-(CH,),~COOH

(CH,)~CH = CH 'CH,-CH=CH CH,-CH=CH-CH,-
CH,~(Gs CH<CH (CH,),-COOH (arachsdonic acid)
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The presence of these 1somers may be important The re
quirement of EFA 1n the diet depends upon various factors one
of the most important of which 1s the proportion of EFA to
other fatty acids Saturated fat, such as stearic acid 1ncreases
the requrement and there 1s some evidence that 1somers of
Iinoleic acid compete with the ordinary form n the body and so
tend to produce deficiency on marginal diets This1s a matter of
great importance about whuch we have very bitle mformation
T mentioned 1t after we had done some work upon the presence
of 1somers 1n foodstuffs (Sinclarr, 1956a) but we stopped our
work on this when the elegant and extensive work of ] B Brown
appeared He has shown (Mabrouk and Brown, 1956 Sreent
vasan and Brown 1956) that typical margarines may contamn
about 40 per cent of frans acads and that about half the hinoleic
acid may be comyugated (and therefore not effective as EFA)

Wheat germ o1l 15 rich 1n hinolerc acid and 1n tocopherols
and more of the former than one mght expect 1s found 1 white
flour since the starch adsorbs hinoleic acid However, as I have
recently pointed out elsewhere (Sinclair 1g57¢ d), 1t 15 known
from the work of various authors that most of the tocopherols 1s
destroyed 1n flour by the bleaching 1mprovers such as chlorine
dioxide, and there 1s some evidence that this destroys and
chlonnates some of the linoleic acid though whether thus 1s sig.
nificant 15 not at present known We have to consider both the
composition of the fat 1n foodstuffs and the amount of that fat
mngested and unfortunately we have not adequate analyses at
present the fat of potatoes 1s about 50 per cent linoleic aaid but
there s so little fat present that this 1s not important

‘We are even more 1gnorant about the contribution of ammal
fats and their positton 1s ct 1n some Some
fish o1ls are very rich in EFA, but some marine ouls, such as cod
Liver o1l are extremely deficient and contain polyethenoid acids
that are antagomstic cod liver o1l 1s therefore toxic for EFA
defictent rats or mice Eggs from hens free ranging and there

fore 1ngesting linoleic acid may contain considerable quantities
of hinoleic and arachidonic 2cids but if the hens are kept i bat

terses and fed on poultry meal deficient 1n hnoleic acid the eggs
will also be deficient Lard used to be rich even in arachidomic
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body 1n adequate wmount Unfortunately bactena also destroy
LTA, and this occurs m the gut of rumnants such as cows and
sheep, where bacteria convert a5 ais hinolesc acid from ingested
plant fodder 1nto #rans 1somers which are then stored i the
body fat and excreted 1n mulh

Sources or EFA

The nichest foodstuffs are the vegetable seed oils, more than
half of the fatty acids of some of them consisting of hinolesc acd
For snstance the following are the approximate percentages of
Iinoleic acid 1n the fatty acids of certan typical seed oils walnut,
75 safflower, 73, sunflower 6o, corn, 55, soybean 5o, cotton,
45 arachis 26, wheat 25 olive, 15 cotonut, 2 Most of these
oils are also rich 1n tocopherols and 1t 15 possible that the content
of different tocopherols affects the ability of ails to lower serum
cholesterol i man The tocopherols 1 corn o1l consist of about
8gpercentofthe v and 11 percent of  tocopherol The former
1s the more powesful anttoxsdant and therefore the better pro-
tects linolesc acid 1 the ol from oxidaton m the air or m the
gut but tas stself hardly absorbed from the gut and therefore,
unbke the « form, 15 not effective 1n the body The combnation
of a large proportion of the very actnve unabsorbable form with
a small proportion of the Jess active eastly absorbed form 15 prob

ably excellent Unfortunately we eat very httle unprocesse

vegetable seed oils in this country Refined olive orl isnot 2 good
source of EPA and the large quantizes of vegetable seed ol
that are imported are used for the manufacture of marganne

Margarines vary considerably m therr content of EFA it seers
that m general French marganne 1s rich Briush marganine less
rich and American marganne poor Part of the vegetable al
may be torally hydrogenated and part not hydrogenated at all,
1 which case the resulting margarine will be nchin EFA Alter

natvely ail the vegetable sced od may be parually mydro

genated 1 which case most of the a5 as Imolew acad may belost
since the nichel catalyst wall 1somenze 1t before hydrogenation
occurs But Briush margannc 1s probably ncher m EFA than1s
butter since as already indicated almost all the hinoleie aad m

this 18 #rans 1SOMETS
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then 1 combimation with protemn form Iipoprotein It appears
that EFA are needed for proper metabolism of cholesterol and of
phospholipids and the need for essential fatty acids for these
purposes may be regarded as part of their structural function
Rather different however, 15 the possible need for the estenfica
tion of vitarun D which will be mentioned later

~There 15 as yet no direct evidence that EFA are needed for
mtochondnal membranes but unsaturated fats occur m them
u pling of oxidative phosphorylation 1s found 1n defictency
of EFA (klemn and Johnson, 1934) and this might be caused by
the defe structure of- hondria Ramal and1
found (1953) that there was defective structure of cartilage and
urroundmg 3 1 ground sut 1n the ear of the rat
deficient in EFA and there seems to be a general defect 1n con
nective tissue throughout the body The possible relationship
of this to disorders of the skin and of bone I have discussed else-
where (1957b €) The greatly increased permeability of the skin
to water (Sinclair 1952, Basnayake and Sinclar 1954 1955) 15
explicable 1n terms of the structural defect and the greatly in
creased fragihty and permeabihity of capillanes found in defi
aency of EFA (hramar and Levine 1953) probably occurs
through a defect 1n the connective tissue that supports the endo
thelial cells of the capillanes Proteinunia and haematuna are
sometimes found m such animals and appear to be caused by
sumular defects mn the glomerul of kidney <

Funcrion oF Essentiar FATTY Acmos v Man

Hansen and Ius colleagues (1g57) have studied extensnely defi
ciency of EFA in children particularly 1n relatron to infantile
eczema They have found that 1n certan cases of this condition
the 1odine value of serum lipids 15 decreased as compared with
normal infants and that treatment with fats rich 1n EFA cures
some cases of eczema A good deal of supporting and also con
flicting evidence has been produced 1n vanous quarters and I
have recently reviewed 1t elsewhere (1957b)“The balance of
evidence 13 m favour of EFA causing at least some cases of
eczema 1n infants /

Several years ago we considered that some cases of follicular
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acid when pigs ranging freely were fed on scraps and their fat
was sold by a butcher, modern pigs, Lkept 1n Danish houses, are
fed on processed meal and a premium 1s given for hard' fat
(which means saturated), and then the fat 1s processed so that 1t
will have a long shelf Iife 1 a grocer’s shop Lattle 15 quantita
trvely known about the effect of coolng on the EFA mn foeds,

= but frying undoubtedly causes Iosses~Therefore as we process
our foods more, we tend to decrease the content of EFA and
mcrense that of thewr 1somers and of saturated fat Further, a
diet excessively high in carbohydrate will give nise in the body
to relatively saturated fat which will also mncrease the require
ment of EFA 1 the diet Comversely, on very low calone duets
the body will burn EFA mgested and will mobihze the relatively
saturated fat from the body stores so that LFA deficiency will
tend to occur And there are other factors that affect the require
ment 1t 1s increased 1n hypothyrordism and particlarly m
diabetes mellitus, in the latter case the explanation may be that
EFA are swept into the general pool of fat that 1s rapidly beng
metabohized /

These dietary considerations have not been adequately con
sidered by those who have concluded that the relative FFA con
tent of our diets has not decreased over the years (Hollmgsnorthy
Vaughan and Warnock, 1956, McCann and Trulson, 1957
Yudkn, 1957) My own studies have led to the opposite cor
clusion and will be presented elsewhere I beheve that dunng
the past forty years there has been an increasing relative defi
ctency of EFA 1n our diets, although there have been fluctua
tions n certain years The eprdemiology of deficiency of EFAm
different countries of the world will be mentioned presently

FuncTIoN oF EssENTIAL FATTY Acips 1n LowEr ANIVALS
“The mamn functions appear to be structural and with certam
qualifications all the functions at present known can be ex
plained 1n these terms EFA appear to be needed for the forma
t1on of cell membranes (including the myelin sheath of nerves),
for mitochondral membranes and the wnstae mitochondrnales,
and for the formation of connective tissue In cell membranes
EFA estentfy cholesterol and form part of phosphohipds, and
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body, cholesterol esters of quite different physical properties are
formed they have a higher melting point and are less soluble
1n organic solvents Simularly cholesterol esterified with the
ordimary form of hinoleic acid 1s more soluble and probably more
easily metabohzed 1 the body than that formed with comyu
gated hnoleic acid By analogy with this deposition of choles
terol and phospholipid in the epidermis 1t seemed possible that
the accumulation tn other tissues might occur through the same
mechamsm (atheroma, arcus sembs cataract xanthoma tendi
nosum) Thus local synthesis and accumulation within the cells
of the mtima however, would not account for the patchy distr1
bution of atheroma though 1t would account for the earhest
lesion bemng found withmn the cells and not extracellularly as
mght be expected if the cholesterol diffused from serum As
mentioned above there 1s increased permeabihity of capillanes
1 deficiency of EFA and this mught allow diffusion from plasma
to occur predominantly 1n areas where blood pressure 15 raised
or where there 15 local trauma (2s for instance near branches
from the aorta)”

"The greatly increased requirement of EFA i diabetes melhtus
has already been mentioned and the deposttion of cholesterol m
thos condition 15 perhaps therefore not surpnsing It 1s tempting
to explain the three other main complications of diabetes mellr
tus on a similar basis Lower animals deficient in EFA some
times develop nephropathy for a reason that has already been
mentioned and the defect an the connective tissue supporting
the endothelial cells of venules mught be responsible for the
aneurysmal dilatations that occur 1n the retina in diabetic
retimtis The nervous system 1s very rich in EFA but under
normal conditions these are avidly retained when other tissues
become depleted In long standing deficiency however or mn
very severe deficiency n lower animals depletion of the ner
Vvous system can occur and diabetic neuropathy might be caused
1n this way ~

One 1nteresting fact about EFA 1s that the requirement for
male ammals 15 much greater than that of females during the
reproductive period the ratio 15 about seven In some way not
understood this seems to be related to the sex hormones There
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hyperkeratosss 1 man mght be caused by deficiency of EFA
and we therefore carefully studied the morphology of the lesion
of the skin praduced by this defi y i rats (Ramabing
and Smckar, 1953} “Our prefiminary studies of certain cases of
this condition and of Darers discase and of puyrasis rubra
pilans have provided some support for this suggestion, though
extenstve chinieal tnals require to be done?

The possible relation of LFA to certain diseases m man, which
T have suggested speculatnely elsewhere (Sinclar 1g56a}, can
be mast convi by dered 1n the following sections

ATHEROWA

‘/Apzm: from the hver there are seven tussues of the bedy m
which chol i may be dep d and all of which have 1
common the anatormcal peculranty of not beng suppled )
divectly with capllartes or dramed by lymphatics These avay
cular tissues are epsthelium, endothelum cornea {hoth ept
thelum and endothelium) lens, tendon cartilage, the granu
losa cells of the ovary and the cells of the senumiferous tubules
m the tests In all these tissues deposits of cholesteral may
oceur for i diab thtus or idiopathic hyper
cholestezolaerma  These nissues {or thar appendages such 33
nals and hur) together with teeth compnse the avascular
nssues of the body” In lower amimals such as the rat 1t1s pot easy
to study the deposinon of cholesterol and phosphohipid 10 the
intma of the aorta but in the belief that the process might be
sumlar 1n the epidermus we have studied this Both the intima
and the epidermas are hnown to be able to synthesize cholestero
and to estersfy it We found (Basnayake and Sinclawr 1g55) that
the rat fed a diet totatly deficzent in fat (and therefore containt
mg no EFA) deposited large amounts of cholesterol and phol
phohipid 1 ats eprderms and that these were abuormal tn com
positton i that the sodine number of the fapty aads was
abnormally low™The probable explanation for the deposition i
that under normal conditions these compounds are formed with
EFA and are then easily combined with protemn to form hipro
proten and metabolized 1n the body If more saturated fatty
acids are used such as the fat that can be synthesized m the
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15 also a possible relation of EFA with corticosterods, as wall be
mentioned presently, and 1t may be that steroid hormones be
come esterified with EFA as do cholesterol and possibly wita
mm D It seems that oestrogens, unlike androgens, increase the
excretion 1n the bile of cholesterol and 1ts breakdown products
such as cholic aad Herein may he the ongm of gallstones
which are prevalent in EFA deficient lower animals Gallstones
occur 1n the more highly civilized countries, 1n women rather
than men during the reproductive pertod, and 1n women who
are obese and therefore more likely to be defictent iz EFA In
rats deficient in EFA there 1s desquamation of the epitheltum of
the gall bladder and thereby a mdus 1s provided for the forma
tion of a stone The same may be true of man, and therefore
there might be an increasing tendency for stones 1n women up
to the menopause since oestrogens may increase the concentra
tion of cholesterol n the gall bladder and therefore the ten
dency for stone to form on the desquamated epithelium /

“In a very different category are stones of the urinary bladder
which are prevalent 1n undernourished boys 1n certam Eastern
countries (Passmore, 1953) Here we may have EFA deficiency
causing desquamation of the epithelum of the bladder and so
providing a rudus, the prevalence i males might anse from the
increased EFA requirement of males 7

CoronARY THROMBOSIS
I have attempted elsewhere (Sinclawr, 19562 19573) to put
forward 2 umfied hypothesis for coronary thrombosis on the
basis of EFA deficiency Since then this has been produced ex
penmentally 1n rats (Hartroft and Thomas, 1957)‘/1 have sup
posed as have others that atheroma and mcreased coagulability
of the blood are required for myocardial mfarction (Figure 1)
Atheroma we have already considered, and 1t 15 mteresting, as I
shall show 1n detail elsewhere that deaths from myocardal
infarction are mcreasing at about the same rate as are those
ascribed to pulmonary embolism or nfarction This apparent
1ncrease in coagulability of the blood of the population might be
related to increasing relative deficiency of EFA by two factors
Furst, Robmson and Poole (1956) have shown that phosphatidyl
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of cholesterol Our own work on the deposition of cholesterol
suggests that this 1s a function of EFA 1n particular rather than
of polyethenoid acids 1n general though thisis not proved EFA
will remove the accumulated cholesterol and phospholiprd from
an EFA deficient rat or mouse but an attempt to do so with
cod hver o1l (nich 1 polyethenord acids but deficient in EFA)
caused death of the ammals 4

“heys on the other hand maintained that all fats were equal
1 their cholesterol raising effects on plasma, though s more
recent experiences with corn o1l are 1 accord with those ob
tamed earher by other workers and cannot be reconaled with
hus own earher results’(see Kinsell and Sinclair, 1957) He has
mantained that deaths from myocard:al infarction 1n different
countries run parallel with total fat 1 the dietary (1953}, but
only six countries were selected and some of the obvious musfits
such as France were not included Yerushalmy and Hilleboe
(1957) have correctly discounted his views T have used official
figures to correlate deaths from myocardial mfarction with
assessed relative deficiency of EFA m dietanies and there 15 2
reasonable correlation as will be presented elsewhere *

“ IptorATHIG HYPERCALCAEMIA OF INFANTS

This condition was first described by Lightwood 1n 1952 and
since then many cases of the severe and muld types have been
reported The infants almost mnvarably fed on dned cow s mith
with added vitamm D, develop athrepsia anorevia vomiting
polydipsia hypertension wath a systolic murmur over the heart
patchy osteoscl mental retard and nept leinost
m serum caloum urea cholesterol (mamly estentfied) and
vitamin A are mcreased” Bonham Carter {(Booham Carteretal ,
1955) suggested that the systolic murmur was associated wath
hypestension and atheroma which accompames this condrtron
1n some of its phases Some cases follow infection

Ttseems to be generally agreed that the condition 1s caused by
mereased sensitvity to vitamin D but this cannot explam all
the features Elsewhere (Sinclatr 1956b c) I have put forward
a possible explanation supported by some experimental evidence
on lower ammmals Cow s mulk 15 known to be very deficient 1
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ethanolamine appears to be increased in plasma after a fatty
meal and that 1t increases the coagulability of blood This type
of phospholipid—the cephalin type—charactenstically contains
more highly unsaturated fatty acids than the lecithin type
‘When Basnayake and I found (1955) that phospholpid accumu
lated 1n the epidermus in EFA defictency and subsequently that
the 1odine number of the fatty acid 1n 1t was abnormally low, we
constdered that the accumulation was caused by failure to
metabolize the abnormal compound Phospholipid 1s 1ncreased
sn plasma in myocardial imfarction, and the origin of the 1
crease mught also be through failure to metabolize adequately
an abnormal phospholipid that nevertheless has undimimshed
coagulating power EFA are also required for fibrinolysis”

The second fact of nterest 15 that several years ago Rama
hngaswamt and I noticed when measuring the blood pressure of
rats deficient in EFA or pyrnidoxin that, when the circulation n
the limb was slowed by a cuff and the capillanies mn the paw
were observed, there was marked sludging of the erythrocytes
1 erther deficiency but not 1 the controls Thus1s ssmlar to the
phenomenon observed by Kmsely (1951) 1n man, and might be
expected to favour coagulation of blood

Vartous authors, particularly Kinselletal (1957), Ahrens etal
(1957), Malmros (Malmros and Wigand, 1957), and Bronte
Stewart (1957), have shown that'éssential fatty acids or lghly
unsaturated fatty acids lower serum cholesterol m man For
reasons mdicated above I am more interested 1 the funda
mental process or processes concerned with deposition of choles
terol and phospholipid 1n avascular tissues than with the level
of serum cholesterol the rat defictent 1 EFA accumulates
cholesterol and phospholipd 1n 1ts epidermus although the serum
cholesterol 1s abnormally low Many persons develop coronary
thrombosis with normal serum cholesterol in the series pub
nished by James et af (1957) there was no difference between
those who had had a myocardial infarction and the controls
Conversely many persons are walking the streets with serum
cholersterol levels fantastically elevated The work of Fansell
and others lends strong support to the thesis that EFA or
polyethenord fatty acids are required for the normal metabolism
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1n chuldren may be enhanced 1f cod liver o1l 1s also admimistered
It 15 1nteresting that the disease 1s very rare i the U S A where
either evaporated miths (in which EFA are more stable) or
filled dried mulks are often used the latter being skem mulk to
whych vegetable seed o1l—rch 1n hinolesc acid—is added

nfants with 1diopathnc hypercalcaema often show patchy
fragmentation of the internal elastic lamina of smaller arteries
with occastonal 1mpregnation with calcum salts As will now
be discussed deficiency of EFA causes faulty connective tissue
and thus pathological change mught be a direct result of such
deficiency It 1s tempting to suppose that this might be relevant
to the apparent mcreasing inadence of dssecting aneurysm of
the aorta and that Monckeberg s sclerosts mught be caused by
deficiency of EFA with a relatively high mtake of caloum and
vitarmin D 7

” STRUCTURAL DEFECTS As A Basis or Dispase
Lower animals chromcally deficient in EFA may appear on
superfictal exammation to be fairly normal yet they react vio
lently to insults or stresses”For instance application to the back
of one paw of 2 mild dose of wltra violet hght that would pro
duce no obvious lesion in 1 control rat may cause so violent a2
reaction in an EFA deficient rat that there 1s necrosis of much
of the imb Ultra violet hght destroys EFA and the permeabn
Iity of the epidermns to water already excessive i defictency of
EFA 1s further mereased by irradiation with UVL The derma
titis following UVL may be caused by destruction of EFA m the
superficial layers of the epidermis with production of a product
such as a hydroperoxide that causes a chain reaction of des
truction of EFA and produces the erythema and necrosis The
relation of EFA to detergent dermatitis and nichkel dermatitis
have been discussed elsewhere (Smclair 1957b) The violent
reactions to nsults are simlar to the responses found in the so
called collagen diseases of man, or diseases of mesenchymal
ground substance*The lower ammal deficient 1n EFA or pyn
doun may get duodenal uleers uleeratne cohtis nephrosis
with haematuria easy rupture of capillanies arthritis osteo
porosis and dental canes Both duodenal ulcers now a disease
T
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ordinary linoletc acid as compared with human muth, but 1t 15
rich n calowum When st ss dried the small amount of EFA 1 st
15 unstable m presence of air probably because metal 1ons, un
hydrated, catalyse the owdation of polvethenod 2cds with
formation first of hydroperoxdes and later of aldehydes which
cause 1t to smell and taste ranad ¥An infant fed on National
Dried Milk may therefore be on a diet rich 1n calcum and vita
min D but low in EFA The deficiency of EFA could cause the
nse 1n serum cholesterol (mawnly estenfied) and the alfeged
atheroma on hines already discussed Vitamin D has an estenfi-
able 3 hydroxyl group chemically verv simiar to that in choles
terol By analogy, vitamn D mght therefore normally be
estensfied 1n the body with EFA and ats concentration, hike that
of estenfied chol ol, mght be d of 1t were estenfied
with unusual fatty acids 1n presence of a relatve deficiency of
EFA, but 1t mught sull exert its caloium retaming effect 1n the
body”In this way deficiency of EFA could cause hypersensitivity
to vitarmin D corn o], a rich source of ordimary hnoleic acid,
should decrease the potency of vitarmin D whereas cow s milk, a
verv poor source of ordinary linoleic acid, should increase the
potency, and thisis i fact the case (Lews, 1935)¥The failure to
grow, the polydipsia and the mental retardation might all be
directly attributable to defi y of LFA Inf ncreases
the requrement of LFA and 50 would tend to precipitate defi
clency” An attempt might be made as follows to explan the
ncrease 1n plasma vitamin A Tthus exsts m plasma mainly as
alcohol and 1s stored 1n hver mamly as ester, but no informa
tion seems avatlable about the fatty acids with which vitamin &
15 normally estenified If these were LFA 1t 35 posuble that
deficiency storage would be lundered and the concentration of
the alcohol m plasma increased To test this hvpothesis of m
creased sensitwity to vitamm D mn deficiency of EFA, 1 ad
mimstered 2 non toxic daily dose of the vitamin to TFA
deficzent and control rats The former rapidly lost weight and
died with uracnua caused by nephrocaleinosis whereas the con-
trol amymals were unaffected even when given two times that
dose of vitamun D There 1s therefore mncreased sensiiity 10
witamn D m presence of deficiency of EFA and thus deficency
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obtamed upon these may be 1rrelevant to clinical science But
the observational method and the epidemuiologcal approach can
on occasion help ~There are many disewses mamly chrome
degenerative diseases, that are found predominantly 1n the more
Iughly civilized countries, such as coronary thrombosis duo

denal ulcers, dental canes, bronchtal asthma and senile osteo

porosis Many such diseases are becoming rapidly more preva

lent i these countries and this 1s not explicable 1n terms of the
increasing expectation of hfe indeed the expectation of hfe of
a muddle aged man 1n this country 1s only four years greater
now than 1t was a century ago despite the tremendous achieve

ments of medical science and thus 1s because the degenerative
diseases are mereasing so fast It 15 tempting to seek a umfied
hypothes:s for this phenomenen and twenty years ago I became
mterested n deficiency of essential fatty acids as 4 possible
cause’ The evidence fits together, though the gaps mn 1t are
obvious and very wide One would prefer to try to fill those gaps
before speculating unduly, for the scientific basis of medicine
must rest upon verifiable facts but facilities are needed that I
do not possess and 1 therefore commend to others the study of
deficiency of essential fatty acids m man as a problem of great
and accelerating urgency as our foods become increasingly
processed ”
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of middle iged men, and semile osteoporosts are increasing
raptdly in this country and dental cnes 1s notoriously 2 disease
of the more highly enilized countries where processed foods are
eaten The nltered structure of epithelum in the ETA deficient
animnl allows substances to penetrate more easily into the body,
and infections are common This may be relevant to allergic
conditions such s asthmt 1 man in which foreign protemns
penetrate the mucosn, the more easy passage of viruses through
the nsal or intestinal mucosn might be of sigmificance 1 the
occurrence of coryza ind the increasing prevalence of polio
myehtis 1n more lughly cinvihized countnies Defective mito-
chondrial structure might explun the preliminary evidence I
have obtamnced that rats deficient 1n ETA are more prone to
develop crrcinomn of the stomach when fed methylcholanthrene
than are controls If there 1s n ncreased sensitrvity to 1d
mimstered chemcnl earcinogens in LTA deficiency m mnn, one
might expect carainoma of stomach, bladder and lung (1ssum
ing nhalation of 2 caranogen) to be more common 1n males
stnce their requurement of ETA 15 greater than that of females
Tlus posstbility of deficiency of LFA playing 1 part in the cause
of bronchial ercinomn mught cxplun the prevalence of athe
romn 1n this condition and nlso the nervous system changes
which may nlso nccompany ciranoma of the stomach The
nervous system tends to retan EF'A even when other tissues hwve
become depleted but there 1s 1 tendency for depletion to occur
As Macmillan and I have recently reported (1957), implanta
tion of 1 tumour 1n an EFA deficient 1mimal precipitates severe
defictency The cnuse of caranomatous neuropathy mught there
fore be ns follows ETA deficiency tends to mcrese sensitivity
to 1 chemical caranogen and to deplete the nervous system of
LFA, 1if 1 carcinomn 1s produced 1t will quickly inerease the
seventy of the deficiency 1nd so precipitate lesions i the ner
vous system perliaps in peripheral nerves, perhaps in the cere
bellum or perhaps tn the cortex 4

Concruston
The scientific basis of medicine rests upon the application of the
experimental method to man and lower ammals, though results
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obtained upon these may be irrelevant to climcal science But
the observational method and the eptdenmologreal approach can
on occasion help“There are many diseases, mainly chrome
degenerative diseases, that are found predominantly in the more
highly avilized countries such as coronary thrombosts, duo

denal ulcers, dental canies bronchial asthma and senile osteo

porosis Many such diseases are becormng rapidly more preva

lent 1n these countnies and this 1s not expheable m terms of the
1ncreasing expectation of ife mdeed the expectation of Iife of
2 muiddle aged man 1n this country 1s only four years greater
now than 1t was a century 1go despite the tremendous achieve

ments of medical science and this s because the degenerative
diseases are increasing so fast It 1s tempting to seek a umtfied
hypothess for this phenomenon, and twenty years ago I became
mterested 1n deficsency of essential farty acids as a possible
cause’ The evidence fits together, though the gaps in 1t are
obvious and very wide One would prefer to try to fill those gaps
before speculating unduly, for the scientific basts of medicine
must rest upon venifiable facts but facilittes are needed that T
do not possess and'I therefore commend to others the study of
deficiency of essential fatty acids 1n man as a problem of great
and accelerating urgency as our foods become increasingly
processed”
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XVI
The Control of Fat Metabolism

A L GREENBAUM

I HE phy>lcal appearance of patients suffering from
I or resulting from
Frohlich’s or Cushmg s disease emphasizes the profound
effect that hormones can exert on the course of fat metabolism
and of course, the hormones are not the only means which
produce such a derangement In addition to cbvious factors ike
diet and nutrstional status there are heredity hypothalamic
Iesions and other clmical condittons” In this lecture however
the chnical aspects of fat metabolism will not be considered at
All but rather the possible regulatory mechanisms of fat oada
tion and synthests will be sketched out from a biochemucal
pomt of view 1n the hope that chinicians may find 1n the ymbal
ance of one or more of these mechamsms the biogenesis of the
pathological condition
Figure 1 gives a very brief outline of the interrelationship of
fat and carbohydrate metabolisms
The common meeting pomnt of the fat and carbohydrate
metabohe pathwavs 1s at the level of the two-carbon fragment
acetyl coenzyme A This umt anses from the oadation of both
fats and carbohydrates and 1t 15 with the metabolic fate of this
fragment that this lecture 1s Jargely concerned Under normal
circumstances most of 1t will be oxudized to carbon dioude and
water by way of the hrebs tricarboxylic acid cycle (T'CA) and
1n the process a great deal of energy will be hberated Some
of 1t will be synthesized to fatty acids irrespective of whether
1ts origmal source was a carbohydrate or another fatty acid Very
Iittle, 1f any, wall form acetoacetate Acetoacetate production m
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quantity wall only occur when the subsequent metaboksm of
the acetyl coenzyme A in the hrebs cycle 1s blocked t any way
and may be regarded as an cntirelv abnormal product

or the purpose of the present discussion 1t will be taken that
the production and the subsequent metabolic behaviour of the

NEUTRAL FATS CARBOHYDRATE
{Fatty acid) + {gtyrerol} ==t « giycerop wsphate mm= Triose phosphate

Phospho snel pyruvic oeid

Acetyl coenzyme A

Vo 1

acetyl coenzyme A 15 regulated by enzymic and hormonal
mechamsms and we shall consider the factors which affect 1ts
metabolism ¢

~The mechamsms by which acety? coenzyme A 15 produced
from carbohydrate are too well ¥nown to justfv a detaled
sccount here, but 1ts production from fatty acids has only
recently been fully worked out In this connection 1t does not
matter whether the fatty acds are deraved from neutral fat or
from phospholipids both of which can yield them, the scheme
18 & general one

As a result of the work of Green and Lynen and their schools

mthe US A and Germany the mechanism of fatty acd oxida
pon and synthesis 1s known in some detail and thas, mn turn, per
muts us to visuahze some of the factors which can influence not
only the rate of fatty acid metabolism but also the direction,
that 15 to say, whether the emphasis wall be on fatty acd oxida
tion or on 1ts reverse, fatty acid synthesis [he full detas of
fatty acid oxxdation are givenin Figure 2

“After a preltmnary activation the fatty acds are oxdized
by the repettion of a cycle of four reactions The exact s¢
quence of reactions in the actwatton procedure 15 not fully
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known There are at least three enzymes catalysing this step
which activate fatty acids of different chain lengths According
to Berg (1955) the activation of acetate involves first, the inter
action of the acetate with adenosine tnphosphate (ATP) with
the formation of an acetate nucleotide complex and then the

CH CHICH COCH

JATP ¢HSCon
CH CH CH O 5Coa |10
CH COSCoA Acyikhydrogenase
Ketothildse FAD 2
H5CoA CH CH CH €O 5CoA
CH CO CH CO~5CoA 9
3z
noyf fvdrase
DPNH H
Hydro yac! 3
dehydn e,
)} = CH,CHOH CH €O 5CoA
DN

Fic 2 The fatty acd cycle ATP=adenosine triphosphate HSCoA
=coenzyme A FAD=flavin ad d de DPN=diphospt
dine nucleotide

replacement of the nucleotide component by coenzyme A so
that acetyl coenzyme A 15 formed It 1s supposed that a simdar
sequence occurs 1 the activation of higher fatty acids which
consequently form acyl coenzyme A dertvatives It 1s these de-
rvatives which form the substrate for the fatty acid cycle »
The first reaction of the cycle 15 a dehydrogenation removing
two hydrogerts and giving nise to an unsaturated acyl coenzyme
A Secondly there 15 a hydration of thts unsaturated compound
by the addition of the elements of water across the double bond
to produce a hydroxy acyl coenzyme A and then the third
reaction which follows 15 another dehydrogenation The re
moval of thus second pair of hydrogens leaves a 8 keto ad The
final reaction of the cycle 15 the cleavage of the keto acid at the
8 carbon by another molecule of coenzyme A so that the last
two carbons of the chain are sphit off as a two-carbon fragment
and the resdual chain 1s left activated ready for a further turn
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round the cycle The two carbon umt which 1s spht off 15 acetyl
coenzyme A By a repetition of this cycle of reactions the fatty
acid chain 1s eroded away, two carbons at a time, until the whole
fatty acid 1s degraded to a series of acetyl coenzyme A umts

The scheme shown 1n Figure 2 gives the details of this re
action sequence complete with all the enzymes and coenzymes
and illustrates several points which are worth emphasizing
Furstly, 1t should be noted that the cycle 1s fully reversible the
same four enzymes can either degrade or synthesize fatty acids
During degradation the cycle 1s runming n an oxidative manner,
that 1s to say, 1t 1s removing hydrogens from the substrate, while
during synthesis 1t 15 operating as a reductive cycle, that 15,
adding hydrogens to the substrate to form the hydrogen rich
fatty acids The second point 15 that there are two steps m this
cycle which require the presence of coenzyme A, the imtial
activation and the final step by which the acetyl coenzyme A1s
cleaved off and the ressidual cham reactivated ready for another
turn Thurdly, there are two steps involving the enzymuc transfer
of hydrogens, the first 1s the acyl dehydrogenase which, 1n the
oxidative direction tahes two hydrogens from the saturated fatty
acid and transfers them to flavin adenine dinucleotide (FAD)
The second 1s the g hydroxyacyl dehydrogenase which removes
hydrogens from the hydroxy acyl compound and passes them
to the diphosphopyridine nucleotide (DPN) In the reverse
direction, that 1s during fatty acid synthesis the same two en
zymes act reductvely, the hydrogens being derved from the
reduced forms of the coenzymes, FADH and DPNH re
spectively There are two final pomnts to be made which are
not emphasized in Figure 2 The first of these 1s that for syn
thests to occur we must have an nput of energy All synthetic
processes 1n the body are energy requiring reactions and fatty
acid synthesis 1s no exception The second pomnt 1s also related
to energy relationships

ENERGY ACCEPTORS AND DONATORS
In biochemical reactions mvolving a change of energy level
there 15 normally present an energy acceptor 1f the reaction 18
€Xergonic oT an energy donator 1f the reaction 1s endergonic
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The ptor 15 usually ad, diphosphate (ADP) and the
energy donator 1s adenosine triphosphate (ATP) The energy
exchange 1s accompanted by the transformation of one of these
compounds into the other

ADP-tmorgamic @ - e 2ATP

Energy yielding reactions requere the presence of ADP to act as
an acceptor and 1n the case of some of the reactions we are
discussing here ADP 1s an obligatory component of the re-
action In reactions of ttus kind the amount of ADP present
can be a limiting component of the reaction mixture and insuch
circumstances the amount of ADP available will be the rate
determining factor Simular considerations apply to other co
factors ke DPN which can also act as a rate determiming fac
tor Rate regulation by co-factor levels profoundly influences the
metabolism of the fatty acids and 1t would be profitable to
constder m 2 more detarled way the effect of these vanous co-
factors on the course of the reactions which were outlned
carlier

The first of these co factors 1s coenzyme A It 1s possible to
mduce a coenzyme A deficiency 1n an amimal by maintammng
1t on a diet deficient 1n pantothenc acid which 1s a precursor of
coenzyme A In such an ammal fat synthesis 1s practically
absent If now pantothemc acid 1s fed to such a deficient ammal
then as Klem and Lipmann (1953) have shown there 15 a
strict parallelism between the level of coenzyme A appeanng
m the liver and the rate at which the Iiver can synthesize hpd
Or agamn Lotsperch (1g50) has mduced a pantothenic acid
deficiency 1n some hormone treated animals and shown that
the amount of coenzyme A 1n these ammals could be rate
hmiting for fat metabolsm But 1t must be remembered that
1t 15 almost 1mpossible to obtam a pantothenic acid defiency
m an ammal on a reasonably normal diet We mght expect
then that normal ammals would always have adequate coen
zyme A precursor and that there was httle Iikehhood of a
deficiency occurring to act as a regulatory factor But while we
can discard the 1dea that a coenzyme A deficiency 1s a regulator
T must pomnt out that there 1s real possibility that high levels of
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this coenzyme can act wn this capaaity Brady, Mamoon & Stadt
man {1956) have shown in rats that hugh levels of liver coenzyme
A favour fat oadation and inhibit fat synthess and, i confirma
tion of this, Green {1956) has reported that the optimal con
centration of coenzyme A for fat synthesis 15 very low, hugher
concentrations bewng completely inhibitory Atthe batl
1 1 and the physiological of ths finding
are obscure, but the fact remains that if these results do apply
to the whale anumal then some control can be exerted on the
rate of fat oxidation and synthesis by the level of coenzyme At
the liver ¥t 15 tnteresting to notice m this conaectian that Wer
land, Remawemn and Lynen (1956) found 35 per cent more
coenzyme A 1n the ltvers of diabene rats than 1n therr controls
which, on this formulation, would have the effect of promoting
fat oxidation and mnhibiting fat synthesss, and this corresponds
very well with what actually accurs i a diabenc Jiver
The second co factor we must discussis adenostne diphosphate
and the level of this can most certamly play a regulatory role
much as 1t does mn carbohydrate metabohism As 1 mentioned
earher, if ADP 55 an obligatory acceptor for an exergonsc re
action then the amount of available ADP will be a rate himiting
factor There are two steps in fat oxidation, the two dehydro-
genations 1n which the subsequent oxadation of the hydrogens
removed 15 coupled to a phosphorylation requirmg the pre
sence of ADP When the level of ADP 55 low, and this would be
the case n a body at rest then the rate of hydrogen oudation
1s low and so, moving further back along the sequence, s the
oxidation of fatty acids But as saon as any physiological activaly
occurs there 15 a breakdown of some ATP to ADP to provide
the energy for this actsnity The ADP so formed can now actas
a phosphate acceptor for the coupled phosphorylation which 15
assocyated with hydrogen oxidation and the rate of this reaction
15 consequently ancreased and so, abo, 15 fat oxdation This
stimlating effect of ADP on respiration has been amply demon
strated by Britton Chance 1 s steady state measurements
{see Chance, 1953-¢) We have here an extremely efficient
control mechanism where the rate of fat owudation 15 darectdy
geared to the amount of work done A similar mechanism
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operates of course for carbohydrate metabohsm which also
has such ADP linked reactions, and this brings us to 2 second
controlling mechanmism associated with ADP

The amount of ADP 1n the tissues 1s not unhmited But this
same amount, small as 1t 15, 15 necessary for both fat and carbo-
hydrate metabolism Unless the two metabolisms have ther
own mdividual supply of ADP 1t follows that there will be a
competition for the available ADP by fat metabolism on the
one hand and carbohydrate metabolism on the other The
faster carbohydrate oxidation goes the less ADP there will be
available for fat oadation and vice versa The two systems would
be, therefore, not exactly mutually exclusive butatleastinversely
related That such 2 competition does actually exst n zivo s
shown by the studies of Lossow and Chaihoff (1955) 1n which
they have shown that rats forcibly fed with carbohydrate have
a decreased capnaity for fat oxadation

Direction of THE FaTry Aan Cyoe

The foregoing paragraphs have been a discussion of some of the
factors which control the rate of fat oxidation but we must now
turn to another aspect of fatty acid metabolism According to
Figure 2 the fatty acid cycle ts completely reversible the same
enzymes catalysing either synthesis or oudation Obwviously
some form of control 1s necessary here to impose a direction of
turning on the cycle It would be chaotic if some of the enzymes
were operating 1t a synthetic direction and others oxdatively
controlled only by the reaction equilibna

There are three main points where the direction of the cycle
can be determined The first of these 15 at the p hydroxy acyl
dehydrogenase stage where the availabiity of DPN or DPNH
will determine whether the cycle operates 1 an oudattve or
reductive directton The second point 15 at the acyl dehydro
genase step where presumably the availabihty of oxidized or
reduced flavin adenine dinucleotide could alsoact as a direction-
determming factor m much the same way as DPN Thrdly a
kietic factor has been postulated operating to mcrease the
rate of synthesss by the removal of the end products of synthests
If these end products accumulate that 1s the newly formed fatty
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acds, then the whole reaction sequence will be slowed accord
g to the laws of mass acuon The reaction affected by this
lunetic argument s the fourth step m the cycle, that brought
abaut by the ensyme keto acyl thnolase At thys step another
possible controthng factor would be the presence of glycerol
which 15 needed for the removal of the completed fatty acds
by estenfication

‘We will now consider these points 1n some detail

The first point was the effect of the DPN DPNH ratio on the
direction of the @ hydroxy acyl dehydrogenase Ths, part-
cular reaction 15 the mo t thoroughly mvestigated and best
understood of the whole fatty acid cycle sequence I will not
quote the many studies of this reaction but 1 must refer to the
work of Hele, Popjak and Lauryssens (1957) The studies of
these authors stem from the findings of Popjak and Tietz
{1955) that 1 soluble fraction from the homogemzed mammary
gland contains the whole complex of fatty acd synthesizing
enzyme. The synthess of fatty actd from acetate precursor 13
Mustrated 1n Figure 3

It can be seen from thus figure that the synthess of fatty aad
follows hand 1n hand the oxadation of DPNH When the syn
thewus of fatty acid stops 1t can be re tarted, explosively as the
authors put 1t by the addttion of fresh DPNH The mteresting
pomnt about this figure 1 that fatty acid synthesss stops when
onby, about one half of the DPNH present has been oxdized
Thus figure of only about one half oxidized 15 due to the setng
up of an equilibrium state for the reaction ratalysed by the
enzyme B hydrovy acyl dehydrogenase We may say, therefore
that we need 2 consderable pressure of DPNH to dnve the
fatty acid cycle 1n a svnthetc direction The work of Hele ¢f af
(1957) supports an 1dea put forward by Lynen (1953) some
four years ago m whuch he satd It would appear that m the
Iving cell the DPN DPNH ratio may determune whether sy
thests or degradation of the carbon cham may occur *If thas
view 15 correct and the rano of oxidized to reduced nucleotide
15 a rate and direction determunant then we should consider
the factors which mfluence the production and owdation of
DPNH We cannot of course, consider this in any detail in the
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confines of this short lecture and 1t must suffice 1f I produce the
simphification that the mam sources of DPNH apart from the
fatty acid cycle atself are, m the mam the enzymes of the gly
colytic pathway and the vamous dehydrogenases associated
with the Krebs tricarboxyhc acid cycle There 1s reason to
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Fic 3 The utihzation of DPNH and the incorporation of [X4c] acetate
mto fatty acids A represents the pomt at which further DPNH was
adde)d (Reprinted with permussion from Hele Popjik and Lauryssens
1957,
believe that the DPNH produced from these two sources 1s not
of equal value for fatty acid synthesis and that the main source
of DPNH for this purpose 15 from the glycolytic enzymes In
this connectton I shall only quote one paper that of Brind and
Helmreich {1956}, 1n which they show a close parallehsm be
tween the amount of fatty acid synthesized and the activity of
the glycolytic system under a vanety of conditions They could
find o relationshup between fatty acid synthests and resprration
and respiration may be taken as a measure of the wctivity of the
Krebs cycle

The importance of DPNH generated by the enzymes of the
glycolytic sequence as a driving force for fatty acid synthess 1s
emphasized even more strongly if we consuider the effect of
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starvation or of the hormonensulin on fatsynthess The effectof
starvation on hpogenesis has been studied by Chatkoff and Ius
associates m a long senes of papers In summary therr results
show that while the liver of a starving rat retans ats power to
owmdize fats at a normal rate, 1t has almost lost 1ts capactty 10
svathesize fatty acids from acetate precursor Injection of m
sulint could not restore the power of hpogeness from acetate,
but the feeding of glucose could When mnsulin and glucose were
given together ipogenesis was rased to supernormal levels As
starvation was found to have a profound effect on carbohydrate
metabolism which could not be reversed by msubn but conld
be by glucose, they concluded that an active glycolyss was
nteessary for the incorporation of acetate nto fatty acds The
effect they had observed after feeding glucose, or giving glucose
phus msubn was thought to be stmply due to the pnmug of
carbohy drate metabohsm

Lyven more stoking results were obtamed by the Chatkoff
school using the Iivers of diabeuic rats The hver of the drabene
ot has lost nearly all rapacity to svnthesize fat from exther ghy
cose or acetate although here agamn the ability to owadize fats
53 entirely pared  Lap from axther of these sub
stances was restored by ssubin treatment and, m addstion,
fructose feedmg permitted the utshzanon of acetate for fat
synthests

These results were wterpreted as wadicatng twa blocks m
hpogenesis The first of these was at the level of the enzyme
hexokinase and this could be cured enly by the admimstration
of msulm The second block was held to occur beyond the hexo-
kinase reaction, probably at the level of the twa carbon frag
ment Ths second block could be relieved by fructose feeding
as well as by msulin While the mechamsm of the acton of
fructose 15 not Vet fully explamed 1t 15 generalty behoved that its
wirtue hies an the fact that its nse permats glycolytic enzymes
to produce DPNH and it 1s this DPNH which permts fat syn
thesss A stmilar hine of reasoning leads to the view that the
supernormal rate of hipogenesis found 1n styving ¥ats given
tnsultn plus glucose 1s due 1o the mereased rate of DPNH forma
tion consequent upon the mereased activity of the glycolync




CONTROL OF FAT METABOLISM 287

enzymes We have, therefore, good evidence that the DPN
DPNH ratio affects both the rate and the direction of the enzyme
hydroxy acyl dehydrogenase The second pomnt we mentioned
at winch control of fatty acid synthesss could be effected was at
the acyl dehydrogenase step where the availabihity of oxidized
and reduced flavin adenine dinucleoude would be the factor
mvolved I should mention here that the flavin adenmne di
nucleotide 1s built into the enzyme atself and that three flavo
protemn acyl dehydrogenases, each working on fatty acids of
different chain lengths, have been wsolated The reaction
which these flavoprotein enzymes participate 1s either the
removal or addition of hydrogens in the first reaction of the
cycle Very httle 15 known about this particular reactron
although 1t 1s supposed that the same considerations apply
here as applied to the DPN linked step we have already dis
cussed The sitnation 15 made somewhat more comphcated by
the nature of the electron transferning factor described by
Bemnert and his associates (Crane and Bemnert, 1956) This
factor 15 supposed to cause oudation by removing hydrogens
from the reduced flavin adenine dinucleotide of the acyl de
hydrogenases The reverse of this reaction, that1s the reduction
of the oxidized flavin adenine dinucleotide which would of
course be a necessary preliminary for fatty acid synthests
has not yet been demonstrated But although it would seem
logical to belreve that this reversal 1s possible the immediate
source of these hydrogens for the reduction 1 still 1 doubt
It has been generally assumed that the source 1s again DPNH
and 1f this were so then at this pomt also the DPN DPNH
rat10 would act as a controlling factor n the way we have just
considered But this 1s by no means certam and I shall return
to thas pomt later

Our third method of control was the possibility of some form
of kinetic control at the last reaction of the cycle Each turnof
the cycle elongates the fatty acid chain by two carbons Clearly
there must be some hmt to the process or we should end up with
fatty acids of infimte chan length The factor which arbitrates
whether a ketoacyl coenzyme A compound should remain
within the cycle and be further elongated or whether it should
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be passed out of the cycle asa fimshed fatty acid, 1s the affinity
of the enzyme § ketoacyl thiolase for sts substrate, the ketoacy!
coenzyme A i question If the affinity of this enzyme 13 hugh,
further elongation will occur, if 1t 1 low then the fatty acd wilt
be liberated Although it now seems probable that there are two
or three thialases, the thiolase solated by Goldman (1g54) has
a high affimty for Letoacyl coenzyme A compounds of short
chain lengths but this declmes precipitously as the chain gets
t0 14 to 16 carbons and 1s victually zero for cham lengths of
18 carbons At this pomt, therefore, the fatty acd becomes
detached from the enzyme and elongation of the chamn ceases
The normal fate of these detached acyl coenzyme A demva
tves 1s for them to become estentfied with « glycerophosphate to
form esther neutral fats or phospholipins The enzyme cata
Iysing thus step 13 the one discovered by Kornberg and Pricer
{ty53) It has been suggested that the acuwity of this enzyme
could be 2 regulatory factor hecause it removes the end product
of the action of the enzyme ketothiolase and so prevents an
accumulation of this end product to such an extent that the
ketothiolnse reaction, and through it the whole fatty acid eycle,
wonld be slowed by mass action behaviour This seems to me
unlikely Since ketothiolase has such a low affimty for the acyl
coenzyme A compounds which are tmolved m the Kornberg
and Pricer re xction it would necd extremely large changes i the
actvity of this estenfymng enzyme before they reflected 1
changes 1 the rate of fatty actd synthests So far there 13 10
quantitative evidence to show that any drastic changes 1 the
actvity of this enzyme occur But even without any change an
enzyme acuvity some Vinetic control can be envisaged at this
same reaction 1f the other component of the esterifying system,
thats glvcerol, were deficsent and there does appear to be some
evidence that glycerol can indecd be a rate hmiting component
1 fat synthesis It 1§ not easy to assess how wnportant a factor
glycero} lack might be m 1o when the glycolyuc enzyme system,
which was earhier descnibed as being necessary for fatty acd
synthesss, would also automatically provide « glyceroph"SPh“C
for the hornberg and Pricer enzyme But although this w ould
be true for normal ammals 1t 15 almost certaznly not s0 for
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diabeticones Norwould 1t be true of those antmals in which glu
cose 15 not the main bolic fuel the r for

In these cases, as French and Popjak (1g51) have shown gly
cerol lack may well be a hruting factor i fat synthests Never
theless all that we can say at the moment 1s that while the
system removing fatty acids by esterification could possibly act
1n controlling the rate of fatty acid synthesis, 1t 1s probably not
so tmportant as the other pomts which have been mentioned

Tre RaTio or Oxwizep To Repucep DPN

I want to return now to a pomnt 1 mentioned earher the mflu
ence of the DPN DPNH ratio on the rate and direction of
fatty acid synthests One of the dufficultres 1n visualkzing how a
tissue changes over from oxidizing fatty acids to synthesizing
them 15 1n the expected change there would have to be 1n the
DPN DPNH ratio Such measurements as have been made of
the ratto m the whole cell more or less agree that there 1s about
three times as much DPN as DPNH and yet on the basis of
the work by Hele Popydk and Lauryssens (1957), fat synthesis
requyres that there should be more DPNH than DPN Changes
ofthe DPN DPNH ratio of the Lind that their work shows to be
required for fat synthesis have never been found experimentally
The posstbility ewsts that as the system on which Hele ¢t af
(1957) work 1s present 1n the supernatant fractton 1t would be
sufficient 1f a lugh DPNH to DPN ratio exsted 1n the super-
natant but not necessanly m the cell as a whole But here again
there 15 something of a quandary because the only measure
ments of the DPN DPNH rato mn the supernatant are those of
Gloch and McLean (1956) and these show that while the ratio
for the whole cell 15 three to one wmn favour of DEN 1 the
soluble fraction 1t 1s seven to one, conditions entirely agamst
fatty acid synthesis Several possible explanations can be put
forward to account for the fact that fat synthests can go on
spite of this adverse ratio Firstly, one can postulate that fat
synthesis does not occur 1 the whole cytoplasm but only 1
a small part of it a locahzed area like the Golgt region for in-
stance  Electron microscopy has shown that the cytoplasm
which was once regarded as asort of h matnx with

u
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the enzymes swimming about 1n 1t, 1n reality has a most comph
cated structure tn which 1t would be quite concenvable to have
discrete zones It would then be possible to have a Iimited
regron with a ratio of oxidized to reduced nucleotide favouring
fat synthesis while the cell as a whole had a ratio agamst 1t
While such an 1dea may appear posstble there 1, so far as I
am aware, no real evidence for 1t and 1t must be left simply as a
possibility

Secondly, 1t could be that DPNH 15 not the only factor con
cerned The work which really imphcates diphosphopyridine
nucleotde 15 mostly i mtro work with punfied enzymes In
2o other factors may be mvolved As I shall show later quite a
case can be made for another regulatory factor acung mmuch
the same way as DPNH Thrdly, there 1s another aspect of this
co factor story which we have not considered yet In the last few
years 1t has become mcreasingly obvious that many, if not most,
of the enzymes mvolved 1 hydrogen transfer have their coen
zymes very firmly attached to them, their own private coenzyme
50 to speak, which need not be m the same state of oxidation or
reduction as another molecule of the same coenzyme attached to
a drfferent enzyme It would then be possible to have the
hydroxy acyl dehydrogenase bound DPN maimly 1n the re
duced form while the rest of the cellular DPN 1s marnly 1n the
oudized form Again, if this were 50 fat synthesis would be pos
stble 1n conditions where normal analytical methods would show
1t to be unlikely In fact, Holzer, Schultz and Lynen (1956),
have shown that very little DPNH ewsts free 1 the cytoplasm
and 1n yeast 1t 1s probably of the order of 1 umole DPNH per
litre of cytoplasm

This 1dea of DPNH localization would go far to explun the
positzon that has ansen mn studzes of the total cellular DPN and
DPNH 1n the hivers of hormonally treated rats To illustrate
how difficult 15 the interpretation of such overall figures I will
quote some experiments done 1 my own laboratory We have
studied this ratio 1n two condittons the first 1n msulin treated
rats where Chaikoff has shown a considerable acceleration of
fat synthesis (see Charkoff 1951-2) and the second in rats
treated with pitwtary growth hormone This second hormone
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has a profound depressent effect on the rate of fatty acrd syn
thesis (sec Table 1)

The figures quofed are taken from some work dene 1n colla
boration with Dr Glascoch (1957) The substrates used were
[carbonyl 1G] pyrwvate and [carboxy 1C] acetate The

‘Taste I The rate of mcorporation of labelled substrates 1ato the fatty acids
and phosphohipins of surviving lLiver slices from growth hormene treated
*

ratg
Fatty acids Phosphohpids
(Counts/mm /mg C) (Counts/mun jmg C)
A (carboryl] “C-pyruvate 4104101 730475
B [carbogy] MC acctate 3934123 542472

The results aro expressed as a percentage of the mcorporation rate 11ito the same
lipids of liver sl ces from an untreated rat run at the same tume

 Anwmals myccted with 1 mg punfied growth hormone sux hours before klling

figures are expressed as percentages of the control values The
1ncorporation rate of the labelled carbon nto the fatty acid of
the treated rats fell to as lutle as 40 per cent of the control rate
and phospholipin synthesis was halved At longer vme ntervals
(up to 12 hours) the values were as low as 20 per cent Thus, the
two hormonal condstions we have used produce diametrically
opposed effects on fat metabolism an mtense stimulation of fat
synthesis by msulin and an intense mnhibition of fat synthesis by
growth hormone We expected that such different metabohc
patterns would be reflected in mnteresting differences 1n the
cellular DPN and DPNH a low ratio 1n 1nsulin treatment and
a high ratio 1n growth hormone treatment Table 2 shows the
results of this expeniment (Greenbaum and Graymore 1956)

As was expected nsulin markedly lowered the DPN DPNH
rat1o and 1t did so by greatly increasing the amount of DPNH
rather than by reducing DPN  The ratio appeared to bear out
Lynens suggestion that a lgh DPNH was needed for fat
synthesis The growth hormone results were however most
unexpected for here too there 1s a reduced DPN DPNH ratio
and here also this 15 mamly due to an increase 1 the DPNH
Although the table shows the result of growth hormone treat
ment for only one time mtenal 1t should be added here that
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very similar results were obtained at all the ume ntenals
tested, from as little as one hour to as long as seven days We
have here a shaft in DPN' DPNH ratio to one favourable to fat
synthesis 1n a rat which not only has a reduced rate of fat syn
thesis (sce Table 1), but which 15 undoubtedly oxidizing fat at

TasLe 2 Changes in the level of oxidized and reduced DPN m the hvers of
rats treated with insulin and pitutary growth hormone

DPN DPNH DPN
Treatment (uglg bver)  (ugfg Ine) ~ DPNH
A Insubn
Controls 349178 162437 220
025 unuts 1nsulin 1 hour
hefore klling 406+9 1 306+225 135
Diabeuc rats 3461174 99858 348
B Grouth Hormone
Controls 3994162 2134126 191
1 mg GH 1njected 24 hours
before killing 401485 25646 156

an accelerated rate (Greenbaum and McLean 1g53) If the
msulin results fitted 1n with Lynen’s ideas, then the growth
hormone results certainly did not

Actually T think the explanation of this anomaly 1s reasonably
straightforward With msulin treatment the changes 1n the
reduced DPN can be accounted for largely in terms of the effect
of insultn on the glycolytic enzymes, which are probably the
mayor source of the DPNH, 1n that the ijection of msulin
increases glycolysis But the question now anses as to the source
of the extra DPNH 1n growth hormone treated rats It could
hardly be from glycolysis because Recant {1952) has shown
that rate of glycolysis 1s not affected by growth hormone Tt
seems much more likely that the increased DPNH which we
found represented not so much 2 potential for fatty acid syn
thesis, but the very opposite, the result of an increased oadation
of fatty acids Each turn of the fatty acid cycle leads to the
reduction of one molecule of DPN by the hydroxyacyl de

hvdrogenase
These results emphasize that we have been mterpreting the
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1dea of the DPN  DPNH ratto mn much too general terms Prob
ably what we should be considering 15 the ratio of the oxrdized
to reduced DPN bound to the enzyme 1tself, and, of course,
there have been no measurements of this at all

Fraviv 1ovked REACTION

We have considered so far only one of the two hydrogenation
steps and we must now turn to the other the flavin linked re

action Langdon (1955) has described the preparation of an
enzyme system i the supernatant flud left after high speed
centrifugation of a Iiver homogenate which can bring about
the synthesis of fatty acids In this system full actvity can only
be obtamed if there 1s present, 1n addition to diphosphopyndine
nucleotide  some reduced triphosphopynidine  nucleotide
(TPNH} He has also shown that the TPNH 15 concerned with
the flavin hnked hydrogenation that 1s the reduction of the
unsaturated acyl coenzyme A compound to the saturated com-
pound and that, further DPNH cannot substitute for TPNH 1n
this reaction In this case the TPNH level would be a rate and
direction determming factor for the flavin Iinked enzyme, just
as DPNH 1s for the hydroxy acyl dehydrogenase There 1s
actually some supporting evidence for such an 1dea First there
15 the finding of Glock and McLean (1956} that the supernatant
from 2 homogenate contams about four times as much TPNH
as TPN a ratio of the night order for fat synthesis Second there
15 the work of Crane, Hauge and Beinert (1955) which shows
that the electron transferring factor, that 1s, the enzyme which
feeds the hydrogens needed for the reduction of the unsaturated
compound on to the flavin which 1s the 1mmediate hydrogen
donor, has a qute strong TPNH dehydrogenase activity

Third, there 15 the finding of Brady Mamoon and Stadtman
(1956) that the addition of ctrate to a system synthestzing fatty
acids has a greater sumulating effect than the addition of any
of the other intermediates of the krebs cycle These authors
suggest that the greater effectiveness of citrate can be ascribed
to the fact that 1ts oxidation by 1socitric dehydrogenase pro-
duces TPNH whereas the oxdation of the other members of
the cycle produces DPNH The supenior quality of isocttnc
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actd has also been confirmed 1n Green’s laboratory (Gibson
et al, 1957) although the Wisconsin workers believe that 150
atric has another, specific action as well as acting as a generator
of TPNH The final pomnt which bears on this subject 1s this
As shown earlier, the oxidation of glucose stimulates fatty
acid synthesis and this has been thought to be due to 1ts acting
as a source of DPNH But 1t should be pomnted out here that
the oxadation of glucose not only produces DPNH through the
activity of the glycolytic enzymes, but also TPNH through
the activity of the enzymes of the pentose phosphate shunt, the
alternative pathway for glucose oxidation, and this could be
Just as important as DPNH

In direct contrast to this work of Langdon (1955) we have
the work of Popjak and his collaborators In Popjak s worh the
enzyme system used 1s also a high speed supernatant, but this
time from mammary gland With this preparauon fatty acd
synthesis can be readily achieved with only DPNH present,
and, 1n fact, in thetr latest paper Hele, Popjak and Lauryssens
(1957) bave definttely excluded TPNH as a hydrogen source
for fatty acid synthess in therr system

It 15 not easy to reconcile the results of these workers withthose
of Langdon and for the moment one must fall back on the usual
explanation 1 such crcumstances and say that the difference
mght be explicable 1n terms of different coenzyme specficities
of the enzymes of liver and mammary gland or perhaps of even
rabbit and rat

We have considered fatty acid synthesis 1n soluble enzyme
systems and I now just want to say a few words about the muto-
chondrral enzymes Although 1t has been shown that each of the
enzymes of the fatty aud cycle can be solated as a soluble
enzyme, and each of these enzymes Is reverstble, it has not yet
been possible to reconstruct & fatty acid cycle from the soluble
enzymes of mitochondria which can carry the synthesis of fatty
aads further than the four carbon stage, although such a re
constructed system can readily oxidize fatty acids with chain
lengths up to 18 carbon atoms It s possible that this difference
could mean that the mitochondria are primarily oxidative with
fat synthesis occurnng 1n the supernatant fraction This 18
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perhaps, not so extraordinary a suggestion as 1t appears at first
sight Although the fatty acid cycle 1s usually written as being
fully reverstble there 1s no direct, unambiguous evidence that
1t really 1s although I think that the balance of evidence indt
cates that 1t 15 What seems more probable 1s that the muto-
chondnial system so far 1oltted 15 mcomplete and that there
are more co factors to come It seems reasonably certain that the
tally of enzymes and coenzymes mnvolved 1n fatty acid synthesis
13 not yct complete

We have reviewed 1n some detail the role of the coenzymes i
regulating fatty actd metabolism and I must now finally men
tion the only work I know concerming changes 1n the actiaty
of the enzymes of the fatty acid cycle This 1s the work of Wer
land, Remnwem and Lynen (1g56) on the levels of the enzymes
m the hvers of diabetic rats No measurements were made of
enoyl hydrase, but of the other three, ketoacyl thiolase was
shghtly increased 1n the diabetic Iner and the hydroxyacyl
dehydrogenase by as much as 40 per cent The activity of acyl
dehydrogenase was increased by over Ioo per cent These
changes are adaptive changes which reflect the increased rate of
fat catabolism 1n the diabetic hiver

Concrusion

So we arrive at the final conclusion that 1n all probability there
are many checks and controls on fat metabolism There 15 the
mmediate and direct action of factors Itke coenzyme A
adenosine diphosphate and the ratio of oxidized to reduced
nucleotides but other, more long term factors can operate also
Indirect hormonal control, for instance not only by msulm but
also by the hormones of the anterior lobe of the pitwstary and
from the adrenal cortex, may play arole as also can adaptive
changes 1n the actvity or level of the fatty acid cycle tself
The Iist of factors which might affect fat metabolism 1s 2 long
one and by uts very length 1t emphasizes how new and unex

plored 1s the subject of metabohc regulation 1n biocherustry
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XVII

The Role of the Endocrine System
in Breast Cancer

GEOFFREY HADFIELD

ovanes and mammary glands Both organs develop pan
passu up to sexual maturity and become atrophic after the
menopause Ovanan grafis restore the structure and function
of the atrophic mammary glands which result from bilateral
oophorectomy (Gregoniev 1897) and also mduce a growth
m the rud a v glands of males
(Stemnach, 1912) Periods of cychc ovanan activity 1n sexually
mature females comcrde with cycles of mammary growth, the
duration of growth and the degree of glandular differentration
acheved being mtimately related to the activity of the corpus
Iateum
The relationshup between the mammae and the ovary was
keenly appreciated by Thomas Beatson (1896) a Glasgow sur-
geon who sixty years ago performed oophorectomy 1n human
breast cancer patients on the assumption that as the ovary
controls the prohferation of normal mammary epithelum 1t
may also control cellular prohferation 1 cancers arsing from
this epithehum He published the following conclusions 1n
the Transactions of the Medico Chirurgical Society of Glasgow 1n
1910 I have never said that the procedure cures cancer,
but I mamntain and there 15 ample proof of 1t that 1n certan
cases 1t certainly favourably controls the disease One of the
values attached to oophorectomy 1s that the effects produced
seem to me to have thewr chief interest and importance n that
they throw a hight upon the nature of carcinoma as a disease

THERE 1s an mtmate brological relatronship between the
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In this way the general conception of hormone dependence
1n breast cancer came mto bemg, the modern treatment of the
disease by endocrine ablation 1s the direct though long delayed
consequence of the work of this pioneer surgeon Fight years
after the publication of Beatson s first paper, Hugh Lett {1905)
published an analysis of ninety five cases of breast cancer
treated by oophorectomy By this time 1t was fully realized that
regression of the growth of the tumour and its metastases was
invariably temporary We are stll profoundly ignorant of the
real nature of hormone dependence 1n cancers arising 1n organs
which are themselves hormone dependent, but 1t 15 probably
safe to assume 1n the case of hormone dependent breast cancer
that the hormones essential for progressive proliferation of the
cells of this tumour are those produced under physiological con
ditions for normal mammogenesss It may be that thewe
phystological hormones are produced by the cancer patient in
excesstve quantittes, or mn unphysiological proportions It may
even be that the normal mammogemic hormones are changed or
modified by the breast cancer patient, but there 1s hterally no
evidence erther to support or to disprove these purely hypo
thetical conceptions

It 1s abundantly clear however, that the mtelligent mvestt
gation of hormone dependence 1n cancer, as well as 1ts rational
treatment by endocrine ablation, must be based upon our know
ledge of breast physiology and more especially of the complex
anterplay of those hormones which control the proliferation by
mtosts of normal mammary epithehum I propose, therefore,
to review briefly our present knowledge of the parts played by
the ovartes, adrenal and hypophysis 1n the prelimmary growt
phases of mammogenesis which eventunlly lead to the forma
tion of a functionally competent organ

MamMocENEsts INDUCED BY OvaRIAN HormoNES
IN THE INTACT ANIMAL
1 Ouanan Oestrogemc Hormones
The first demonstration that ovarian hormones stimulate the
proliferation and differentiation of mammary epithelium was
made by Vintemberger in 1925 Using ovanan folhcular flmd
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he produced 2 mammary growth response in rabbits which was
confined to free production of new ducts without glandular
differentiation or the formation of milk The first oestrogenic
sterord hormone, oestrone was 1solited 1n 1g2g and from then
untl 1934 a series of observers, using punified oestrogens 1mn
duced this imited response mn 1ntact rats male and female
monkeys, dogs muce and cats On the other hand, between 1928
and 1940 a stnking spectes difference 1 the response was de
monstrated 1n 1ntact gunea pigs virgin female goats and the
virgin herfer, for 1 these ammals oestrogen alone induced not
only duct proliferation but widespread acimzation and lacto
genesis

It 15 now obvious that the mammae of all mntact mammals
are responsive to exogenous oestrogen, that both seaes resp(md
and that mature, immature and weanling amimals are eqully
responstve In the majonty of mammals oestrogen alone mduces
growth of the duct system 1n the mmonty the gland becomes
differentiated and lactogenesis 1s mnduced Another important
general conclusion 1s that the optimal dose levels of oestrogen
are low and lie within narrow lumits, and there 1s general agree
ment that large doses are mhibitory Ths latter fact 15 of
importance i the treatment of breast cancer by additive
therapy

2 Ouanan Progestaional Hormones

The ad atron 1o the intact 1 of prog one alone
has little effect on mammogenesis but progesterone together
with oestrogenic steroids form a powerful mammogemc and
lactogenic synergistic combination which brings the male or
female mature or immature gland to the progestational state—
1n some cases to the structural status of mud pregnancy To pro-
duce an optimal response the two hormones must be admnstered
1n optimal proportions, an excess of either being inhibitory

THE ADRENAL GONAD RELATIONsHIP
Adrenal cortical tumours accompanied by vinhsm are known
to produce excessive quantities of androgen those accompansed
by feminism produce excessive amounts of oestrogen  Following
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In this way the general conception of hormone dependence
m breast cancer came nto besng  the modern treatment of the
disease by endocrine ablation 1s the direct though long delaved
consequence, of the work of this pioncer surgeon Eight years
after the publication of Beatson’s first paper, Hugh Lett (1905)
published an analyss of minctv five cases of breast cancer
treated by cophorectomy By this time 1t was fully reahzed that
regression of the growth of the tumour and 1ts metastases was
snvanably temporary We are still profoundly ignorant of the
real nature of horrone dependence 1n cancers Anstng 1 organs
which are themselves hormone dependent, but 1t 35 probably
safe to assume mn the case of hormone dependent breast cancer
that the hormones essential for progressive probiferation of the
cells of thus tumour are those produced under phystological con
dinons for normal mammogenesis It may be that these
physiological hormones are produced by the cancer patient 18
excessive quantities, or in unphyswological proportions It may
even be that the normal mammogenic hormones are changed or
modified bv the breast cancer patient, but there 1s literally no
evidence either to support or to disprove these purely hypo
thetical conceptions

It 1s abundantly clear, however, that the intelhgent mnvesh
gation of hormone dependence 1n cancer, as well as its rational
treatment by endocrine ablation, must be based upon our know
ledge of breast physiology and more especially of the complex
interplay of those hormones which control the proliferation by
mutosis of normal mammary epitheltum I propose therefore,
to review bnefly our present knowledge of the parts played by
the ovaries adrenal and hypophysis i the prehminary growth
phases of mammogeness which eventually lead to the forma
tion of a functionaily competent organ

MarmoceNESs INDUCED BY OvARIAN HORsONES
N THE INTACT ANIVAL
1 Ocarian Oestrogenic Hormones
The first demonstration that ovarian hormones stmulate the
prohferatton and differentiation of mammary epithelium was
made by Vintemberger 1n 1925 Using avanan folhcular flud
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he produced a mammary growth response in rabbuts which was
confined to free production of new ducts without glandular
differentiation or the formation of mulk The first oestrogentc
steroid hormone, oestrone, was 1solated mn 1929 and from then
until 1934 a senies of observers using punfied oestrogens 1n
duced this Iimited response in intact rats male and female
monkeys, dogs mice and cats On the other hand, between 1928
and 1940 a striking species difference 1n the response was de
monstrated in 1mntact gmnea pigs virgin female goats and the
virgm heifer for mn these animals oestrogen alone mnduced not
only duct prohferation but widespread acimization and lacto
genesis

It 1s now obvious that the mammae of all intact mammals
are responsive to exogenous oestrogen, that both sexes respond
and that mature, immature and weanhng ammals are equally
responsive In the majonty of mammals oestrogen alone induces
growth of the duct system, 1n the mmnorty the gland becomes
differentiated and lactogenesis 1s induced Another mmportant
general conclusion 1s that the optimal dose levels of oestrogen
are low and he within narrow Iirts and there 15 general agree
ment that large doses are imbitory This latter fact 1s of
importance 1n the treatment of breast cancer by additive
therapy

2 Ouwarian Progestanional Hormones

The admmstration to the intact mammal of progesterone alone
has httle effect on mammogenesis but progesterone together
with oestrogenic sterosds form a powerful mammogeme and
lactogenic synergistic combination which brings the male or
female mature or immature gland to the progestational state—
n some cases to the structural status of mid pregnancy To pro-
duce an optimal response the two hormones must be administered
in optimal proportions, an excess of either being mhibitory

The AprENAL GoNaD RELATIONSHIP
Adrenal cortical tumours accompanied by virilism are hnown
to produce excessive quantities of androgen those accompanied
by feminism produce excessive amounts of oestrogen Following
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the ‘phy.oclogical castration’ of the menopause, oestrogen
production, after an inttial fall, 1s frequently xe estabhished and
can be again abolished, at least temporanly, by adrenalectomy
Tlus operation 1 ovanectomised or post menopausal women
ss not wnfrequently followed by re establishment of oestrogen
production but the source of this oestrogen 1s unknown There s
Iittle doubt that Joss or atrophy of the ovary and cessation of
ovanan oestrogen and progesterone production m women
stmulates the production of ovaran hormones by the adrenal
cortex m gross excess of the Jow physiological output of the
normnl adrenal in the mtact animal

The production of a gross excess of adrenal oestrogen i the
ovanectomized arumal has been studied mn certam strawns of
mbred mice 1 which the adrenal ‘take over 15 strking The
result, are inconstant if the ovaries are removed after the age of
5 months but 1f gonadectorized at the age of 3 dvs all animals
show a2 vigorous response ‘Lhere 15 gross adrenal enlargement
from diffuse or nodular hvperplasta or from the development
of adenoma or carcinoma That this response 13 accompaned by
excessve oestrogen production 1 shown by the development of
cystic glandular hyperplasia of the endometrium, vaginal cornt
fication and a vigorous growth reaction 1n the duct system of the
mammary glands The grawth response n the adrenal, what
ever s nature 1s known to be medtated through the pitwtary
by 1ts adreno cortical hormane and 1t can be abolished by
exogenous oestrogen

Tur Hypornvs.s AND NORMAL MAMMOGENESIS
The study of growth respouses m mammary tssue taduced
by exogenous steroid hormones 1n the tact 1mumal leaves

ed many fund I questinns regarding the over-
nding control exercised by the hypophyss in normal mammo-
genesis The story of ptumtary paruaipation began m 1928,
when Stricker and Grueter admim tered unfractionated ague
ous anterior prtuttary extracts to ov artectornmsed pscudo-
pregnant rabbits and clearly demonstrated that such extracts
were capable of mtiating lactation In the next year, Evans
and Simpson demonstrated that the lactational response 1 the
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rat was preceded and d by an uneq al growth
response 1n the mammae, and this was confirmed 1n 1930 by
Corner Three years later using fractionated pitwtary extracts
having high lactogenic potency, Lyons and Catchpole mduced
growth and acimzation of the y ducts and
lactation

About 1930 a growing conviction arose that, to define the
function of a target organ such as the ovary 1t was essential
to use hypophysectomized anmmals and that the biological re-
sponse to any substance deemed to be or to contan an antentor
pituitary mammogenic hormone cannot be accepted as specific
unless 1t can be repeatedly ehcited without any doubt m the
non pregnant hypophysectomiized animal It 1s rather surpnising
that this comvaction amongst workers engaged m the field of
mammary physiology did not become apparent untl the lapse
of ten years after Phthp E Smth, by establishing techmques
for hypophy n small had d rated the
relationship between the hypophysis on the one hand and
somatic growth and sexual function on the other The reason
for this delay was obviously the lack of 2ny really conclusive
experimental evidence that the hypophysis played any part
m y growth and fi

Between 1gg2 and 1935 six careful studies showed that the
ovarian steroids alone could induce mammary growth in hypo
physectomized animals This disquieting situation was resolved
by Gomez and Turner 1n 1937 when they proved thatif hypo-
physectomy 15 incomplete, ovarian steroids are mammogemc
and the response produced may be even greater than in the
intact ammal They found that if the fragment left behind 1s
only one fifueth of the total werght of the antertor primtary ths
anomalous response could be elicited It now became clear that
no vahd conclusions could be drawn from expeniments using
hypophysectomized anumals unless careful scrutiny of the opera.
tion site aided f necessary by cratical histological examination
proves that piturtary ablation was total Since this tune bio~
chemcal methods such as the eshmation of protein bound
todme 1n the blood have become available and if the expen
ment can be carried out 1n young rapidly growing ammals
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failure to gamn weight 15 a sound criterion of total ablation
Following the establishment of this general principle, and be
tween the years 1936 and 1937, 1t was well established that zhe
ovarian oestrogemc and progestatwnal hormones aching alone or to
gether are powerless lo nduce any mammary grouth response wn fotally
hypophysectomsed mammals This highly significant general con
cluston was founded on experiments using rats, gumea ptgs,
muce, rabbuts, cats and ground squurrels

In 1937, with these facts at their disposal, Gomez and Turner
mtroduced therr Pitwmtary Mammogen Hypothess This
stated that

1 A hitherto unrecogmzed antertor pituitary hormone or
hormone complex 13 responsible for the growth and differentia
tion of the normal mammary gland

2 The pitwtary mammogenic hormone or hormones are
secreted 1n response to stimulation of the antenor pitwitary by
ovarnan sterord hormones

It will be seen thataccording to this hypothesis the part play ed
by the oestrogenuc steroids in normal mammogenests 1s reduced
to a single function, 1e  the stmulation of the pitwitary to pro
duce 2 mammogentc hormone 1t does not permut the assump
tion that ovarian hormones have any other action m normal
mammogenes:s and 1t disallows the specific participation of any
of the stx well characterized hypophyseal hormones mn this
process

The mammogen hypothesis has been severely crineized but
1 will leave you to reconsider 1t when the experimental work
conducted on this problem since 1937 has been reviewed Much
of this work took advantage of the fact that fractionation of
anterior pituitary extracts began to yield punfied fractions
having mcreasing lactogentc potency and increasing freedom
from gross contammation with other well known hypophyseal
hormones Such purfied extracts as were available 1n 1941 and
1942 enabled Gardner and White to carry out a crucial expen
ment 1 totally hypophysectormzed muce, the results of which
are shown 1n Table 1

In 1943 these results were confirmed and amphfied and by
1949 several claims had been made that lactogemic hormone,
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now usually referred to as prolactin 15 2 homogeneous proten,
these claims being based on the approprniate physico-chemical
criterta available at that time

In 1949 a sigmficant observation was made by Deschinwhich
suggested that, although the Intemmizing fraction of prtwitary

Tasee 1 Mammary growth response 1t hypophysectomized mice given
b Fvseal

vanous of 7 —Gardner and White
1941 and 1942
Mammary Du A t
Hormone growth <t Cimazation
Foose EFowth of ducts
Qestrogen and progesterone Nit Nu Nil
Punfied lactogenic hormone
(prolactin) + + Nil
Oestrogen progesterone +
punified lactogensc hormone  + + ++ ++

gonadotrophin 1s responsible for luteinization of the ovum free
follicle, the continued existence of the corpus luteum and 1ts
production of progesterone 15 controlled by pituttary prolactin
He obtamed a full luteotrophic response in the ovanes of
tact virgin female rats by the admunmistration of prolactin
and this response was accompamed by extensne mammary
growth and the formation of utenine deaiduomata During the
next few years the results of further expermmental work on hypo
physectomized rats—to be referred to later—confirmed, n the
rat at least that prolactin 1s the trophic hormone responsible
for the mamtenance of the corpus luteum and therefore, for
the production and release of progesterone

A Jong and elaborate series of crucial expermments carrzed
out by Lyons Li and their associates between 1950 and 1655
clanified the situation m many directions Table 2 15 a brief
summary of therr first major contribution

These results show clearly that three hormones—oestrogen,
progesterone and prolactin—are essential for normal mammo
geness No single member or any parr of hormones 1 this
tnad can specifically sumulate mammary growth in the absence
of the pitmitary and gonads, and any combinaton of hormones
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which does not include prolactin 1s equally powerless to do so
It 15 usually assumed that the action of growth hormone and
A CT H, by helpmng to restore the hypophysectomized ammal
to a more physiological state, brings the mammary gland re
acting to the hormones of the essential mammogenic triad to a
higher degree of functional competence

Tasre 2 M mh d and ooph d rats
experiments of Lyons L and associates 1950-2
Goen Result
1 Oestrone Mammary atrophy  Piturtary mammotrophin lacking

2 Oestrone and Mammary atrophy Prurtary mammotrophn lacking
progestesone

3 Purifi~d pro Regressian delayed Ovarian hormones laching
factin No mammary
grawth

4 Punfied pro~ Regressson delayed  Progesterone lacking no ovary
lactin+oestrone No mammary

growth
5 O +p; M. ++ Full & +)
gesterone +purt to status of mid needs adrenal cortical hor
fied prolactin pregnancy manes (u1de mfre)
No lactogenests
6 O +p M Crude prol may contan
gesterone+crude 4 + +to full ACTH orGH orboth
prolactin term pregnancy
Lactogenesis &
7 Oestrone +pro  As above but lac
gesterone +pun togenesss +
fied prolactin +
GH
8 Oestrone+pro  Growth tofull term  Full lactogenesis needs intact
gesterone 4-purt pregnancy pitwitary adrenal axis
fied prolactin Lactogenesis+ 4 +
GH +ACTH

In 1950 the same nvestigators succeeded in completely fem
imzing the mammany, glands of hvpophysectomized 1m
mature male rats The mammae were again brought to the
structural status of md preg y by the g triad,
to the structural and functional status of full term pregnancy by
the additton of growth hormone and cortisone, and lactation
was yutiated mn these previously rudimentary male glands In
all these expertments the induction of mammogenesis depended
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admunustraton of a combinaton of an extract of human female unne and the ovaran
hormones oestrone and progesterone
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upon the use of prolactin, oestrone and progesterone tn optimal
proportions the dose of oestrone being remarkably low wh)lst
those of and 1 were Corresp
high n all 1m estigations of this kind 1t 15 obvous that careful
1 1120 titration of the hormones used 15 an essential preliminary
to the main experiment

Dunng the same time, Nelson, using another approach,
confirmed the general conclusions reached by Lyons and his
colleagues and added further evidence 1n favour of the luteo
trophic function of prolactin He admimstered oestrogen at a
high dose level to rats for 8 to 20 days, they became pseudo
pregnant developed large corpora lutea and an unmistakable
growth rest was induced 1n their y glands It
seems safe to assume that in this expenment the exogenous
oestrogen, by suimulating the hypophysis was responsible for the
release of prolactin and that this hormone, by virtue of 1ts luteo
trophic action, was responsible for the enlargement of the cor
pora lutea and the release of progesterone The mammary
TESponse was presumab\y mnduced by !hc combrnation of exo-
genous gen and an
In another expeniment the penod of admunstration of oestrogen
was shortened to 8 to 14 days and the anmmals were then
hypophysectormized The reacting mammary glands became
atrophic and the corpora lutea were no longer mamntained
Prolactin was then admmstered and unmustakable stimulation
of mammary growth and differentiation together with reactiva
tion of the atrophic corpora lutea followed

There 15 enough direct and indirect evadence available to be
reasonably confident that the release of prolactin from the
hypophysis 15 due to hypophyseal stimulation by airculating
oestrogen and that this sumulus 15 only effective at relatively
low concentrations of oestrogen (Figure 1) Above a low thres
hold the stimulus becomes mcrcasmgly meffecme and at a
high threshold hibitory This fund 13
clearly responsible not only for providing prolactin for normal
mammogenesis but also for the mantenance of the corpus
luteum and the production and release of progesterone {sec
Figures 2, 3 and 4)

<
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Does prolactin exert a direct and specific effect on mammary
epithellum? An experiment performed by Lyons mn 1942 sug
gests that 1t does He injected punfied prolactin directly mto
single galactophores of the rabbit mamma Lactation was i
trated 1n the injected sectors of the gland No secretory response
was observed in ummnjected sectors Histological examination
of the stimulated sectors showed a sigmificant increase in the
number of mitotic figures i the mammary epithehum The
experiment would have provided more sohid evidence 1f 1t had
been performed on hypophysectomized animals

There have been repeated claims, over the years, that the
local and specific action of oestrogenic steroids on susceptible
tissues 1s charactenized by capillary hyperaemia, dilatatton
and increased permeability It 15 not unreasonable to suppose,
therefore, that by inducing capillary hyperaemia in the mam
mary gland, the escape of the relatively small molecule of pro-
lactin into the tissue flid of the breast may be matenally
facilitated It remains to be proved that oestrogens play a part
mn stimulating the process of mutosts mn mammary eptthelum
as they do in other tissues It 1s not improbable that they are
responsible for the mesenchymal prohferation 1n the mammary
stroma which eventually provides a collagen framework for
the gland

The probable sequence of events 1n normal mammogenesis
may be briefly summanzed as follows

1 The production and release of ovanan and adrenal oestro
gen effected by pitwitary gonadotrophin

2 The release of prolactin effected by oestrogenic stmula
tion, Figure 1

3 Prolactin exerts 1ts three mammotrophic activities

(a) As a luteotrophin 1t controls the production and release

of progesterone Figures 2 and 3

(5) As a mammotroph n actng 1n synergism with proges
terone and oestrogen 1t 1s responsible for the growth and

differennation of mammary epithelium Tigure 4

(c) As a lactogeme hormone 1t mtiates lactatton and 1n
synergism with other hormones 1t 1s concerned 1n lacto
pOlﬁSlS
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AppLICATION TO BREAST CANCER

The results of surgical ablation of endocrine organs 1n patients
suffering from breast cancer have taught us to expect a signt

ficant and worthwhile growth regression 1n the tumour and 1ts
metastases 1n approximately 40 per cent of patients Thus figure
would probably be higher if the technique for hy pophysectomy
could be guaranteed to remove all pitwitary tissue Ablation
operations however, add httle to our hnowledge of the true
nature of either hormone dependence or independence, and
1t would seem that repeated determinations on a research
basss, of the hormonal status of the breast cancer patient—
studted 1 parallel with the chimcal course of the disease—in a
sufficiently large sertes of patients 1s very likely to be of matertal
assistance 1n the solution of this complex problem It 1s also
probable that such studies would help in the selection of patients
likely to benefit by each type of ablation operation An mnquiry
such as this presents many admumstrative and scientific diffi

culttes Some of these difficulties have been surmounted over
the last few years i the Cl pathol ! Lal 1es of
the Impenal Cancer Research Fund where the excretion of
the phenolic oestrogenic sterords has now been estimated m a
large senies of patients before and after each type of endocrme
ablatton {Young Bulbrook and Greenwood, 1957, Bulbrook
and Greenwood 1957, Greenwood and Bulbrook 1957) The
methods used are based on those proposed by Brown 1n 1955

The unne 15 subjected to acid hydrolysis and extracted with
ether, the extract 1s dissolved 1 alcohol, benzene and petro-
leum ether are added and the product 15 extracted with water

The water extract carnies the oestrol fraction This 1s methy-
lated, and caustic soda and hydrogen peroxide added A final
extraction with ether yields a product which 1s adsorbed on an
alummna column and estimated by the hober reaction as

oestriol methyl ether Simular treatment of the water mnsoluble
primary ether extract yelds oestrone and oestradiol 176

methyl ethers which are esumated by the same reaction This

accurate method of esttmation 18 expensive and time consumung

and being unsuitable for routine use can only be undertaken
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on a ‘research’ basis Pregnanediol, the metabolc end product
of progesterone, can be estimated by a method which has the
same clinical limitations

The investigation of pitmtary function 1n the breast cancer

Tasie3 M: growth 0 hypoph d male wearhing
mce (A4G stram) showmng that human female unine » an effective subs
ststuge for prolactm i the Mammogenic Triad (prolactin oestrone and

progesterone)
Hormone
Group admunustered Result
1 None Maramary atrophy abvious on 5th day
well established on 10th day

2 Gestrone and proges Mamsaary atrophy
terone

3 Prolactin Mammary atrophy

4 Oestrone progesterone A vigorous growth response in almost 2ff
and prolactin mammary glands of afl ammals

5  Ocstrone ang proges Growth response in almost all mammae of
terone and buman all ammals wdentical with that in Group
female unine 4butratherles sigorous

patient 15 2 problem of considerable difficalty For the estt
mation of pihutary gonadotrophmn a standard bio-assay ¥
avatlable A method which promases to yield :nformation regard
1ng the output of prtuttary mammotrophwn 1 the urmne i beng
mvestigated m the Gt pathologcal Lab 1es of the
Impenial Cancer Research Fund It s based on the demonsta

tion that the urne of ail normal pre menopausal women a the
second half of the menstrual cyele, when mjected nto mtact
weanhng male mice, will mduce an eanly recogmsable growth
reaction 1 ther rucdhmentary mammary glands (Scowen and
Hadfield, 1955, Hadfield and Young, 1956a) The unne of
57 per cent of post menopausal women contans the same mam

mogeme agent (Hadfield and Young, 1956b) The capacity to
react to thes urmary mammatraphn i3, unfor 1y, confined
to a small mmornty of all easily avalable strains of laboratory
mice {Young, 1957) This entatls breeding and mamtaming
the susceptible strain and detracts from the value of the test a5

2 routine procedure
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In an attempt to define the nature and onigin of this urnary
mammotrophic agent a sertes of experments has been carried
out on totally hypophysectomized weanling male mice (Had
field, 1957) A control group of ammals was left untreated and
kitled on the tenth post operative day In other groups the male
weankings were myjected with vartous hormone combmations
for five days, the first dose 1n each case being given on the
fifth day after hypophysectomy These animals were also hlled
on the tenth post operative day The results are given in Table
3 and can be seen 1n Plate XXIIT Figure 51

These experiments show that normal female urine contains a
hormone which 1s erther pitwitary prolactin or has a specific
ological achon identical with that of prolacin They alo
promuse to provide a method for the estimation of mammo
trophic function 1n the breast cancer patient By using hypo-
physectomized mice the difficulty associated with stramn vana
tion n the mammary response to the mjection of unine will, m
all probability, disappear

* Thus plate vl be found facing page 304
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on a ‘research’ bass Pregnanediol, the metabolie end product
of progesterone, can be estimated by a method which has the
same chinical hrmtations

The mvesuigation of prtmtary function n the breast cancer

Tase3 W y growth resp »n hypophy 4 male weantng
rmuce {A,G stran)  showing that human female urine 15 an effective sube
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well established on 10tk day
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5  Ocstrone and proges Growth response in almost all mammae of
terone and human all anumals identical with that in Group
female unne 4 hut ratherles vigorous

patient 15 a problem of considerable difficulty For the est

mation of pitutary gonadotrophm a standard bro-asay
avarlable A method which promuses to yield information regard

1ng the output of pituttary mammotrophin n the urine 15 being
imvestigated 1 the Chmcopathological Laboratones of the
Impenal Cancer Research Fund It 1s based on the demonstra

tion that the unne of all normal pre menopausal women i the
second half of the menstrual cycle, when wnjected into mntact
weanhng male mue will induce an easly recogmsable growth
reaction 1n therr rudimentary mammary glands (Scowen and
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57 per cent of post menopausal women contams the same mam

mogentc agent (Hadfield and Young 19560} The capacity to
react to this unnary mammotrophin 1s_unfortunately confined
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The Bihary Excretion of
Thyroid Hormone

N B MYANT

HE 1mportance of the hver in the metabolism of organic
I 10dine was first recogmzed by Rendall (1919) He injected
200 mgm of thyroxine mtravenously into a dog and later
recovered more than 40 per cent of the injected 10dine m the
bile In this expertment he was unable to estabhsh the chemical
form of the bihary 10dine However when radioactive thyroxine
was made available (Joltot Courner, Horeau and Sue 1944)
1t became possible to study the bihary excretion of thyroxme
under more physiologreal condittons and to analyse the chemical
form of the 10dine appearing 1n the hile
Gross and Leblond (1950) mjected radroactive thyroxne mto
rat ands showed that 1t was removed from the body 1n two ways
Some of the thyrovune was broken down 1n the tissues and the
radioactrve 10dine excreted 1n the urine as 1odide but a large
Pproportion of the dose was excreted 1n the bile and faeces as
organiciodine They also showed that the proportion of the dose
excreted n the faeces was related to the amount of thyroxine
mected When they gave a small dose most of the radio-
10dine was excreted 1n the urine only about 20 per cent appear
mg 1n the faeces But when they gave a large dose more than
Bo per cent was excreted 1n the facces They suggested that the
biliary pathway of excretion mught act as an overflow for re
moving an excess of thyroid hormone from the body By stmlar
methods Albert and heating (1952) also showed that exogenous
thyroxine s rapidly removed by the Liver and excreted in the bile
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BILIARY EXCRETION OF THYROID HORMONE  3I5
glucuromdes formed mn the body As I shall explain below, work
on the biosynthesis of glucurontdes of substituted phenols sug
gests that thyroune glucuromde 15 synthesized through a
rather complicated pathway

The formation of thyroxine glucuromde 1n the rats hver
also occurs 1 physiological conditions when no exogenous

1 1
COQOH
N l oH HO! ——0— CH,CH (NHZ)COOH
c—q -
RN
T T

\ Y

St
H

OH

Fic 2 Probable structure of Compound U

thyroxine 1s added to the body The endogenous thyroid hor
mone 1n the circulation can be labelled by myecting racioodide
1nto the animal a day or two before the bile samples are taken
This allows ttme for the radioodide to be taken up by the
thyrord and returned to the plasma as radioactive hormone
Radioactive thyrowne glucuromde can then be shown to be
present 1n the bile (Taurog ¢f al 1952) Indeed, the propor
tion of the total 1211 1n the bile excreted as the glucuromide tends
to be greater 1n these conditions than when exogenous radio-
active thyroxne 1s mjected 1nto the rats

In 2ddwmion to the two bands of blackening corresponding
to thyroxine and thyroxme glicuromde (Figure 1) two other
bands are sometumes seen One of these about halfivay between
thyrouine and thyroxine glucuromde, has been shown by Roche
Michel and Tatn (1954) to be due to a substance moving with
the same R values as the pyruvic acid analogue of thyroxine—
that 13 thyroxine in which the alamne side chain has been
oxdized to pyruvic acid The other band just vastble 1n Figure
1, Lies between the ongta and thyroxine glucuromde Nothing 1s
known about the substance that gives nise to this band
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Cnecar. ForM oF T Jopive 1y e Biie

With regard to the Jhemical form of the biliary 10dine, the first
step was taken by Taurog, Briggs and Chathoff 1n 1g51 They
myected radioactive thyroune into rats and then analysed the
radwactive substances m the bile by means of paper chro-
matography The positions to which the vanous radwactne
substances moved were found by making autoraciographs
Plate XXIV, Figure 1 shous two of thewr autoradiographs *
Furthest from the ongn there 15 a band of blackenmg corre
spondung to the positton of frec thyroxine About halfway be
tween thyrovine and the ongm 1s another band The substance
gving nise to this band they called Compound U When large
amounts of thyroxiie were gywven as carrter wuth the myection,
the band at thyroxine was more intensc than the onc at Com
pound U (Figure 1b), but with small amounts of carrier, Com
pound U contamned nearly all the radioactvity on the chromate-
gram (Figure 1a) Evidently, there 15 2 nut to the capacity of
the hiver for comverting thyroxmme to Compound U

By elutng Compound U from the paper chromatogram
Taurog ¢f o/ (1952) were able to study some of its properties
Free thyroxine could be released from 1t by afkahne hydrolyss
so 1t must be a conjugate of thyroxine Thyroune was also 5t~
leased from Compound U by the action of p glucuromdase
Since this enzyme has a high degree of spectficity towards its
substrate, Compound U 1s probably a glucuronide of thyrovine
Although this cannot yet be regarded as certamn, for comyent
ence I shall refer to 1t as thyrovne glucuromde’ Since hit
gaard, Lapner, Barker and Winnick (1953) have shown that the
amino and carboxyl groups of thyroxme are free m Compound
U, the glucuronic acid 15 probably attached to the end of the
thyroxane molecule opposite to the alantne side cham Ifso, the
steucture of the glucuronide would be that shown m Figure 2
Fogure 2 only shows the structural refations of the two parts of
the glucuromide molecule and 1s not meant to mmply that 1t
anses by 2 condensation between free glucuronic acd and free
thyroxune In fact free glucurome acid 18 not a precursar of

1 The plates rolesved to 1 this lecture will be found between pages 3 0=
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TrE ENTEROHEPATIC CIRCULATION OF THYROID HORMONE
The more physiological aspects of the bihary excretton of
thyroxune glucuronide have also been investigated by Taurog
and hs colleagues Radioactive glucuromde does not appear mn
the plasma of rats after ijections of radioactive thyrovine How
ever, if radiactive thyroune glucuromde 15 eluted from 2
chromatogram of 1311 labelled bile and 1s then put mnto a rats
intestine free radioactn e thyroune appears in the faeces This
shows that the glucuromde excreted in the bile 15 to some
extent hydrolysed by the B glucuromdase present m the
mtestine  Since free thyroxmne 1s readidy absorbed from the
intestine, some of the thyroxine excreted n the bile as the glucu
romde must ultimately be reabsorbed imto the blood as free
thyroxtne Roche, Michel Michel and Tata (1954) have
shown that tr1 1odothyronine undergoes a surmlar cycle of con
jugation biltary excretton and reabsorption Thyrowune and
tr1 10dothyromne together account for the crculating form of
the thyrord hormone, so the excretion and reabsorption of these
two substances may be descnbed as an enterchepatic circula
tion of thyrord hormone

Thus brings us to the quesnon How extensive 15 the biliary
excretion and reabsorption of thyroid hormone? The complete
answer to this would tell us how many micrograms of hormone
are excreted 1n the bile each day how many are reabsorbed
and how many are Jost in the faeces We should also like to
know how these quantities compare with the daily rate of syn
thesis of hormone by the thyrord

BiLiary AND Farcar, CLearancs Rates or Tiryrom HoRyoNE
It 15 most comvement to measure these quantities as clearance
rates By analogy wath the renal clearance rate of urea, the rate
at which any organ excretes a substance from the plasma can be
expressed as a volume of plasma cleared 1n urut time In general
the clearance rate of any plasma constituent 15 equal to

C,xV
C'D
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There 1s some evidence that all these dervatives of thyroxine
are excreted 1n human bile Dunng operations to the upper
abdomen 1t 1s somctimes possible to obtamn bile from the gall
bladder of @ person with 2 normal lver If the patient has been
gwen an myection of radieactive thyroxme some hours before

Q7 O 04t 055 067
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i Thyroxipe lodide
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Fic 3 Radioactiity along chromatogram made from bile taken from the
gall Dladder of a pauent given an mjection of 13 labelled 1 thyroxine
Ry valtues of peaks and markers as shown Solvents collidine and water

the operation the todine 1 his bile can be analysed by paper
chromatography Iigure 3 shows the results obtamed m one
patient As there was not enough radioactivity on the chromato-
gram to give clearly visible black on an autaradiograph
the actwvity along the paper was measured with 2 contmuously
recording scanner In this patent and n the few others who
were studied (Myant 1956b), three peaks of radioactivity were
observed on the chromatogram Al the three peabs {Figure 3
I, 1T and 1I) le behuind the postion to which free thyroxine
monves, there bemng no peak at exther the thyrovine or the sodide
marker From this result alone, the substances responsible for
these peaks cannot be wenufied However peak IT has about
the same Ry value a, thryoune glucuromde and peak 11T bas
about the same Ry value as the pyravic 10d analogue of thy-
roxine These results are at feast with the supposit
that 1n humans the metabohsm of thyroxine 1 the lner 1 the
same as 1t 15 30 rats The only differcnce scems to be that i
human bile there 1s sery httle free thyroxine
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THE EnTEROUEPATIC CIRCULATION OF TiyROID HORMONE
The more physiological aspects of the biliary excretion of
thyroane glucuromide have also been mvestigated by Taurog
and his colleagues Radioactive glucuromde does not appear 1n
the plasma of rats after mjections of radioactive thyroxine How-
ever 1f radioactive thyroxine glucuromde 1s eluted from a
chromatogram of 131 labelled bile and 1s then put into a rat s
mtestine free radioactive thyroxine appears n the faeces This
shows that the glucuronide excreted m the bile 15 to some
extent hydrolysed by the p glucuromdase present in the
testine  Since free thyroxine 1s readily absorbed from the
mtestine some of the thyroxne excreted 1n the bile as the glucu
romde must ultimately be reabsorbed into the blood as free
thyroxme Roche, Michel Michel and Tata (1g954) have
shown that tr1 10dothyronme undergoes a simlar cycle of con
Jugation, bithary excretion and reabsorption Thyroxine and
tr110dothyromne together account for the airculating form of
the thyroxd hormone so the excretion and reabsorption of these
two substances may be descibed as an enterchepatic crrcula
tion of thyroid hormone

This brings us to the question How extensive 1s the bihary
excretion and reabsorption of thyroid hormone? The complete
answer to this would tell us how many micrograms of hormone
are excreted 1n the bile each day how many are reabsorbed
and how many are lost in the faeces We should also like to
know how these quantities compare with the daily rate of syn
thesis of hormone by the thyrod

Breiary anp Farear Crearance RaTes or Tavrom Hormone
It 15 most conventent to measure these quantities as clearance
rates By analogy with the renal clearance rate of urea the rate
atwhich any organ excretes a substance from the plasma can be
expressed as avolume of plasma cleared m unit time In general
the clearance rate of any plasma constituent 1s equal to

CxV
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where C; 15 the concentration 1n the flurd excreted, G, 1s the
concentration n the plasma, and V 1s the volume of flmd ex
creted per hour This wny of measuning the rate of excretion
has the advantage that 1t may not be necessary to measure
absolute concentrations, which may be difficult 1f, as in the case
of thyroxine, the plasma concentration of the substance 15 very
fow 1If the thyroxine 1n the circulation 13 Iabelled with radio-
active sodme, the rate 1t which the Iver clears thyrowune from
the plasma and excretes 1t into the bile (esther as free thyroune
or as 1ts breakdown or comjugation products) may be expressed
as
{19 concentration m bile)
(%] concentration 1n plasma,

5 « (rate of flove of bile)

This e may call the ‘bihary clearance rate’ of thyroxine
Similarly, the rate of excretion in the facces may be ex
pressed as the frecal clearance rate,

9
<,

where Q15 the quantity of **'] excreted 1n the faeces per hour
and G, 15 the concentration in the plasma In ths case, the
total amount of 1] excreted 15 measured directly and 15 not, 3s
1n the case of the bile, obtained as the product of the conctn
tration and the volume

Figure 4 shows the results of an expeniment 1n which the
bilary clearance rate of thyroxine was measured m a rat The
rat was given an intravenous injection of 1 mcrogram of #
labelled 1 thyroune and then, at zero time the bile duet was
cannulated The bile was collected for an hour and the 1
concentration measured m samples taken over ten runute nter
vals At the same time the plasma 23] concentration was mea
sured m senal blood samples The bile flow averaged about
o7 m! per hour, and the ule/plasma 131] concentration rato
(B/P ratio) varied from 2 to 3 showing & tendency to fall at the
end of the cxperiment Since the biliary clearance rate 1s given
by the product of the B/P ratio and the rate of flow of bile the
clearance rate 1 ths rat was about 2 ml of plasma per hovr
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The bibary clearance rate of endogenous thyroid hormone
can be measured 1n the same way 1f the circulating hormone
15 labelled by giving the rat an injection of radiotodide 24 hours
before cannulation of the bile duct In these conditions the
B/P ratio hes between 2 ind g and the bile flow 1s a little under

+354% 21 Concentration ratio
0B tiory clearance rate (ML/HR)
*Bile flow (ML/HR}

©© 20 30 40 50 60
TIME (MINS)

Fio 4 Bile/plasma 19 concentration ratio bile flow and biltary clear
ancerate after imjection of 1 microgram of 111 labelled | thyrowne mtoa rat

1 ml per hour The clearance rate of endogenous hormone 1s,
therefore about the same as the clearance rate of a dose of
1 microgram of exogenous thyroxine

The faecal clearance rate of endogenous hormone can be
measured 1n rats prepared 1 the same way Figure 5 shows the
daily rate of excretion of 3! 1n the facces of a rat m which the
endogenous thyroid hormone 1n the airculation was labelled by
311 The concentration of protein bound 1311 1n the plasma is
shown in the same figure The faecal clearance rate expressed m
ml of plasma cleared per day 1s obtained by dividing the rate
of excretion by the plasma concentration In this rit (Figure
6) the faecal clearance rate averaged about 20 ml of plasma
pes 24 hours At the end of the experiment the bile duct was
cannulated and the hibary clearance rate measured If the
biliary clearance rate 15 assumed to remain constant throughout
the 24 hours the volume of plasma cleared 1nto the bile each
day can be estimated from the rate measured over a short
mterval In this case (Figure 6) the esumated value was 35 ml
of plasma
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We can now write down a balance sheet showing the relative
amounts of thyroid hormone excreted 1n the bile reabsorbed
1nto the circulation, and lost 1 the facces Table 1 shows the
averages of values denived from several rats The equivalent of
about 45 ml of plasma are cleared into the bile each day, and

Tasie 1 Clearance of thyroid hormone 1n 24 hours (expressed in ml of

Micrograms

Biltary Faccal Reabsorbed  synthesized
per day

Rats +45 (23) +20 (1) -25 5
Humans 500 (25) +200 (10} -300 150-200
Numbers in brack f! the given volume of plasma

about 20 ml are cleared 1nto the facces The difference between
the bihary and faecal clearance rates—about 25 ml —gives a
measure of the amount reabsorbed from the intestine each day
Ths 15 shown as a negative clearance rate since the 1odine 15
moving back into the plasma Some of the jodine reabsorbed
1s presumably 1n the form of free thyroxne, but some may also
be mn the form of 10dide or other 1odine contammng products of
the metabohsm of thyroid hormone The amount of orgamic
todine 1n 25 m! of plasma represents, therefore, the maximum
amount of hormene that the rat can recover by reabsorption
each day

These volumes of plasma cleared can be translated mto micro
grams of hormone excreted, by multiplying the clearance rates
by the concentration of hormone 1n the plasma In a normal
rat 100 ml of plasma contamn about 5 micrograms of thyroid
hormone Therefore the 45 ml of plasma cleared nto the bile
each day correspond to the excretion of 2} mcrograms of hor
mone (shown within brackets 1n Table 1) Although up to 50
per cent of this may be reabsorbed from the intestine there 15
a net loss of 10dine 1n the faeces equivalent to about 1 micro-
gram of hormone, 1€ the amount contamned n 20 m! of plasma
(Table 1) Compared with the amount of hormone synthesized
by the rat s thyroid these quantities are considerable Normally
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the day and night In round figures, the bilary clearance rate
1s about 500 ml of plasma sn 24 hours Swnce the plasma con
centration of thyroid hormone 1n a normal person 1s about 5
micrograms per 100 ml, this means that 25 micrograms of
hormone, or an equivalent amount of sodine, are excreted 10
the bile 1n 24 hours Of this, about 10 micrograms (correspond
ng to 200 ml of plasma) are lost 1n the faeces

The thyroid of 2 normal adult makes about 200 micrograms of
hormone 1n 24 hours According to these results, therefore, a
much smaller proportion of the day s output of hormone 1
excreted 1 human bile than mn rat s bile Nearly half the output
of hormone from a rats thyrod 15 excreted n the hile (see
above), whereas 1n the patients on whom these measurements
were made, only about 25 micrograms out of every 200 syn
thestzed were excreted by this route However, the difference
between humans and rats may not be quite as great as Table 1
suggests, because all the figures for the biliary clearance rate it
humans are derived from patients who had recently had some
obstruction to the flow of bile, and 1n whom the bile was pre
vented from flowing mnto the duodenum The secreton of bile
1s known to be stimulated by bile salts reabsorbed from the duo-
denum

RELATION BETWEEN Brriary CLEARANCE RaTe AND DOSE INJECTED
I want now to return to a point I mentioned earlier on It will
be remembered that Gross and Leblond found that if thev m

Jected a large dose of thyroxine mnto a rat a greater proportion
of the dose was excreted 1n the faeces than if they injected a
small dose In trymng to explam this, we mught consider the
possibility that the biltary clearance rate 1s higher with a large
dose of thyroxine than with asmallone The fact that an increase
1n the plasma concentration of the thyroxine sometimes leads to
an increase 1n the bilary clearance rate 1n humans (Figure 7)
could be taken as evidence for this But we can find much clearer
evidence m rats, where the conditions can be varied more
widely If rats are given mjections of radioactive thyroune con

taiming varymng, amounts of non radiactive thyroxine, the B/P
ratio 1s found to increase as the amount of carrer 15 wmcreased
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Figure 8 shows the results of several experiments, each done ona
separate rat, 1 which a small dose of radioactive thyroxme was
mjected folloned by a second 1myjection contamning 10 to 2,000
micrograms of carrier Wath the largest dose of carrier the B/P
ratio rose to nearly 50 Since the bile flow (not shown in

E

{ 30 7
Time after cannutation (Mins)

Fic 8 Bule/plasma 131 concentration ratio after injection of 1 mucro-
gram of radioactive thyroxine nto a rat showmg effect of an mjection of
non radioactive thyroxine (shown by arrow) zo minutes after cannulation
Namber m small figures micrograms of thyrowne mn second mjection

the figure) remained unchanged during these experiments the
bibary clearance rate rose m proportion to the mcrease 1n the
B/Pratio If 0 7 ml per hour 1s taken as an aver ige value for
the rate of flow of bule, the highest point on Figure 8 would repre
sent a clearance rate of more than 35 ml per hour—at least
three times a rat s plasma volume cleared per hour

The same result 15 obtamed 1f non radioactve thyroximne 1s
mjected 1nto rats while the clearance rate of endogenous hor
mone 1s measured Figure g shows the results of an experiment
m which 50 micrograms of thyroune were mjected mto a rat
prepared by an injection of radioiodide 24 hours earher Within
20 munutes of the jection of thyroxme the B/P ratio rose to
more than 20 The B/P ratio nses to about the same value after
a gven amount of thyroxine whether 1t 15 1njected 1nto normal
rats as radioactive exogenous thyroxne, or as non radicactive
thyroxine 1nto rats 1n which the endogenous hormone 1s labelled
This 1s sumply a consequence of the fact that the endogenous
hormone 1n the circulation exchanges with myected thyroxune
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In the one case the plasma thyroxine 1s labelled by radioactive
thyroxine molecules mtroduced from outside, 1 the other, the
thyroxine introduced from outside 1s labelled by radwoactne
thyroxine already 1n the circulation

30
J:4
520
a
a
BIO
o4
o 20 40 60 80 100
Tume after cannulation (Mins)
Fic g Bile/pl ratto of rad d

hormone A without imyectton of carrier [] with an injection of 50 micro
grams of non radiactive thyroxine {indicated by arrow)

One other fact about the bihary clearance rate may be men
tioned, since, as I shall show later 1t helps to explamn how the
plasma concentration of thyroxme influences the biliary clear
ance rate An mjection of tr iodothyromne has very litle
effect on the biliary clearance rate of endogenous hormone
If, for instance, 1n an expertment sumilar to that i Tigure ¢
a rat 1s given an mjection of 50 micrograms of non radrwactive
tn 10dothyronine, the clearance rate scarcely rises above the
resting value of 2 ml per hour

RELATION BETWEEN BiLiarY CLEARANCE RATE OF THYROXINE
AND ITs BINDING BY THE SERUM PROTEINS
It 1s helpful to consider the clearance rate as a measure of the
efficiency of extraction—to borrow a term from renal physiology
The volume of plasma cleared in umt time, expressed as 2
fraction of the plasma flow to the Liver 1s a measure of the pro-
portion of the thyroxine sn the plasma that 1s extracted dunng
1ts passage through the iver Now the plasma flow to a rats
Liver 1s about 300 ml /per hour When, therefore the bihary
clearance rate 1s 2 ml per hour the iver 1s extracting 2 out of
every 300 molecules of thyroxine brought to 1t by the blood
Provided the blood flow to the liver remarns constant, the nse
1n clearance rate with increasing doses of thyroxine means that
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the efficiency of extraction increases as the load to the liver 1s
increased With the highest doses, the efficiency of extraction
mises to about 12 per cent (35 ml of plasma cleared out of each
g00ml brought to the liver) Thus relationship s rather surpns
1ng, and 1s the oppostte of the way 1n which the lidney behaves
towards substances such as diodrast that are secreted by the tu
bules Withthesesubstances, as theload to the kidney 1sincreased
asmaller proportion 1s extracted and so the clearance rate falls

A possible reason for this relattonship 1s suggested by a con
sideration of the way 1 which thyroid hormone 1s carned 1n the
plasma

It was shown independently by Gordon, Gross, O Connor
and Pitt Rivers (1952) and by Larson, Dewss and Albnght
(1952) that the crrculating thyrord hormone 1n humans 1s bound
to a specific fraction of the serum proteins This protein (thy
roxwe binding proten or TBP) can be separated by paper
electrophoresis 1n a barbiturate buffer at pH 8 4 and 1s found to
move to a position between the «, and «, serum protemns If the
thyroxine 1n the serum 1s labelled with ¥ and the serum pro-
tems are then separated by electrophorests the position of the
TBP 15 revealed by a peak of radioactivaty between the a, and
«y protemns when the radioactivity 1s scanned along the paper
Albright and his colleagues have shown that the capacity of
TBP to bind thyrowne 15 limuted If the amount of thryoxine
1 the serum 15 1ncreased to a pomt beyond which the binding
sites on TBP are saturated, thyroxine begins to attach 1tself to
albumin Simce thyroxine bound to TBP 15 exchangeable with
free thyroxine added to the serum this results 1n a progressive
displacement of radwactivity from TBP to albumm Larson
and Albnght (1955) have shown that tn 1odothyronme 1s not
so firmly bound to TBP as thyroxine 15 Therefore 1t does not
displace radioactive thyroxine molecules from their binding
sttes so readily

All these effects can be demonstrated n rat s serum though
theyareshownmore clearlyifaborate bufferisused for the electro~
phoresis mstead of a barbiturate buffer Plate XXV, Figure
10 shows a sample of rat s serum separated by paper electro-
phoresis in a borate buffer and stained with naphthalene black
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The A, band (corresponding to the «, fraction in human serum)
has merged wath the rear of the albumin band and 1s well separ
ated from the A, band (corresponding to the «, fraction in human
serum) Curve (a) shows how theradioactivity s distributed along
the paper when the serum 1s taken from rats in which the endo
genous hormone 15 labelled with 1311 Curves (5) to (d) show
how the ratlhioactivity 1s displaced on to the albumin as mereas
ing amounts of non radroactve thyroxme are mjected mto the
rats before the blood samples are taken Curve (¢) shows thata
large dose of non radioactive tr1 10dothyronine has a compara
trvely small displacing effect In this experiment, 500 micro
grams of tr1 1odothyronme caused less displacement than 100
micrograms of thyroxine (curve (¢) compared with (c))

It 1s reasonable to suppose that one of the factors which deter
mmne the bihiary clearance rate of thyroxne 1s the ease with
which the hiver can detach thyroxine from the serum proteins
If this 1s 50, the clearance rate would be higher when the thy
roune was attached to albumin by weak bonds than when 1t was
attached to TBP by strong bonds, and any factor tendmng to
increase the proportion of the circulating thyrovine bound by
albumin would 1ncrease the observed clearance rate On this
hypothests, the rise 1n clearance rate with increasmng doses of
thyroxine 1s due to the displacement of thyroxine from TBP to
albumm, as shown 1n Plate XXV, Fig 10 It s also consistent
with this explanation that tr1 10dothyronine, which does not dis
place thyroxine on to albumin very readily, hassuchasmall effect
on the bihary clearance rate of endogenous thyroid hormone

This hypothests requires much more expenimental evidence,
especially of a quantitative kind, before 1t can be accepted How
ever, 1t provides a possible explanation for what Gross and
Leblond called an overflow when they observed that the pro
portion of a dose of thyroxine excreted 1n the faeces was greater
with a large dose than with a small one

SIGNIFICANCE OF THE ENTEROHEPATIC CIRCULATION
or THyroD HorMONE
Now I should like to consider the bihary excretion of thyrod
hormone from a wider pomnt of view and to se¢ how far we can
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go towards explaming 1t As physiologists we should, 1t seems to
me, attempt two sorts of explanation—one which tells us how
1t works, and another which tells us what use 1t 1s to the body as
a whole With this m mnd, we have to consider two distinct
and perhaps independent, processes the comversion of thyrod
hormone to the glucuromde and the mechamsm whereby the
Liver 1s able to pump thyrotd hormone from the plasma into the
bile against a hugh concentration gradient

Formation of the glucurorade

To take first the formation of the glucuromde 1n the hyer
thyroid hormone 15 not the only substance conjugated i this
way Several of the steroxd hormones are converted to their
glucuromudes 1n the liver, and 1t has recently been shown by
Billing and Lathe {1956) that bilirubm 15 excreted m the bile
as a glucuromde The recent work of Dutton and Storey (1953
1955) has shown that the liver contains a conjugate of unidine
diphosphate (UDP) with glucuronic acid and that many sub
stituted phenols act as acceptors for the glucuromc acid por
tion of this comjugate Ammophenol has been used extensively
as an acceptor, and there 1s now good evidence that the reaction

UDP glucuromde +-aminophenol ~UDP
+amiophenyl glucuromde

1s catalysed by an enzyme m the liver Since this enzyme 15 not
very specific towards 1ts substrate, 1t 1s posstble that the glucu
ronudes of thyroxine the steroid hormones and bilirubin are all
formed by the same reaction and wath the same enzyme This
1s very likely to be the case with thyroune, since thyroxine 1s 1t-
self a substituted phenol

With regard to the function of this enzyme, 1t 15 usually
assumed that the synthesis of glucuromdes 1ncluding that of
thyroxine serves to promote the excretion of tovic substances
by making them more soluble 1n water The conjugation of

1
oty e TSR0 1o el s, that m croemes from gnce 1 & buee
thyroane and mirophenol when these substrates are incubated with UDP glu

curomc acd This makes t almost certan that all these glucurorudes are syn
thest ed by the reaction described by Dutton and Storey



328 N B MYANT

The A, band (corresponding to the &, fraction 1n human serum)
has merged with the rear of the albumin band and s well separ
ated from the A, band (corresponding to the e, fraction n human
serum) Curve (a) shows how the radioactivty 1s distributed along
the paper when the serum 1s taken from rats in which the endo
genous hormone 15 labelled with 1311 Curves (5) to (d) show
how the rathoactivity 1s displaced on to the albumin as increas
ing amounts of non radwactive thyronne are myected nto the
rats before the blood samples are taken Curve (¢) shows that 2
Jarge dose of non radioactive tr1 1odothyronine has a compara
tvely small displacing effect In this experiment, 500 micro
grams of tr 1odothyrommne caused less displacement than 100
micrograms of thyroxine (curve (¢} compared with {¢))

It 1s reasonable to suppose that one of the factors which deter
mune the bibary clearance rate of thyroxine 15 the ease with
which the liver can detach thyroxine from the seram protemns
If this 1s 50, the clearance rate would be higher when the thy
roxne was attached to albumin by weak bonds than when 1t was
attached to TBP by strong bonds, and any factor tending to
increase the proportion of the circufating thyroxme bound by
albunun would increase the observed clearance rate Op this
hypothests, the nise in clearance rate with ncreastng doses of
thyrowune 15 due to the displacement of thyroxme from TBY to
albumun, as shown m Plate XXV Fig 10 Itis also consistent
with this explanation that tr1 10dothyronne, which does not dis
place thyroxine on to albumn very readily, hassuch asmii effect
on the bilhary clearance rate of endogenous thyrord hormone

This hypothesis requires much more expentmental evidence,
especrally of a quantitative hind, before 1t can be accepted How
ever 1t provides a posstble explanation for what Gross and
Leblond called an overflow when they observed that the pro
portion of a dose of thyroxine excreted 1n the facces was greater
with a Iarge dose than with a small one

Si ANCE QF THE E NT T1¢ CIRCULATION
or Tuvrow Horytone
Now I should Ithe to consider the biliary excretion of thyroid
hormone from a wider point of view and to sec how far we can
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intestine the effect of an increase 1 the bilary clearance rate
must be to increase the rate of removal of thyroune from the
body by excretion 1n the facces It 1s probable, therefore that
the biliary route of excretion acts as 2 mechamsm for the rapid
adjustment of the concentration of thyrowd hormone i the
plasma The observations of Gross and Leblond (1g50) show
that this mechamsm comes 1nto play when a large dose of
thyroxine 15 mjected nto a rat but 1t has yet to be proved
that it also acts under natural conditions when the fluctuations
m the plasma concentration of thyroxine must be far smaller
than those induced experimentally (1 microgram of thyroxine
1 nearly twice the amount present m the whole of a rats
plasma)

The expeniments on the binding of thyroxine by the serum
protemns provide a possible explanation for the way 1n which the
bihiary excretion of thyroxine 1s varied But here agamn on the
evidence available at present, 1t cannot be assumed that vana
tions mn the proportions of thyroxine bound to albummn and
TBP also occur under phystological conditions

If the function of the bibary excretion of thyroid hormone
15 to adjust the amount of hormone m the circulation 1t 15 cer-
tamly not the only means of regulation available to the body
The interaction between the thyroid and the prtwstary tends to
mamtam a constant concentration of hormone 1n the plasma
It has also been shown that the rate of breakdown of thyroid
hormone ncreases when the plasma concentration 1s rassed
(Berson and Yalow 1954) This 1o doubt 15 the reason why
biblary obstruction does not cause symptoms of an excess of
thyroid hormone

Suaary
The Iiver extracts thyroxine from the plasma and excretes 1t
i the bile partly as free thyroxine and partly as the glucuromide
of thyroxine Some of the glucuromde 15 hydrolysed m the
intestine and the resulting free thyroxine reabsorbed into the
circulation  The rest 1s lost 1n the faeces If the crculating
thyroxne 1s labelled with 1*11 the amounts of organme 1dine
taking part in each phase of the enterohepatic asrculanon can
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exogenous phenols with glucurome acid may well have evolved
as a protective mechamsm, but it 1s surely a contradiction 1
terms to speak of the detoxication of a hormone that the body
synthesizes and that 1s required for normal health As T shall
explamn below, the formation of thyroxme glucuromde may
help to regulate the concentration of thyraid hormone m the
plasma Perhaps we should also keep mn mund the posstbility
that 1t does not serve any special function, but 1s mercly a con
sequence of the fact that the liver contains an enzyme that can
not distingussh thyroxine from alternative substrates

Actize transport of thyrord hoymone
At present, nothing s known about the mechanism by whch the
hwer pumps thyroxine mto the bile The actve transport of
several substances by other organs 1s known to depend on the
formation of a reversible complex mside the cells Glucose, for
snstance 15 reversibly phosphorylated during its passage through
the ntestinal wall and the renal tubules By analogy with this,
1t might be thought that the formation of the glucuromde 15 an
essential step an the transport of thyroxine across the hver some
of the glucuromde leakuing mto the bile without being broken
down However this scems to be very unlikely, because at igh
plasma concentrations of thyroxine when the ile/plasma
concentration gracdient 1s greatest the glucuromde may cease
10 appear an the hile

It 15 2 cunous fact that the hiver excretes a great many sub-
stances with a molecular weight of a few hundreds (like thy
rowne) and contammng several iodme atoms Some of these Iike
tetra 1odophenolphthalein are so lughly concentrated m the
bile that they are used as contrast media for giving a radio-
graphic outlne of the biliary tract 1o humans It may be that
these substances and the thyroid hormone are transported by
the same mechamsm If s0, a companson of thesr structures
nught suggest what this s

Finally, 1 to der the function of the bumry
excretion of thyroid hormone As we have scen, some of the
thyroxne excreted 1 the bile 1s converted to the glucuromde
Smnce thyzomne n this form 13 poorly absorbed from the
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mtestine, the effect of an increase 1n the biltary clearance rate
must be to increase the rate of removal of thyroxine from the
body by excretion 1n the faeces It s probable therefore that
the bihiary route of excretion acts as a mechansm for the rapid
adjustment of the concentration of thyroid hormene n the
plasma The observations of Gross and Leblond (1950) show
that this mechamsm comes mnto play when a large dose of
thyroxine 15 mjected 1nto a rat, but 1t has yet to be proved
that 1t also acts under natural conditions, when the fluctuations
i the plasma concentration of thyroxine must be far smaller
than those induced experimentally (1 microgram of thyroxine
1s nearly twice the amount present m the whole of a rats
plasma)

The experniments on the binding of thyroxune by the serum
protens provide 2 possible explanation for the way in which the
biliary excretion of thyroxmne 15 varied But here agam, on the
evidence available at present 1t cannot be assumed that vana-
tions 1n the proportions of thyroxine bound to albumin and
TBP also oceur under physiological conditions

If the function of the biliary excretion of thyrotd hormone
15 to adjust the amount of hormone 1t the circulation 1t 1s cer
tamly not the only means of regulation available to the body
The interaction between the thyroid and the pitwitary tends to
mamtain a constant concentration of hormone 1n the plasma
It has also been shown that the rate of breakdown of thyroid
hormone increases when the plasma concentration 15 rased
(Berson and Yalow 1g54) This no doubt 1s the reason why
biliary obstruction does not cause symptoms of an excess of
thyrowd hormone

SuMsaARY
The biver extracts thyroxine from the plasma and excretes 1t
1 the bile, partly as free thyrowune and partly as the glucuromde
of thyroxine Some of the glucuromde 1s hydrolysed m the
ntestine and the resulting free thyroxine reabsorbed 1nto the
arculation The rest is lost m the facces If the circulating
thyrowne 15 labelled with 191 the amounts of organc 10dine
taking part 1n each phase of the enterohepatic circulation can
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be measured under normal conditions In rats, about half the
output of hormone from the thyroid 1s extracted by the hver
and excreted n the bile Of this amount, nearly half 15 lost in
the facces Compared with the daily rate of synthesis of thyrod
hormone, the enterohepatic circulation 1 humans seems to be
much less extensive than 1t 1s 1n rats The biliary clearance
rate of thyroxine increases as increasing amounts of thyrosine
are mjected into rats This may be because at high concentra
tions of thyroxne the thyroxme binding protemn 1n the plasma
1s saturated, the excess of thyroxine becomng bound to albu
mn from which 1t 1s more easily removed by the hiver The
bikary excretion of thyroxine may help to regulate the concen
tration of hormeone 1n the plasma
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Resistance of Staphylococc
to Antibiotics

MARY BARBFR

Jococcal or streptococcal 1nfections were treated with

pemcillin at the Radchffe Infirmary, O<ford The results
of this first clinical trial (Abraham ef al , 1941) were so encoura
gng that with the help of the United States large scale pro-
duction of pemcsllin was undertaken For a tume the antibiotc
Was 1 very short supply, but those who were fortunate enough
to obtain samples acclatmed 1t with enthusiasm In particular
staphylococcal nfection appearcd to have been brought under
control Intensive research for fresh antibiotics with a wader
range of actvity followed and when 1n 1944 the newly dis
covered antibiotic streptomycin was found to show promise 1
the treatment of tuberculosss {Schatz Bugie and Waksman
1944}, 1t appeared possible that mfecuous diseases would be
wiped out and bactenology cease to be part of the medical
curnteufum

’Thc more perctpi nt remembered, perhaps, the warmngs of

Ko siakoff (1887) and Ehrlich (19o8) that bactena are m
fimutely adaptable to antiseptics But the era of antibiotics had
amved the great resources of the Amencan drug industry
were behund their production newspaper reports gave them
world wide publiaty and patents msisted on bemng treated
with the latest one In Great Britam some control was kept and
at least a medical prescription was necessary butinthe US A
manufacture and sale ran not so that pemellin was even i
corporated mto toothpaste and chewing gum

Jus'r over fifteen years ago six patients with severe staphy
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Today we reap the results of our haphazard use of these
powerful drugs 1 the ever mcreasing incidence of mnfective
processes resistant to antibiotic treatment Fortunately, how
ever, although nearly all species of bacteria appear capable,
under certain conditions, of yielding strains with an mereased
resistance to all the antibiotics, m climcal practice this has only
become a major problem 1 the case of infections due to Staph
pyogenes or Mycobact tuberculosis The former orgamism, the sub
Ject of this lecture, has shown such hardihood and adaptability
m the face of attackh that in most general hospitals today
staphylococcal infection 1s the myor bactenological problem

LABORATORY ASPECTS

'TYPES OF RESISTANCE

It muight well be said of the staphylococcus my name 15 legron,
for we are many’ Drug resistant variants of this species duffer,
both 1n the way 1 which they respond to the antibiotic and 1
the presence or absence of assoctated changes These chfferences
are not only determined by the antibiotic used and the environ
mental conditions, but, as Barber (1953b) has shown, a single
stramn of Staph pyogenes serially passaged 1n the presence of 2
single antibiotic may yield several types of drug resistant var
ant 1n a single expeniment Indeed, this can be seen at a glance
1f a pemalhin gradient plate 1s flooded with 2 broth culture of 2
pentcillin sensittve staphylococcus (cf Plate XXVI, Figure 1) *

With regard to therr response to the antibiotic, three main
types of resistance are encountered (1) drug tolerance, (2) drug
dependence, (3) drug destruction In the first case the vanant 18
capable of growmng m the presence of an 1ncreased concentra
tion of the antibiotic, although the latter 15 unchanged and
retains full actvity for other bacterta n the second the stram
will not grow 1n the absence of the antibiotic, 1n the third the
vanant produces an enzyme (e g pemcillinase), or some other
type of antagomist, capable of destroying the antibiotic

Of the associated changes occurnng m drug resistant vart
ants the commonest 1s a reduction in growth rate, usually

1 The plates referted to n this lecture wall be found between pp 336-7 and 352-3
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resulting from an increase i the lag phase This may lead to an
apparent increase m sensiwity to other antibotics (Chandler,
Davidson, Long and M. 1951, M and Schoenbach
1951, Barber, 1953a) Many of these slow growing vanants
show colomal changes, particularly 1n relation to size opacity
and pigmentation (Plate XXIX, Figures7 8) (cf Barber, 1953b
and c, Barber and Burston, 1955) Morphological changes are
also quite common (Rake ef al , 1944 Blawretal 1946, Barber,
1g53b) and what 15 of great importance chinzcally, most of the
stramns showing a decreased rate of growth and an abnormal
morphology are of lowered virulence Fnally a basic alteration
n bolism may be the fund | reason for resistance

The rate of emergence of drug resistant staphylococc: vares
very much with the different antibiotics With streptomyan
the emergence 15 so rapid that they frequently appear within
two to three days of the onset of treatment of an mfective process
due to an ntally strep n sensttive staphyl The
rate 1s only shightly less with erythromycin and novobiocin On
the other hand, with pemcilin chloramphenicol, the tetra
cychnes and yen, drug resstant staphyl 1 occur
relatively slowly and are unlikely to appear during the treat
ment of a single cinical case

PENiCILLIN
Pemallin resstantstaphylococet (Plates kX VI, XX VII, Figures
2~4) fall clearly mto the two groups, pemcilln tolerant or pem
cllm destructive  Penicilin dependent strains have been des
cnibed (Barber 1g53b), but are so unstable that their 1solation
1s comparatvely rare Pemerllin tolerant sirans ave readily 1solated
by senal passage 1n the presence of penucithn 1z 22tr0, but are un
stable 1n the absence of the antibiotic They are rarely en
countered 1n chmcal practice, probably because they grow
more slowly than typical staphylococei and are of reduced
virulence (Rake et af 1944 Spink Ferrss and Vivino 1944,
Blar ¢t ol 1946) Gale and Ius colleagues (Gale and Taylor,
1947 Gale and Rodwell 1g49) have shown that staphylococcal
variants of this type are capable of synthezising their ammo
aad requirements from ammoma and a carbon souree whereas
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Today we reap the results of our haphazard use of these
powerful drugs 1n the ever increasmg madence of mfective
processes resistant to antibiotic treatment Fortunately, how
ever, although nearly all species of bactenia appear capable,
under certan conditions, of yielding strains with an increased

to all the t , 10 chimeal pracuice this has only
become a major problem n the case of infections due to Staph
pyogenes ox Mycobact tuberculosis The former organism, the sub
Ject of this lecture, has shown such hardthood and adaptability
m the face of attack that in most general hospitals today
staphylococcal infection 1s the major bactenological problem

LABORATORY ASPECTS

TyPES OF RESISTANCE
It might well be said of the staphylococcus ‘my name 15 legion
for we are many Drug resistant variants of this species differ,
both m the way i which they respond to the antibiotic and 1n
the presence or absence of assocrated changes These differences
are not only determined by the antibiotic used and the environ
mental conditions, but, as Barber (1953b) has shown, a single
stramn of Stapk fogenes serally passaged mn the presence of a
single antibiotsc may yield several types of drug resistant vari
ant n a single experiment Indeed, this can be seen at a glance
1f a pemaithin gradient plate 15 flooded with a broth culture of 2

pentciilin sensitwe staphyl (cf Plate XX VI, Figure 1] *
With regard to their response to the antibiotic, three main
types of resistance are ed (1) drug tole , (2) drug

dependence, (3) drug destruction In the first case the variant 13
capable of growmng in the presence of an increased concentra
tion of the antibiotic although the latter 1s unchanged and
retamns full activaty for other bacteria m the second the strain
will not grow 1n the absence of the anubtotsc, 1 the third the
variant produces an enzyme (e g pemeilhinase) or some other
type of antagonist capable of destroying the mubiotic

Of the associated changes occurring m drug resistant vart
ants the commonest 18 a reduction wn growth rate, usually

1 Theplates referved to i thus Jecture will be found between pp 3367 and 352-3



Prate XXVI

Penicillin resistant strains Staph pyo,enes

Fie 1 Graduate plate (0 1 u/ml pensallin 1n top layer) flooded with
pentcillin sensitive strain Note vartety of perucillin reststant colonies

ditch) Ceniral streak 1s a pemaillin sensitive stram

P cillin tolerant stram plated out on pemailin ditch plate (10
) (From Barber 1953¢)
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pemcilin sensitive strans have to asstmlate them from the sur
rounding medium, a process which 1s bloched by pentcilin

Pemallin destroying sirawns, on the other hand, are almost 1n
variably the cause of penicillin resistant staphylococcal mfec
tion, but resistant strams of this type do not occur when
pemcillin sensitive stramns of staphylococar are subcultured 1
pemcilhin 2 witro Penicillin destroying strans of Staph fogenes
are fully virulent and indeed resemble penicillin sensttive strains
m all respects except the capacity to produce pemcillinase
(Barber, 1947a) This capaaty 1s a relatively permanent char
actersstic, but there 1s 2 tendency for pemcillin destroying
stramns to yield a proportion of pemallin sensitive cells, which
completely fail to produce the enzyme (Barber, 1949, Bond:
etal 1953 Fairbrotheretal, 1954)

It 15 1mportant to remember that the degree of resistance of
pemcillin destroying staphylococe: depends on the number of
bactenia present, and 1n laboratory tests may vary many hun
dredfold, according to the size of moculum used (Lurta 1946,
Barber, 1947a) Ifsuch a culture be plated out on a pencillin
ditch plate 1t will be seen that the area of inhibition 1ncreases
as the number of bactera decreases (Plate XX VI, Figure 2}
This makes 1t impossible for laboratory reports to state the pre
cise concentration of pentcillin by which such an orgamsm may
be whibited Galson and Parker (1948) suggested a double sens:
tivaty test m broth using two different sized inocula Barber
and Whitehead (1949), using such a test found that when the
moculum was approximately a milllon orgamisms all of 17
strams grew m the presence of 12 5 u/ml pemcithn or more,
whereas when the moculum was only a thousand bactera the
greatest concentration of pemallin permitting growth ranged
from 4 to 003 u/ml Since however, i most cases of staphy
tococcal wfection the organisms are present in large numbers,
1t 15 probable that a single test using « large inoculum 15 suffi
cient for rontine purposes

STREPTOMYCIN

Nearly all species of bactena are capable of yrelding vanants
showing gross resistance to streptomycin after only a few



Prate \XVI

Yentcallin resistant strains Staph pyogenes

Fic 1 Graduate plate (0 1 u'ml pentcillin n top layer) flooded with
pencitin sensitive stramn Note variety of pemalhn rewstant colomes

Fio 2 Pemallin tolerant seramn plated out on pemathn ditch plate (10
v Pen an dich) Central streak 15 a penicillin sensitive strun
(From Barber 1g53c)



Prate XXVII

Pentcillin resistant strains Staph fyogenes

Fic 3 Pemallin dependent strain  plated out on pemcillin ditch plate
{10 ufml pen in ditch) Central streak 1s 2 pemcitlin sensitive strain
(From Barber 1953¢)

Penicillinase producing stran plated out ﬁn peruaillin ditch plate
h) Central streak 15 a peucithin e stran
1 pen in ditch) pe e 530

Fic ¢4
{10 u/ml
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subcultures in the presence of the antibiotic, and staphylococer
are no exception Streptomycin dependent strains are also fre
quently encountered (Plate “XVIII, Figures 5, 6) The resis
tance 15 not associated with destruction of the antibiotic and
appears to be of the same type in 1 12tro expeniments and clinteal
practice Streptomycin resistant staphylococer sometimes show
changes n growth rate and wirulence, but many, at any rate,
resemble pemarthin sensitive stramns in these respects Umbret
and hus colleagues have shown that oxalacetate pyruvate con
densation 15 intibited by streptomycin, and that streptomycin
Tesistance 15 usually associated wath a change 1n the pathway of
pyruvic acid oxadation (Ognsky et al , 1949, Smithetal , 1949)

CHLORAMPHENICOL

Chioramphemicol resistant staphylococa are yielded compara

tively slowly As mn the case of stretomyein resistant strains,
resistance 1 not associated with destruction of the antibiotic,
although a chloramphenicol destroying enzyme has been des

enbed 1n some species of bactenia {Smith and Worrel, 1949 and
1950) Chloramphenicol resistant stramns of Staph fyogenes of
apparently full virulence have been 1solated from nfective pro-
cesses, but are relauvely uncommon now that the use of this
antibiotic 15 himited, on account of its toxicity

TETRACYCLINES

Tetracycline resstant staphylococer, ke those resistant to
chloramphenscol, appear slowly (Paine Collins, Fanland 1948
Finland Collins, Pame, 1948), but owing to the extensive use
of the tetracychine antibiotics they are now quite common 1n
hosputals The resistance 18 mot associated with antibionc de
struction, but resistant strains appear to be fully virulent There
is almost complete cross reststance between chiortetracveline
oXytetracycine and tetracvchine, although chlortetracychne
s shghuly more effective agawnst tetracychne resistant variants
381t 18 against senmitive strans (Love et al  1954)

s ExvriaroMycn

taphylococes yield strains ressstant to erythromycin more

readily than to any other antibiotic except streptomycin
z
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(Hobson, 1g54), and the spread of such strams m a hospital
where the use of erythromyain 15 extensive may be very rapd
(Lepper et al, 1954) Erythromyomn resstant strams do not
destroy the anttbiotic but they may be fully virulent, as shown
by the work of Wise and hus colleagues of Minneapohis {Wise ¢
al, 1955) who record twenty three patient with erythromycn
resistant staphylococcal infection, six of whom died The strams
show almost complete cross resistance with magnamyan, and
to some extent with the two newer antibrotics, spiramycin,
isolated in the laboratonies of Rhone Poulenc {Chabbert,
1955), and E r12g, 1solated i the Glaxo Laboratores {¢f
Garrod and Waterworth 1956)

RECENTLY IsoraTED ANTIBIOTICS
Early reports on novobiocn (albamycin, cathomyctn, carbo-
mycm, streptomvicin), independently isolated 1n 1955 1n three
different lahoratacies of the United States, show that strams of
staphylococe: resistant to this antibiotic occur faly readily
bothn zatre and 1n chimical practice (Nichoks and Finland, 1956)
‘With another recently discovered antibiotic, vancomyan, resis
tant strams are much less easily obtained (Garred and Water
worth 1956)
Mope or OricIv

A great deal of hterature has been desoted to a chscussion of the
mede of origin of drug resistant vanants of bactensa and gene
ticasts of different schools of thought have tended to take ngdly
opposing views as to the effect of the environment Some
authors appear to believe that all drug resistant varants arise
by a process of spentancous rmutation m which the presence of
the antibiotic has only a selective action whereas others clnm
that the change occurs by a process of adaptation to the enviran
ment Thus spontaneous mutation and adaptive change
have become sharply contrasted theortes, and 1n the words of
Dean and Hinshelwood (1953) doctrinal rguments of a dis
unctly scholastic flavour have tended to create antitheses
which sn fact are unreal

To the umndoctnnated 1t seems clear that mutation and
adaptation arc not mutally exclusve processes, and that
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attempts to find 2 single explanation for the mode of ongin
of all the many types of drug resistant bactena are fuule
That bactena do yield what appear to be spontaneously occur
nng mutants 1s indisputable, they are also very labile organisms,
which are peculiarly susceptible to changes in the environment

In a few laboratory experiments bactenal variation has been
induced by the speaific transfer of properties, including anti
botic reststance, from one cell to another Examples of this are
the transformation of pneumococcal types by the nucleic acd
fraction of speaific nucleoprotemns, the sexual fusion and re
combination of certain strawns of Bact ¢ol: and transduction of
Properttes by bacteriophage 1n Salmonella species A detatled
description of these reactions 1s beyond the scope of this lecture
but antibiotic may be spectfically induced by these
Processes and those interested are referred to the review by
Austnan (1g52)

Antibtotic tolerant Staphylococs In most cases antibotic re
sistant vanants arise by a discontinuous process 1n which the

P 1s not h suggesting sp us muta
tion Thus i the first instance a few vartant cells appear, which
1f not favoured by the environment are likely to be overgrown
The presence of the anubiotic however, has a selective action
50 that the few antibiotic resistant mutants are favoured at the
e€xpense of the rest of the population until a pure culture of
antibiotic resistant cells 15 obtained

Since naturally occurring mutants have a random distn
bution their number will vary i expeniments with different
cultures of the same organisms but should be strmlar i different
samples of the same culture (cf Luna and Delbruck 1943)

emerec (1945 and 1948) found this to be the case with strep
tomycin resistant and pemcillin resistant vanants of Stapk
Hyogenes Further confirmation of the spontaneous ongin of anty

1otic resistant vartants has come from the work of Lederberg
and Lederberg (1952) who by means of a replica plating
method were able t6 demonstrate the pre existence of mutants
before theur selection by antibiotic n the environment
Pemcrllin destroying Staphyl Although p 11 pro-
duction by staphylococer 15 a fairly stable characteristic peni
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cillin ressstant strains of this type, when subcultured 1n the
laboratory, tend to yield an increasing proportion of cells which
have completely lost the capacity to produce the enzyme
{Barber, 1949, Furbrother, Parker and Eaton, 1954) The
change appears to be a sudden complete loss and suggests
spontaneous mutation It 1s quute possible, therefore, that cells
which have gained the capacity to produce percillinase arise
by a process of spontancous mutation from pemcillin senstirve
staphylococci Since, however, this vanation has not been un
equivocally demonstrated either iz 21t or i piwo, the mutation
must be a rare one

Recently Barber (1957) has shown that certam penicillin
sensitive strains of Staph pyogenes yield vanants with very weak
penaillin destroying activty (less than one hundredth that of a
typical climcal stramn) when passaged over very long periods in
the presence of very low concentrations of penalin. Whether
this weak activity 1s due to a pemcillinase similar to that of the
strains so common 1n chinical practice, and can be increased by
further passage remains to be determined but, if so, sub
bacteriostatic concentritions of pemalin 1n the tissues or
abscesses of pemeillin treated cases may be an 1mportant factor
1n the emergence of p lin resistant staphyl -al infection
Moreover, transfer of such strains from case to case 11t hospitals
may well constitute a method of passaging stramns in sub
bacteriostatic concentrations of pemcillin

EPIDEMIOLOGY OF ANTIBIOTIC RESISTANT
STAPHYLOCOCCAL INFECTION

Whatever the ultimate mode of ongin of antibiotic resistant
bacteria, 1t 1s clear that the increased mcidence of antibiotic
resistant staphylococeal infection 1n hospitals 15 due to the
selection of drug resistant strains by the use of antibiotics, and
the spread of these stramns among patients and nurses mn the
hospital environment Indecd 1t 15 no exaggeration to say that
hospitals where the use of antibiotics 15 widespread have become
breeding grounds for a few strains of antibiotic resistant Staph
pyogenes, the spread of which 15 not prevented by what 1s usually
regarded as satisfactory aseptic technique
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EARLY REPORTS OF ANTIBIOTIC RESISTANT STAPHYLOCOCCAL
InrFECTION

Barber (1947b) and Barber ind Rozwadowska Dowzenko
(1948) first drew attention to the rapid and progressive increase
m the inadence of penicillin resistant staphylococcal mfection
1n a large London hospital between the years 1946 and 1948
They found that the percentage of cases of staphylococeal
fection 1n this hospital which were resistant to penicilin was
14 per cent 1 1946, 38 per cent 1n 1947 and 59 per cent 1n
1948  Simlar reports soon followed from other hospitals 1n
England (Forbes, 1949, Barber and Whitehead 1949, Barber
et al, 1949 Cairns and Summers, 1950) Australta (Rountree
and Thomson 194g9) the Umted States (Nichols and Need
ham, 1949, Spink, 1951, harby and Ahern, 1953) France
(Chabbert et al , 1953), Scandinavia (Enksen 1952 Vogelsang,
1953 Wallmark 1954a), the USSR (Glasman 1953)
Chile (Valenzuela and Vacearo, 1954), Egypt (El Ghoroury
1954) and Finland (Anttonen, 1955) Today pemacilhin resis
tant nfection 1s quite common among hospital out patients
(Wallmark 1954b, Rees ¢t al, 1955 Fairbrother 1956) and
even in general practice {(Roodyn, 1954)

The story with minor vaniations has been repeated wath the
newer antibiotics wherever their use has been widespread, and
today staphylococeal infection 1 hospatals 1s frequently due to
strains resistant to pencillin, streptomycin and all the tetra
cyclme compounds (Rountree and Thomson, 1952, Lowbury
etal, 1952 Clarke et al 1952, harby and Ahern, 1953, Barber
and Burston 1955, Brodie et of 1955 Finland 1g55) It s
mteresting to note however that since the use of chloramphen:
col has been reduced because of posstble bone marrow damage
strams resistant to this antibiotic have become comparatively
rare (cf harby and Ahern 1953 Finland, 1955 Barber and
Burston, 1955)

At present the ncidence of erythromycmn resistant staphy
lococet 15 neglhgible m most hospitals 1 this country It 1s
clear however that this will not remaimn true unless the use
of erythromycin be strictly controlled As indicated earlier
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staphylococes readily yield strains resistant to 1t and this 1s not
sunply a laboratory phenomenon Thus Thomson et al (1956)
report that in 6 of 71 cases of staphylococcal infection treated
with erythromycin, resistance developed during treatment

GENERAL POPULATION 0UTsIDE HOSPITALS

Until recently antibiotic resistant staphylococcal mfection was
regirded as almost exclusively a hospital problem Unfortu
nately this 1s no longer the case with regard to pemscilln
resistant 1nfection, although the incidence 1s still much less
frequent outside hospitals, and snfection resistant to other antt
biotics 15 sull largely confined to these nstitutions The first
change was noted among hosprtal out patients Early workers
reported that the imecdence of antibiotic resistance nfection
among this group was small (Forbes, 1949, Barber and Whate
head, 1949) In 1955, however, Rees ¢f 2! found that 21 5 pes
cent of 200 strans of Stapk pyogenes solated from acute mfections
attending a casualty department were pemcillin resistant, and
Fairbrother (1956) found an even higher mncdence among
out patients

The problem has now reached the general practitoner
Roodyn (1954), working at a health centre, found that 23 per
cent of 93 strams of staphylococer 1s0lated from boils and styes
were pentcillin reststant and 1n a later study (Roodyn, 1956)
he found that go g per cent of strains 1solated from the anterior
nares of patients suffering from recurrent nfection were resis
tant to pencllin

Finally Rountree and her colleagues (Rountree and Rheu
ben, 1956) in Sydney have demonstrated the increasing mcl
dence of pentcillin resistant stramns of Staph  pyogenes 1solated
from nasal swabs of blood donors Thus the percentage of
donors carrying perucilhin resistant strams of Staph pyogenes was
3 51n 1951, 6 51n 1954 and 13 10 1955 These figures speak for
themselves and Mustrate what will happen with the newer
antibrotics of their use 1s not controlled The same investigator
(Rountree, 1956) studied the nasal flora of natves of the Wabag
region of New Gumea 2 group of people which has had very
Bittle contact with so called ervilized commumties She found
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that 23 of 120 people carried Staph gyogenes m the nose, but
none of these stramns was antibiotic resistant, although 18 of
100 coagulase negative strams 1solated were pemcillinase
producers

InrECTION IN MATERNITY DEPARTMENTS

In 1949 Barber, Hayhoe and Whitehead studied a matermty
hosprtal where staphylococcal mnfection had become a serous
problem Staph pyogenes was 1solated from 42 nfective processes
n mfants, 1n 39 nstances pemallin resistant stramns were found
and all but two of the typable resistant strans were phage
type 52A Throughout a period of eight months 56-58 per cent
of the nursing staff of this hospital were found to be nasal car-
miers of Staph pyogenes, 40 to 8o per cent of these carrers carned
pemallin resistant strams and agan nearly all the typable
Tesistant strains were type 52A This picture remained constant
1 spite of the fact that the nurses themselves were continuously
changing as the hospital was a tratning school for pupil mud-
wives who came for a peniod of one to three months When the
nasal carmage rate of pemiciliin resistant Staph pyogenes was
studred 1 relation to the length of time the nurses had been
1n the hosptal 1t was found that the two went closely together
Thus only 24 per cent of nurses who had been 1n the hospital
for a fortmght or less carned such strains whereas the incidence
among nurses who had been there three months or more was
67 per cent

It seemed clear that a single strain of Staph pyogenes of phage
type 52A and resistant to pemcillin was spreading round this
hospital and was responsible for the sepsis

In a later study (Barber et al 1953) of 2 matermty umt n
which sepsis was uncommon and relatively trivial st was found,
nevertheless that 61 per cent of the nursing staff were nasal
carriers of penicillin resistant Staph pyogenes and the majority of
typable strams were phage type 52A Moreover 65 per cent
of the infants left the hospital carrying pemeilhin resistant strains
OF Staph pyogenes 1 the anterior nares which were sumilar ;m
phage type to those 1solated from the nurses, and 1n the majority
of cases the nasal flora of the infants differed from that of their
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respective mothers No strains resistant to antibtotics other than
pemcithn were encountered

Laboratory tests mndicated that nearly all the carner strains
wsolated from nurses and babies were active 1 the production
of coagulase and « haemolysin Tt must, therefore, be assumed
that potentially virulent stramns of peradin resistant Staph
pyogenes were spreading round the department Why then there
was no severe sepsis remains a problem and wall be discussed
1n the section devoted to the virulence of staphylococe: and the
resistance of the host Further studies of the same matermty
unit two years later (Barber and Burston, 1gss) yelded an
essentially similar picture, and even at this date strans resistant
to antibotics other than penicithn were extremely rare

It 15 ympossible to summarize 1n one lecture the work of all
v estigators w ths field but mention of a few studies wall bring
out the sahent features Colbeck {1940) described an outbreak
of breast abscesses 1 the maternity units of four general hos
pitals 1 Winnipeg caused by a single penscithin resistant stramn
of Staph fizegenes typed by a speasfic phage wsolated early in the
mvestigation He wolated a sumlar staphylococcus from the
nose or throat of 26 2 per cent of the mfants i one of the four
hospitals, and suggested that this was the reservorr of mfection

Au mnteresting seres of papers on staphylococcal sufection
n the newborn have come from 2 group of worhers m Edn
burgh Torfar et of (1953) reported on the sepus occurring m
tno large maternity wmits 0 1951 Just over 6 per cent of the
babies 1 cach of these hospuals developed of skin
or conjunctiva most of which were staphylococeal and 2
number of cases developed more serious sepsis, often after
returming home OfF 56 stramns of Stapk fogenes wolated from
these cases 76 7 per cent were reststant to pemuallin 12 5 per
cent to streptomycin 17 4 per cent to chloramphenicol and 4 5
per cent to chiortetracyehine Since no strains resistant to aither
of the two latter antthiotics were ssolated from members of the
nursing staff, it was assumed that cross wnfection was a more
1mportant source of spread than infection from nursing stafl

1n 1955 the same group of workers (Ldmunds ¢t of  1955)
recorded the characterssucs of pathogensc staphylococer solated
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mn the environment of newborn infants born in hospital and
athome Three different maternity umits were studied 1n all
of which there was a high madence of mild sepsis but no
serious 1nfectton  Nevertheless, as mn previously described
studies (Barber e al , 1953, Barber and Burston, 1955) spread
of Staph pyogenes to mfants was ssmuilarly frequent 1n all three
hospitals The staphylococcal advantages of being born at home
were clearly demonstrated and this despite the fact that there
was a high nasal carnage rate of Staph pyogenes among the
nurees attending

Finally mention must be made of the eprdemic of staphy-
lococcal pneumoma 1n the newborn described by Beavan and
Burry (1956} from Chnistchurch, New Zealand The outbreak
occurred i the matermty annex of a large prvate hospital
where the babies were nursed 1 a single nursery designed to
accommodate thirty cots, and sometimes allowed to contamn a
larger number At the onset of the epidemic mnor staphy
lecoceal sepsts was considerably more prevalent than in other
maternity umts in the city The epridemic incduded eight fatal
cases and autopsy showed a haemorrhagic pneumonia, appa
rently resuling from mhalation with 2 tendency to suppura
tion and consistent and early involvement of the pleural cavity
The staphylococes 1solated were all resistant to pentcillin and
haghly seusitive to erythromycin, but there was some variation
mthe degree of sensitivity to streptomycin, the tetracyclines and
chloramphenicol Phage typing of a hmited number of stramns
indicated that many 1f not all, were of the same phage pattern
and belonged to Group I The authors pomt out theimportant
lesson that ‘mimor staphylococcal infection in the nursery must
not be taken Lightly

Post opEraTIVE INFECTION
Clarke et ! (1952) were among the first to report the appear
ance and dissermnation 1n a hospital of a staphylococcus re
Sistant to lin streptomy h pt 1 and the
tetracychines As many as 20 of 25 nfections from which this
organism was isolated were post operative cases and clearly
the result of hospatal cross nfection In a later paper the same
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group of workers {Clarke ef af , 1954) discuss the hugh edence
of cross infection with penscilim resistant Staph progenes n two
surgical wards They demonstrated that dust suppression, by
oiling floors and bedclothes, did not affect the madence and
concluded that contact spread 15 more 1mportant than are air
borne bacteria

Barber and Burston (1955} analysed 100 cases of staphy
lococcal mfectton occurmmg m a general hospital between
November 1954 and Apnl 1955 Only 40 per cent of the stratns
solated were sensitive to all antibiotics and nearly all of these
were 1solated from out patients or patients admutted with closed
abscesses or recent acute infections There were 28 stramns re
sistant to pemcithin only 10 of these were from out patients and
the rest came from all departments of the hosprtal Analyss of
24 strams resistant to pemcillm, streptomyean and the tetra
cychnes, however, showed that 17 were from post operative
infections and all the remammg 7 from patients admitted to
hospital with chronic open mfections

Al the multiple resistant stramns responsible for the post
operative mfection were phage group II¥ and 12 were identical
i phage type Nevertheless no smgle source of infection could
be found, since the patients were in ten different wards and had
been operated on by nine different surgeons n three operating
theatres As 1 most large hospitals however, clean and septic
cases were admtied to the same wards and the seven patients
with open chronie infection due to antibiotic resistant strans of
sumlar phage type were in five of the ten wards concerned
Cross mnfection from these and simular cases seemed therefore,
a probable explanation

An wmportant study of cross infection with penteidhn re
sistant staphylococer i a thoracic surgery umt has recently
come from Middlesbrough (Blower e2al 1955) These workers
report that m 1952 the madence of mfection was 10 g per cent
of all cases and as 1 result the unit was temporarly closed The
staphylococes solated were resistant to pemtcilbin only and
were of vanous phage types all in Group HI They attrsbuted
this infectzon to a number of causes notable among which were
lack of fachties to 1solate miccted patients, and sn the theatre
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the use of inefficient ventilation, unsterilized blankets and exces
sive activaty of the stafl’

SUPER INFECTION DURING ANTIBIOTIC TREATMENT
In any patient treated with one of the broad spectrum anti
buotics the normal bactenal flora of the body 1s practically
ehminated In such patients many parts of the body, partt
cularly the ! tract, are liy prone to attack by
antibiotic resistant staphylococer i the environment This may
tesult 1n 1nfections of unusual type and seventy Finland and
Ius colleagues 1n Bo ton, Massachusetts, were the first to draw
attention to this In 1951 (Jackson et al) they studied g1 cases
of f , mostly p cal, trcated with oxytetra
cychine and found that 1n 48 Staph aureus replaced other bac
tena and became the predominant organism in the sputum
dunng the course of treatment In the whole series there were
only seven deaths and staphylococcal super mfection accounted
for four Such unusual conditions as staphylococcal dysentery”
(Womack et al, 1952) and staphylococcal scarlet fever (Hazen
¢, 1951), developing duning antibiotic therapy, were re
ported from the same hospital (see also Finland 1951)

Hay and Mchenzie (1954) reported the side effects of
oxytetracychine therapy n 603 cases (mostly children) of gastro
Intestinal mfection 1n Glasgow Twenty one developed staphy
Iococeal 1nfections consisting of 2 cases of fatal gastro entero
colitis 7 cases of scarlet fever, 8 cases of sore throat without a
fash, 1 case of balanstis and scarlatina and g unnarv mfections

acteriological mvestigations were not done 1 all cases but co
2agulase posttive staphylococet weresolated from 14 Of 12 strains
tested all were resistant to penicillin and the tetracyclines and
2 akso to st P and 2 to chlor 1 1 5 strains were
Phage typed and though all were Group III there were 3
different types Thus infection was not due to spread of a single
stram but, the danger of broad spectrum antibiotics 13 clear,

lalll'ld 2 the authors pomt out they should not be used 1n mimnor
nesses

A nimitay
St An

r report comes from Brodie and his colleagues in
drews (Brodie et al 1955) They studied the comphcations
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occurring 1 378 children treated wath tetracycline for baal
lary dysentery Antibiotic resistant staphylococcal mfection
occurred in 48 and consisted of scarlet fever, sore throat
without rash, enteritis or a combmation These infections were
apparently due to a ‘hospital staphylococcus resistant to pemt
cillin, streptomycin and the tetracyclines, and of a defined
serological type

Pseudomembranous enterocohtis This fulmunating cholera ike
conditton was first observed by Finney 1n 1893 m a patsent who
had been operated on for pyloric obstruction Many reports of
sinular cases followed, and although 1 most mstances the con
dition followed abdominal surgery, particularly operations of
the colon (Pettet et af , 1954), a few cases occurred without any
operation (Kleckner et al, 1952) The actiology remamned ob
scure, although many explanations were put forward Thus
Reidel (1902) suggested that long operations with severe blood
loss incapacitated the intestines, and Penner and Bernheim
(1939) thought that post operative shoch caused dilation of
submucosal capillanies and venules, leading to oedema, haemor
rhage and finally necrosis of the overlymng mucosa

Since the widespread use of the broad spectrum antibrotics,
sudden, often fatal, enterocohuss following surgical operations
has been reported with wereastng frequency (Jackson ef ol
1951 Janbonetal , 1952 Terplan, 1953, Deaning and Heilman,
1953, Gardner 1953, Hay and McKenzie, 1954, Williams,
1954, Frame and Short, 1955, Fowler 1955) In most cases
antibiotic resistant staphylococc have been incrimmated and
1t 18 suggested that pre operatve sterihization of the gut with
antbiotics has left a free field for implantation with hospital
strams of thts orgamism In many cases examination of a Gram
stained film of faeces 1s sufficient to establish the dragnosis, simnce
the normal faecal flora 1s completely replaced by clumps of
Gram positive cocct

Although some cases of post-operative enterocolitis are prob
ably due to other bactena, particularly C! welchu (cf Howe
¢t al 1953) or not associated with any pathogemic micro
orgamsms (Wiliams and Pullan 1953), antibiotic resistant
staphylococc appear to be the main aectiological agent tn an
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mcreasing number Recently Surgalla and Dick (1955) found
that 70 of 32 strawns of staphylococer wolated from the facces of
patients during a course of anuhiotic produced an enterotoxin
pathogenic for monkeys These authors suggest that the seventy
of post antibiotic enterocolitis, as opposed to staphylococcal
food posoming 15 due to the fact that in the absence of the
normal gut flora staphylococcal enterotoxin production persists
within the body

Staphylococcal Preumonta wn Infants Many workers have shown
that the incrdence of staphylococeal pneumonia in children has
increased greatly since the introduction of the broad spectrum
antibiotics Thus Prissick (1953) reported that in a children s
hospital 1n Montreal the percentage of deaths due to this con-
diton was 11 9 1n 1951, whereas the lighest figure m any pre
Vi0us year between 1942 and 1950 was 32 Wallman of af
(1955} saw 55 cases (1o fatal) of staphylococcal pneumoma 1n
wfants at 4 children s hospital m Perth durng a 29 month
Ppenod in 1953 to 1955, whereas previously they regardedatasa
rare disease Disney ef al (1956}, reporting a series of 35 infants
with staphylococcal pneumoma 1n a hosptal 1n Birmingham in
1953 and 1954, concluded that if therr findings were repre
sentative, any infant under two years old with climcal signs of
Preumonta or fluud i the chest has more than three chances to
one of being infected with Staph aureus Most of the strains 150
lated 1 all these mvestigations were resistant to pemcaihn and
many to other antibiotics Wallman et al (1955) commented on
the relative 1neffectn eness of the broad spectrum antibiotics
controlling the infcction

VIRULENCE AND BaCTERIOPHAGE TYPES

Staphylacoccal infection appears to have wmereased both 1n
frequency and severity sice the introduction of antibiotics
The gradual el of antik tive strarns and the
selection of antibiotsc resistant staphylococer manly of a single
Pphage group, together with cross infection from case to case,
has, no doubt, led to the selection of increasngly virulent
org: fc lystiscufficult tod differences
 the virulence of pathogemc staphylocacer in the laboratory
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so that evidence for increased virulence of a particular strain
1s crrcumstantial only A good deal of evidence of tius nature 1s
however, accumulating

Barber and Burston (1955) show an association between post
operative and neonatal cases of mfection with other nfective
processes rather than nasal carriers Both Rountree and Free
man (1955) and Beavan and Burry (1956) describe outbreaksof
severe neonatal infection due to strains which had apparently
become of increased virulence by passage among babues suffer
g from mmor infections, which had been occurring with
creasing frequency in the department for some trme pre
viously Brodie, Sommerville and Walson (1956) found that
newly arnved nurses did not become nasal carrsers of Staph
frogenes while they were m the preliminary traming school,
although they were 1n close contact with more senior nurses who
carnied such orgamsms, but did so soon after entry mto the
wards, where, of course, they came into contact with infective
processes

Many workers have recently claimed that different phage
types of Staph pyogenes vary 1 virulence and n their capacity
to cause certain types of mnfection Thus pemaliin resistant
strams of phage type 70 are the common cause of impetigo
(Parker et al, 1955, Barrow, 1955) Alder et al {1955) found
that most boils and nasal carners yielded Group 1 strauns,
whereas wound infections were usually caused by Group I1I
strams, although 1n the latter case the multiple antibiotic
resistance of this group was probably 2 major factor Further
examples are given by Anderson and Williams (1956) It seems
probable, however, that all phage types of Staph fyogenes are
of potentially high virulence once they become established i an
nstitution

The association between certain bacteriophage types and
antibiotic resistance 15, however well established In 1049
Barber and Whitehead 1n England and Rountree and her col
Jeagues 1 Australa found that penicillin resistant staphy
Jococeal nfection occurring n hospitals was due to stramns of
Stapk fyegenes belonging to only one or two phage types (Bar
ber and Whtehead, 1949 Rountree and Thomson, 1949), and
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that many of the nursing staff carned similar strams i the
antenior nares (Barber, Hayhoe and Whitehead, 1949, Roun
tree and Barbour, 1951) In the first cases described by both
groups of workers, the stramns belonged to phage group III,
but m many later cases staphylococcr of phage type 52A

Taste 1 Bacteriophage Groups of Antibiotic sensitnve and Resistant
Strams of Stath pyogenes

Bactertophage Groups

© ofstramssolated  °, of strains isolated
from medical and from maternity

Date  Antibiotic sensitivity urgical wards mts
I II III NT I II IINT

198 Resstantto Pen only 6 3 82 9 — — ~— —
1840 100 70 20 6 0 0 40
1953 e o m s B3 1638
1955 317 48 0 6 8 19 4
1955 Resstant to Pen Strep O 0 100 0 0 0 100 0
1955 Resistant to Pen Strep

Tetra 0 100 0 0o 0 100 0

1948-53 Antibiotic sensitive 31 21 19 29 32 25 24 19

Pen ~Pemcilln  Strep =S

Tetra =Te
N'T =non typable

{Group I} were 1solated, and penicilhn resistant orgamisms of
this type have since tended to predommnate mn many maternty
units (cf Barber Hayhoe and Whitehead 1949 Barber et al,
1953 Barber and Burston, 1955) The proportion of penscillin
resistant stramns of phage group II 1s relatively small, but a
moderate number are now being encountered (Wilharms et al
1953 Barber and Burston 1955)

Strains of Staph pyogenes of phage group TII appear to yteld
drug resistant vanants more readilv than do stramns of other
Phage groups and today most infective processes in British

9spitals resistant to streptomyem or the tetracychnes are due
t0 Group 111 strains The personal findings of the author with
Tegard to the relationstup of antibiotic sensitivaty and phage
8roup are summarized 1n Table 1 A simular association between
Phage group TII and antibiotic ressstance has been recorded
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mn hospitals 1n France (Fouaces and Lutz, 1953), Denmark
(Wallmark, 1954a) and the US A (Fusillo ¢t af, 1954, Jack
son etal , 1954)

Resistance of Host

On the host side several factors need to be considered Of
prime 1mportance 1s the bacterial vacuum caused by treatment
with broad spectrum antibiotics Since Pasteur posed the ques
tion—‘1a vie sans mucrobes est 1l posstble? —the role of the
normal bactertal flora of the body has been studied extensively
Today 1t 1s clear that whatever else these fellow travellers may
do for us, they certainly act as a defence against invaders

In post operative cases tissue damage and intation by
sutures, starvation and shock may all play a part Dubos and his
colleagues at the Rochefeller Institute have shown that a
vanety of procedures which disturb metabolism, particularly
starvation, mereases the susceptibility of muce to mfection with
staphylococer and other bactenia (Dubos ¢f al , 1g55 Dubos,
1955) In cases of staphylococcal pneumomia an antecedent
virus infection may be a predisposing cause (Disney et al, 1956,
Evans and Evans, 1956)

Finally mention must be made of specific antibodies Al
though most adults n this country have developed antibodies
to staphylococat and many of 1ts toxic products without
becoming immune to mfection, 1t seems probable that the
admnstration of staphylococcal toxoid increases resistance
to infection as well as the amount of circulating antitoxm
(Dolman, 1933 1935, Parsh, O Meara and Clarhk, 1934
Whitby 1936) Antibodies to coagulase (Lomnski and Roberts,
1946), leucocsdin (Valentine and Butler, 1939) and staphy
lococcr themselves (Lyons 1937) have been demonstrated, but
much further study 1s needed before their role in immunity can

be assessed
PREVENTION

Control of Antibwties The emergence of antibiotic resistant
staphylococct m ever increasing numbers and distrzbution can
only be prevented by controlling the use of antibiotics When
the use of a particular antibiotic 15 stopped 1n a given institution
the maidence of staphylococer resistant to 1t often falls quite
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Streptomycin resistant steamns Staph  progenes plated out on streptomyan
ditch plates (100 pgm fml streptomycin 1 duch) Central streak 15 2
streptomycin sensiive trun

e 5 Streptomyein sensityve strain {upper half) and streptomycin tolerant
stran (louer half) dernved from 1t afier 6 pasages i streptomycm

Fic 6 Sipe
Dtomycin d pendent st upber half) and strain favoured by
steeptomycn (ogr paif ) T T e A e rben ros1
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Antibrotic resistant stramns Staph pyogenes showing assocrated changes

Fic 7 Antubiotic sensitive strain (upper half) and streptomycin resistant
small colony vanant (lower half)

ts
Strain showing transparent colony varan
Fic 8 TEvars
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rapdly As mentioned earlier, thus has been the experience of
many workers n relation to chloramphemcol A very striking
example of this pehnomenon with erythromycin has been re
ported by Lepper and his colleagues (1954} from a fover
hospital 1n Chicago The antibiouc was introduced for the
treatment of all cases of pertussis or coccl infections other than
menngitis 1n September 1952 Within five months 75 per cent
of the staphylococer wsolated from hospital personnel were
Tesstant to 100 pgm /ml erythromycin, and g, per cent of the
strains causing respiratory infection m tracheotormzed patients
vere umilarly resistant In February 1953 the use of erythro-
myain was stopped and by June the mcidence of erythro
mycin resistant staphylococei amongst those 1solited from
hospital personnel had fallen to 29 per cent
Lowbury (1955) found that when the use of chlortetracycline
was discontinued 1n a burns wnit the proportion of tetracycline
resistant staphylococet 1n the ward tended to fall at about the
same rate as st had increased while the antibiotic was 11 use
Gibson and Thompson (1956) show how the 1ncidence of chlor
tetracychine ressstant strains of. Staph pyogenesisolated from burns
increased over a period of one year duning which all burns were
treated bylocal application of this antibiotic, and then decreased
when this treatment was discontinued
New Zealand has recently set an example Following the
'vestigatons of Beavan and Burry (1956) who state that
resistant stramns of staphylococe: have become a real problem
in New Zealand only 1n the past year since the broad spectrum
antibiotcs have been avalable on a doctor s prescniption the
Minster of Health of New Zealand announced that from
L&bm“’y 1956 erythromyein would not be 1ssued to doctors
¥ the Socral Secunty Fund except through hospitals and then
odly for the treatment of diseases which did not respond to
ather remedies Moreover hospitals were asked to use the
antibioye carefully
aikng government control which no doubt many doctors
b ould regard as 5 senous curtailment of their iberty individual
ospitals could do much The ahove mentioned mstances of the
Sappearance of resistant strams following discontinuance of
24
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an antibiotic n a hospital encourage the behef that a careful
hospital policy for these drugs could play a major part in the
control of antibiotic resistant  staphylococcal nfection  As
enough antibiotics are discovered, perhaps, the ones 1 mam
use could be changed every srx months or so, and even with our
present supply 1t 15 possible for hospitals to keep at least one
antt staphylococcal \gent in reserve

Indmidual doctors 1 hosprtals should be asked to use 2t
brotics with discrimination, only for the treatment of infections
Lkely to respond, and wherever posstble with laboratory con
tral Prophylactic treatment, especially with the broad spec
trwm antibiotics which elimunate the normal bacteral flora,
should be reduced to 2 muumum Wherever antsbiotics are used
they should be given 1 full doses and for adequate pertods The
emergence of antibiotic resistant staphylococer mught also be
reduced by the use of two antibactersal agents, rather than one
in the trcatment of staphylococcal infections, as 1s now almost
umversally done w tuberculosis Finally, since prolonged local
treatment 15 the ideal method for encouraging the development
of antibiotic resistant vanants only anubsotics which are too
toxic for systesme admnsstration should be used for local applt
caton, and for this bacitracin and neomycin alone, or 1 com
bation can be recommended

Control of Crass mfection One wy to avord getting antibiotic
reswstant staphylococeal infection at present 1s, of course, o
keep out of hospitals and both Ludlam (1953) and Edmunds
et al (1955) bave demonstrated the staphylococcal advantages
of being born at home A betier answer would be to improve
hospitals, but this 15 2 major problem and would entail con
sderable structural alterations Once agam however, New
Zealand lcads the way Thus Pickenl] and Pickerilt (1954)
working 1 a small hosputal for mnfants undergomng plastc sur
gery, clamm that cross snfection has been ehiminated by a system
of mother nursing, each mother and mfant being gnen a small
private ward No doubt few hospitals have the facilises for this,
but 1t 15 igh time we faced the fact that staphylococeal 0
fection 1s a commumeable disease and shonlid not be nursed m
the smddle of a large general ward
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The hugh mnadence of nasal carners among the nurses m
hosputals cannot be 1gnored As shown by Hare and Thomas
(1956), staphylococes from nasal carriers are not spread directly
by droplets but follow an indirect route, mvolving contammna
ton of skan and clothing similar to that of other respiratory

g (Hare and Mack , 1916} It 1s, therefore, more
unportant for carriers to wear stenle gowns and gloves than
masks when attending to babues or surgical dressings Some
imvestigators have recently claimed a reduction in the madence
of antibiotic resustant staphylococeal infection by the treatment
of staff nasal carners (Gould and Allan, 1954, Rountree ¢t al
1956) This may be of value, but, as for all local treatment,
antibiotics switable for systemic use should be avoided Brodue,
hert and Sommerville (1956) have shown that faecal carrers
among patients are another important source of antibiotic
Tes stant staphylococea

Notwithstanding all these carriers the mostimportant measure
for avording hospatal infection with Staph fyogenes 18 to keep all
Sephic cases out of clean wards and theatres and the present
pohiey of nursing patients after clean operations side by side
withopen staphylococcal infections, and operating on clean and
Seplic cases 1n the same theatres cannot be too strongly con
demned Until a hospital policy of segregating septic cases has
ﬁfn mtroduced, other measures are unlikely to have much

fect
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Pohiomyelitis

H ] SEDDON

aspects of paralync poliomyelttis Much of 1t has been

carried out at the Roval National Orthopaedic Hospatal
and the Institute of Orthopaedics but here and there I shall
refer to relevant work done clsewhere

¢ extremely vanable vulnerability of the central nervous
system n poliomyehtis 1s a most mysterious affarr though we
ate beginning to find a few clues such as the harmful influence
of myury (Levinson  Milzer and Lewin 1 945, Grossiord,
Wimphen and Desproges Gotteron, 1953) ncluding certamn
types of ijections (Medical Research Councit 1956) the role
of exercise, (Russell 1947 Horstmann, 1950} though recently
doubt has been thrown on 1ts importance (Sutherland 1956)
and the evil effects of tonsillectomy and pregnancy All these
factors tend to increase the susceptibility of the nervous system
during the incubation pertod of the disease

There can be an ncreased local vulnerabilty too  Paralysis

Provoked by mjection 15 often predomimant m the hmb mto
which the mjection was made paralysis followmng tonsillectomy
1s ﬁcquendy bulbar Yet apart from such known locahang
actors there 1s a fairly constant predilection for the lumbo-
sacral cord Thus has been demonstrated repeatedly as in the
Maita epudemic of 1943 (Seddon Agmus Bernstemn and Tun
bridge 1945), and various ngentous hypotheses have been

gu‘i forward to explain 1t but not one of them carries convic
on

Tﬂls lecture 1s concerned with some recent work on certain

Some of our recent work has been focused on an even
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narrower aspeet of the problem, the detailed anatonucal distn
bution of the lestons in the spinal cord

Crrz, Srattons

Two features of pohomyehtis have long been recognized,
though i rather a vague way Although at first sght the distnt
bution of the paralysis appears to follow no particular pattern,
those who have studied the disease closely have, 1n fact, noticed
that certan combinations of muscles are affected with some
regulanty The anterior and postenior tibial muscles are fre
quently involved together likewse the quadmceps and the
Hlexors of the ip the biceps femons and the calf muscle The
assoctation 15 by no means one of function It has alko been
observed that sertain muscles or muscle groups are particularly
vulnerable, there 15 a more than average chance that paralyss
of them will be permanent Well known examples of this are
the ubral muscles and the thenar muscles

Some years ago I discussed these questions with W J W
Sharrard and we felt that there must be an anatomscal explana
tion for both phenomena He then embarked on a formadable
mvestigation which 13 not yet complete (Sharrard, 1955b) We
had a large collection of climeal records of cases of pohomye
Litis 1n which musele power was farly accurately documented
Some of the patients were 18 a precanous condition on account
of more or less severe respiratory paralysis and a few of them
died Seven spinal cords were obtaned and Sharrard cut senal
sectrons of them and set abont counting all the antenor horn
cells The werk was extremely tedious but the undetfyng idea
was simple enough Il only one muscle say the tbralis antenor
had been: completely knocked out then 2t was reasopable to
suppose that a zone of defiwency mn the lumbar anterior horn
was due to destruction of the cells mnervaung the tibals
antertior The catch here however 15 that small zones of destruc
tion may be found n cords from patients with no chmeally
demonstrable paralysss (see below) and correlation between
paralysis of one muscle and what one finds in the cord mvolves
1oo much guesswork The reverse state of affaus which the
severely parah,scd patient 1s such more common 1 far morc
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nformative, the presence of actvity m a few muscles 1n an
otherwise totally paralysed limb would be matched by the pre
sence of well defined zones of anteror horn cells 1n a cord from
which all other motor cells had been swept away At this stage
1 the work 1t was necessary to make one important and rather
great assumption, that 1n a case of pohomyelttis 1n which there
was extensive paralysis there would not be found a more or less
extensive pool of surviving motor neurons which for some reason
or other were mactive That such dormant neurons might exist
had long been a beltef underlymng a good deal of the practce
of physiotherapy, the aim of treatment was to coax these
active neurons back nto a state of usefulness It soon became
evident that the assumption was justified and that mn the
Ppatient who had been well treated from the first there was an
extremely strict correspondence between the degree of muscle
mvolvement as observed chincally and the number of surviving
antertor horn cells

Thus Sharrard was able to use the focal lestons produced by
poliomyelitis as a means of determming the site and extent of
the cell stations of all the important muscles in the lower limb
The root supphes of these muscles had long been known but
not the sites of the cell stations themselves He found that the
Pattern of cell stations and their relationship one with another
was constant and this explained the association that I have
already mentioned, between paralys:s of two or more muscles
or muscle groups If one cell station was knocked out by the
virus then there was a strong probability that its neighbours
would be affected too Sharrard went further He argued that
the clinical behaviour of one muscle group mught give a clue
to the expected bel of those d with it If re
covery failed to occur in one group then there was a strong prob
abihity that 1t would not occur in muscles innervated by the
neighbounng cell statons On the other hand, a flicker of re
covery in say the quadriceps might be taken as an indication
that there was some hope for 1ts paralysed next door neighbour
m the cord the flexors of the hip

The particular vulnerability of certan muscles was simularly
explicable The vulnerable muscles were found to have short
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celt stations, the less susceptsble muscles long ones (Table 1)
I the damage done by the poliomy elitss virus could be lihened
to that caused by a bomb 2 single house was more hkely to be
totally destroyed than a long building such as a rarhway shed

Tapre 1 The relationship between length of cell column and the rato of
paresss to paralysss in muscles i the Tower hmb (Sharrard 1935b)

Ratio of Approamate Tength

Muscle paremsto  of motor cell column
paralysss (mullimesres)
Tibrahs antenor 047 8
Flexor digrtorum longus 0352 8
Tibrabs posieror 057 8
Flexor hallucs longus 0358 8
Extensor hallucss longus 089 2
Extensor dsgitorum longus 106 10
Peroner 110 10
Calf muscles {triceps surae) 126 14
Biceps femars 203 14
Hap abductors 278 16
Intrinsie foot muscles 287 15
Inner hamstrsng muscles 290 20
Tensor fasciae latae 292 16
Quadriceps 300 22
Gluteus maxmus 330 17
Hip adductors 350 22
Hip flexors 367 23

1n the course of this work Sharrard was able t© correlate the
degrees of paralysis expressed by the system of grading adopted
by the Medical Research Council during the war with the
proportion of anteror horn cells surviving (Table 2) A
remarkable finding was that up to about half of the antenor
horn cells in a cell station may be destroyed without any notice
ahle weakeming of the muscle as detected by ordinary climeal
examunaton Ths explans why s rsky to attempt to locahze
ccll stanrons 1n cases where there 15 syt paralysis Nothing
less than elaborate comparative examnation with a spring
balance or dynamometer wail reveal these deficiencies On the
other hand 1t was surpnaing that muscles with as few as 1o per
cent of thewr anterior horn cells surviving could sulf function
usefully
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Anmportant practical lesson to be learned from this mvesti~
gation 1s that the actual paralysis observed at the end of the
peniod of recovery 15 an accurate expression of the extent of per
manent damage There 15 no anatomical basis for the belef that

Taeie 2 The relationship between muscle
power and residual motor cells 1n the spinal
cord (Sharrard 1955b)

Muscle power Percentage of
(MR C scale) residual motor cells

0-2

2-3

3-5

5-10
10-20
2040
over 40

VDB~

a further return of power can be obtamed by somehow charm
ing unused motor neurons back to useful activity

This work has been completed only for the muscles of the
lower limb butt will not be long now before a similar map of the
cervical cord 1s also available

‘Tue Proces oF RECOVERY

From what T have Just saxd 1t might be supposed that the lesions
In poliomyelitis are of a simple all or none character but 1t
must not be forgotten that mn selecting his material Sharrard
chose spinal cords 1n which there was good reason to beheve
that an end pomt had been reached All sorts of complicated
changes might have taken place before finaltty was reached

We can be quite clear 1n our mmds about the neurons that
have been utterly destroyed The anterior horn cells are rapudly
removed by phagocytosss the axons and therr myelin sheaths
degenerate rapidly there 1s denervation atrophy of the corre
sponding muscle fibres and mndeed these motor umts have
ceased to exast

We can be equally sure that many antenor horn cells are only
temporanly damaged From observations made on expen
mental ammals and to a lesser extent on human matenal we
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cell stations the less susceptible muscles Jong ones (Table 1)
If the damage done by the poliomyelitis virus could be hhened
to that caused by a bomb, a single house was more hikely to be
totally destroyed than a long building such as a rathway shed

Taste 1 The relationshup between length of eeil cotwnn and the ratie of
parests to paralysss in museles 1n the Iower Limb (Sharrard 1955b)

Ratio of Approymate length

Muscle parenis 1o of motor cell column
paralysis {millimetres}
Tibualss antenor 047 8
Flexor digstorum longus 052 8
“Tilnahs posterior 057 8
Flexor halluans longus 058 g
Extensor hallucs longus 89 9
Extensor dagitorum longus 106 10
Peroner 110 10
Calf museles (triceps surae) 126 14
Beceps fermorss 203 14
Hip abductors 278 16
Intrinse foor muscles 2 15
Taner bamastring muscles 290 20
Tensor fasciae latae 292 16
Quadriceps 300 22
Giutens maxmus 330 7
Hip adductors 350 22
Hip flexors 367 23

In the course of thuis work Sharrard was able to correlate the
degrees of paralysis expressed by the system of grading adopted
by the Medical Research Council dunng the war with the
proportion of anterior horn cells surviving (Table 2) A
remarkable finding was that up to about half of the antenor
horn cefls in a cell station may be destroyed without any notice
able weakenmng of the muscle as detected by ordmary clmcal
exammation This explains why 1118 sisky to attempt to lacabize
cell statrons in cases where there s mummal paralysts Nothing
less than elaborate comparative exammation with a SpHng
balance or dynamometer will reveal these deficiencres On the
other hand 1t was surprismng that muscles with as few as 1o per
cent of thewr antenor homn cells surviving could sull function

usefully
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exated by the electrodes In a case where the superficial part
of the muscle 15 denervated but the deeper fibres sull retain their
cornection with anterior horn cells the electrical reactions are
musleading  Although such a muscle would give a reaction of
denervation, more or less recovery mn the naccessible part

Taste 3 Electrical reactions

At three months
—Recovery 1n 83Y

Reactions normal —]
'—No recovery mn 17°
Recovery m 30%
Reaction of denervation—]|

Mo recovery 1n 70°,

At four months
Recovery i 1009

Reactions normal
|—No recovery n 0 o
—Recovery m 129,
Reaction of denervation—;

'—No recovery 1m 83

would be apparent with the passage of tume Brooks (1953)
got over this difficulty by sumulating nerve trunks such as the
sciatic radial, and ulnar and 1n this way was able to pick up
all the muscle which had retamed 1ts antenor horn cell con
nections Even so there are still a few strange discrepancies
(Table 4) Of the muscles that completely failed to respond on
Jation of the correspond nerve trunk 10 per cent
showed some recovery subsequently, which may indicate that
as a rare event reversible Wallenan degeneration can oceur
By contrast of the muscles that responded on sttmulation of the
nerve trunk 22 per cent faled to recover This may mean that
2B
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know that the chuef anatomicnl change 1 the temporary dis
appearance of the chromatn (Nisst granules) from the cyto-
plasm The axis cylinders rematn intact and there 1s no dener
vaton atrophy of the cotresponding muscle fibres In this state
of affairs it 15 possible to make the muscle contract by stmyu
lation of the appropriate nerve trunk, the muscle, of course,
shows no reaction of denervation The antenor homn cell re
covers its normal structure and withim a comparatively short
time begns to work again and voluntary power returns

Howener, 1t 18 concervable that there 15 an intermediate state
—which Emarson {1949} claims to have demonstrated hutolo
gicatly—in which the damage to the antertor horn celf s more
severe though skl ultimately recoverable This state of affaus
mght be accompanred by Wallerssan degeneration of the axs
cylinder Let us examine the implications of this hypothesis
In the first place we should find that during the penod of Wal
lenan degeneration muscles would show a reaction of dener
vation but when recovery occurred the electrical excitability
would return to normal Likewsse a merve trunk would be
mexcrtable and later regam us excitability This 1 what hap
pens afier division and repar of a penipheral nerve The ques
tion has been ivestigated by my colleague D M Brooks He
has faled to demonstrate any regular reversbihiy of the re
action of denervation If muscles retain therr electncal exata
bility their cell stations will recover and the muscies will regam
therr acuvity Even more mmportant, i a reacuon of dener
vation 35 found 1t 15 generally permanent There 13 no reversal,
ouce the axon has degenerated as a result of dimage to the
antenor horn cell it will never recover

However Brooks had two reasons for bemng dissatssfied with
the rehability of electnical reactions of muscle as a medhod for
setthng thus pomt After penzpheral nerve sury the reaction of
degeneration 15 fully developed by the twenty first day after
polamyehtis for some reason quite unknown, 1t takes longer
and as Table 5 shows a firm prognosis cannot be made within
three months Furthermore 1n poltomyehtis the electricaf exami
nation of muscles has 3 certaw ntrnsic hmuaton Only the
superficial part of 1 muscle of some bulk such as the calf, 15
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to the most peripheral part of a nerve and 15 of a constant extent
whatever the length of the nerve fibre But there 15 more to 1t
than this If axonal regeneration were a significant factor then
the rate of recovery would be governed by the rate of regenera

tion which at best, 15 a slow process It can be seen from Figure

50
GLUTEUS MAXIMUS

203 muscles
33 permanently poralysed

INNER HAMSTRINGS

204 muscles
43 permanently paralysed

Per Cent
Y
@

o CALF

162 musctes
57 permanently paralysed
25

3 4 8 18 24

2
Months,

Fio 1 Percentage of muscles showing unit increase i power 1 each period
of two months The general tempo and pattern of recovery are the same
irrespectry e of the d stance of a muscle from the spinal cord (from Sharrard
1955a) (Reproduced from British Surgwcal Progress 1954 by permussion of
the Editors and Messrs Butterworth and Co )

1 that the greater part of recovery takes place early at a rate
far greater than would be compatible with axonal regenera
tion over more than a very short distance
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the damage 1 the cord responsible for the paralysss of these
muscles was proximal to the anteror horn cells and had knocked
out mternuncial neurons

There 15 further evidence agunst axonal regeneration After
severance and repair of a peripheral nerve the muscles regam

TasLE 4

Recovery in 78%
—Positive response~
.—No recovery in 22%

NERVE
STIMULATION—|
~—Recovery in 10%

-No response —

No recovery 10 90%

power 1n their order of innervation The more proximal ones
recover before the more distal and from this 1t has been possible
to work out the rate of regeneration 1 man quite accurately
(Seddon, Medawar and Smuth, 1943) It 15 of the order of
about one millimetre a day If axonal regeneration plays any
sigmficant part in recovery from poliomyelitss, 1t 1s reasonable
to expect that n a substantial proportion of cases, the proxmal
muscles would recover earher than the distal ones Sharrar

(1955a) went into this question He found that although the
frequency of recovery of different muscle groups was not the
same—for reasons that I have already given—the pattern of
recovery was remarkably constant Whatever the distance of a
muscle from the spinal cord 1ts rate of recovery was almost
always the same {Tigure 1} This could not posstbly be explained
1 terms of axonal regencration unless we made the nssumption
—though 1t1s not fantastic—that axonal degeneration s hmated
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1t was shown by Harry (1938) and Sharrard (1955a) that the
return of muscle power may continue at a very slow rate for
up to two years after the acute disease (Figure 1) It1s supposed
that some of ths late recovery 1s due to the hypertrophy of sur
viving muscle fibres Certainly, the most remarkable hypertro-
phy can appear after pohomyelitis and 1t may be more 1mportant
than we have realized

‘TREATMENT OF THE PARALYSIS

Bodian s (1949) demonstration that the cycle of changes in the
antenor horn cells of a monkey suffering from poliomyehtis
18 complete by the thuty fifth day has had an unfortunate
effect on pohcy (1n some quarters) 1n the treatment of polo-
myeltis Bodians observations which are unassailable are
limited to the appearance of the cells by the end of the fifth week
they have erther been totally destroyed or they have returned to
normal It has, therefore been inferred that at the end of this
period, indeed if not earler, the chimeian 1s dealing with a
stable stituation one 1n which the most has to be made of the
motor units that have been spared The patient 1s encouraged to
do as much as he can he 1s stimulated to work hard so that he
will make the best possible use of surviving neurons before he has
forgotten how to perform the movements that have been lost
duning the acute phase of the disease Such early actvaty would
presumably encourage muscle hypertrophy too Pushing acti-
wity to the pomnt of faugue would be beneficial rather than
harmful

All thus 1s based on the assumption that an anterior horn cell
that looks normal 11t a stained preparation 1s capable of func
tioning normally Yet 1t 1s within the expenience of everyone
who ha had much to do with the treatment of poliomyeliis
that undue actrity i the first few months after the acute
attack may cause regression It 15 therefore, wiser to make
haste slowly and 1t 1s likely—though we have not yet proved t
satisfactorsly—that the gentle regime of exercise, as commonly
practised i this country 1s the best

Yet 1t 15 possible to go too far in the other direction and here
we must consider the function of splints Tt 1s not many years
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It may well be asked what 1s the practical importance of this
discussion In the treatment of peripheral nerve njures, we
know exactly where we are We can calculate fairly accurately
when recovery can be expected 1n this or that group of muscles
and we can control the degree of denervation atrophy by daily
galvamic stmulation, which has the effect of mamtaming muscle
fibres at something approaching their normal bulk (Jackson,
1945) and preventing the harmful and ultimately irreversible
nterstitial fibrosis which 1s a secondary feature of denervation
atrophy Thus treatment 1s continued until a paralysed muscle1s
begmning to show signs of acuvity Electrical stimulation of
muscle has been used most assiduously m the treatment of pohio-
myelitis on the assumption that the prevention of denervation
atrophy 1s important It 1s—if axonal regeneration occurs But
1n the absence of such a process 1t 1s a waste of time and money
and inficts unnecessary suffering on the patient It 1s not 2
comfortable form of therapy Thus this evidence agamst axonal
regencration has the effect of simplifying the treatment of
poliomyehtis 1n elmnating electrotherapy as a useful form
of treatment

CHANGES IN MuscLE

In poliomyehus the atrophy that occurs in denervated muscle
15 no different from that seen after severance of 2 peripheral
nerve except 1 its distribution If as 1s often the case, amuscle
1s only partially denervated patches of shrunken muscle fibres
are intermingled with zones 1 which the fibres are normal
It may be that this has an important bearing on recovery Van
Harreveld (1945) and Weiss and Edds (1946) hwve found
expenmentally that parually denervated muscle may show an
appreciable and quite rapid augmentation of power It 1s sug
gested that this might be due to the sprouting of axons from
intact motor units which make connection with the empty end
plates of adjacent denervated muscle fibres and so restore them
to functional actinty Morms (1953) has demonstrated very
beautifully that this process occurs in the rabbit between the
fourth and sixtieth day after partial denervation It may occur
1n poliomyelius but there 13 as yet no proof of 1t
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paralysed abductors of the np and particularly the tensor fasaia
latae may become shortened 1f as 1s often the case the patient
hes with the himbs abducted I have already mentioned that
progressive mterstitial fibrosis 13 a concomitant of the atrophy
of denervated muscle and 1t 15 this tissue which shortens if
given the opportumty However, there 1s a factor which may be
peculiar to poliomyehitis, contractures can develop extremely
rapidly, within the first week or two, and more particularly 1f the
timb 15 panful Thus 15 long before interstitral fibrosis begins
It 15 unhkely that we shall understand the pathology of this
disorder until we know more about the causes of pamn 1n early
poliomyelitts and therr posstble connection with early con
tracture Fortunately the condition 1s usually preventable if
passtve movements are carried out persistently from the first

Once a contracture has occutred a whole sequence of unto
ward events can follow the joint capsule shortens on the side of
the contracture and lengthens often permanently on the side
where the muscles are overstretched Paralytic dslocation of
the jomt may follow Both the ligamentous laxity and paralytic
dislocation can be greatly aggravated by the effect of gravity—
seen at 1ts worst 1 the lower imb However 1t should not be
supposed that contracture alone 15 synonymous with disabling
deformity  Some contractures are compatible with good func
tion and may indeed enhance 1t for a patient with weakness
of the flexors of the elbow a flexion contracture of that joint
15 2 positive advantage Slight shortening of the Achilles tendon
mn a patient with paralysis of the quadriceps increases the
stability of the extended hnec WWhat 15 more deformity can
occur 1n the absence of any contracture However vigorous
the efforts that have been made to keep muscles the right
length the climcian may be defeated by a gross disturbance of
muscle balance If for example the evertors of the foot are
completely paralysed and the tibal muscles are more or less
normal the foot will inevitably be pulled nto mversion No
amount of mampulation or splinting will resist thyg great force
Thus loss of muscle balance 1s not only the prime cause of
contracture but 15 the chief cause of deformity even in the
ab ence of contracture
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since enforced rest of weak or paralysed muscles was widely
practised A muscle at rest may be 1n the relaxed, the neutral,
or the stretthed posttton For the extensors of the wrst these
Ppositions are, respectively extension of the wrist, the neutral
posttion with the carpus in line with the forearm, and the
flexed, drop wrist position It 15 still commonly supposed that
relaxation of a weak or paralysed muscle 1s beneficial, if only
because 1t 15 quite certain that the opposite, the stretched post
tiom, 15 harmfid Yet 1t may well be that the neutral position 15
the right one This was investigated by Sharrard and hnowelden
(1956) 1n relation to sphinting 1 abduction for paralys:s of the
shoulder muscles, m particular the deltord Here the position
of abduction 15 one of relaxation, the neutral position 1s with
the arm lying by the sidc, there 1s no overstretched position
They made an exact comparison of recovery n cases that were
treated uniformly except that some were splinted 1 abduction
whereas others were not The latter showed a slightly higher
rate of recovery Thus much of the expensive and uncomfort
able apparatus that we have been using for so long can be
discarded
DerorMiTy

As a cause of deformuty poliomyeliishasfew equals, and formerly
a great deal of an orthopaedic surgeon s time was spent In
trymng to straighten out gross distortions of the human frame
Recently the imntense interest 1 respiratory paralysis and
the treatment of the early phases of the disease have resulted
1n less attention bemng paid to the genesis and prevention of
deformuty But the danger 1s always there, and even today
severe and often entirely preventable deformity occursin patients
almost on our doorsteps

The trouble begins i the muscles If a2 muscle 1s paralysed
and 1ts opponents are active the latter will shorten rapidly and
a contracture will develop unless vigorous attempts are made
to mamtam the full length of the active muscle This 1s well
known It 1s less clearly recogmized that a paralysed muscle
can develop a contracture 11t 1s splinted 1n a relnxed and there
fore shortened position The best known example in the upper
1imb 1 the extensor communs digitorum In the lower Itmb
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body this can be done There has been much mterest dunng
the Jast few years i the prevention of paralytc deformities of
the foot by early tendon transplantation and thus subject has
been studied by Martens and Pilcher (1956) They have worked
out wluch of the numerous transplantations that have been
attempted can be rehied on to give sausfactory results The
tendons of one or more of the muscles producing a deformuty
are transplanted esther to a site where they will have an opposite
and one hopes correct pull or to a neutral postion I both
peroner are paralysed and the ubral muscles are active the
tibiahs antertor 15 shifted to the outer border of the foot The
prnaple 15 simple enough but the techmeal detals are com
plicated, and unless the greatest yudg 15 used an op

of ths type will farl tt may even result i the production of a
deformuty the apposite of the one 1t was designed to prevent
In certam situations no transplantation 1s available and even
more drastic methods have been used, namely, the denenation
of the muscle that 15 causing the trouble A pathological m
crease in the arch of the foot due to unopposed action of the
short muscles can be alleviated if the operation s performed
early enough, by selective denenation of the muscles of the
sole of the foot {Garceau and Brahms, 1956)

REFERENCES

Bootan D {1949) International Poliomyelitis Conference J B Lippincott 6=

Broors D M (1g53) 7The Spinal Cord Ciba Foundation Symposium
J and A Churchiit London 280

Eanarsov L {1949) At orth scand 39 27

Ganczau G J and Brasus M A (1956) 7 Bone & Jomt Swg 383 553

Grosorp A Womeuen A and Desproces Gorrzron R. (1953) Za
Semarne des Hop de Parss 29 255

Harreverp A VAN (1945) Amer J Plysol 144 477

Harry N M (1938) Bnf med 7 1 164

Horsmaann D (1050} J Amer med Assoc 142 236

Jacwson E C S (1945) Brain 68 300

Jases § 1 P (1956) 7 Bone & Jont Serg 38 660

Leveson & O Mmzer A and Lewry P (1945) dmer 7 Hye 42 204

Mepreat Research Couver. (1956) Lancet B 1229



376 H ] SEDDON

It 15 well known that age 1s the most 1mportant factor pre
disposing to deformity The younger the patient the greater the
probability of deformity developing as a consequence of loss of
muscle balance This 15 exemplified by Figure 2 taken from
James s (1956) recent paper on paralytic scolioss In the young

2

13

- t°¥ g

o 5yar & 10 yers n 13y
g0 roups & which pollomy 11t1 developed
Fic 2 The seventy of paralytic curvature of the spine m relation to the

age at onset of pohomyelitis (from James 1956) (Reproduced from J Bone
zng _)7amt Surg by permission of the Editors and Messrs E & § Livingstone
1

there 15 great plasticity of bones and ligaments Beyond the age
when growth ceases the risk of deformuty developmng 1s small
The consequences of a particular pattern of paralysis are pre
dictable It has long been recogmzed that certain deformutes
of the foot are always associated with particular distributions
of paralyss Recently James has shown that the same holds
good m the trunk Paralysis of the upper intercostals, for ex
ample, will give rise to an upper thoracic scohosss, convex
towards the side of the paralysis and characterized by a droop-
1ng of the nibs on that side so that they he almost vertrcally
The obvious remedy for this state of affairs 1s to correct the
balance that has been disturbed, and 1n certamn parts of the
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The Electron Microscope m the
Study of Viruses

KRENNETH M SMITH

£FORE I tall about the electron microscopy of viruses I
Bwould hike to refresh your memory on some of the chief
charactenistics of these interesting agents All plant viruses

and most of the animal viruses are far below the resolving power
of the best optical microscope They cannot be cultivated upon
any synthetic cell free medium but can only multiply inside a
Lving susceptible cell All viruses which have been purified and
analysed have been shown to be nucleo proteins

The first scientific proof of the ewstence of such a thing as a
virus was made by the Russtan botamst Iwanowski i 1892
when he showed that the sap from a tobacco plant infected with
mosaic disease was still infectious to healthy tobacco plants after
passing a bactertum proof filter candle Four years later two
German workers Loeffler and Frosch showed that foot and
mouth disease 1n cattle was also caused by a filter passing agent
Now, of course we know that viruses attack every kind of hving
orgamsm from bacteria to man and over 300 separate viruses
are known to attack plants alone

In this short account, I am, I fear less concerned with viruses
of medical 1mportance than with those attacking plants and
nsects since these have been my special study However, once
1solated from their respective hosts there 1s a fairly close super
ficial resemblance between the different types of viruses so far
as their appearance 1n the electron TICTOSCOpe 15 concerned

There 15 rather a tendency on the part of virologusts studying
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The early electron micrographs of viruses did not give much
detail of shape or contour of the particles but a great improve
ment was made by Wilhams and Wychoff {1945) who developed
themetal shadowing technique Briefly thus consists of vaporizing
a small quantity of metal by means of an electric current 1 a
ugh vacuum so that a thin coating of metal 1s thrown at an
angle onto the virus particle The metal coating covers the film
except for the area 1n the shadow of the virus particle This
area, uncoated by metal, 1s the shadow Furthermore, the
shape of the shadow gives mformation as to the actual topo
graphy of the particle

Another 1mportant advance 1n the electron microscopy of
viruses 1s the development of the ultramcrotome which en
ables secttons to be cut measuring 200-300 A n thickness By
this means we can cut ultra thin sections of virus diseased tis
sues and actually see the virus inside the cell which 1s the next
best thing to observing virus m the Iiving cell ths last 15 of
course 1mpossible with the electron microscope

MorrrOLOGY oF PLANT VIRUS PARTICLES
Refinements 1n the study of virus particles on the electron
mcroscope, such as the technque of making carbon replicas,
together with X ray studies have given considerable information
on the appearance and anatomy of the tobacco mosaic virus
paricle (TM V) At the moment the results of the X ray
work and the electron micrographs do not seem to agree pre
asely According to the former the particle of TMV has a
helical twist whilst the latter gives the impression of a hexa
gonal rod Workers 1 California and Germany have managed
to break down the particles and to observe how the protemn
and nucleic acid fit together ¥The virus rod appears to be hol
low and the nucleic aad without which the virus cannot
multiply runs up the centre rather like the lead 1n a pencil
Fragments of the virus particle sometimes appear as discs with
a hexagonal outline and a hole 1 the centre which 1s pre
sumably occupied by the long threads of nucleic acd «

Several other plant virus particles are rod ike but they differ
1n varymng degrees from the particles of TM V' Potato virus
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the virus diseases of the higher ammals to regard plant viruses
as belonging to a separate category Ths 15, I thimk, largely
because some plant viruses have been obtained 1n a crystalime
form However, there 1s no a prion reason why ammal viruses
should not also be crystallized provided they are small enough
and can be obtained 1n suffictent quantises Indeed, as weshall
see Iater, at least two ammal viruses have already been crystal
hzed

For many years virologists endeavoured to see viruses on the
opticil microscope and so to obtain some 1dea of what they
looked Like The best that could be done, however, was to
observe agglomerates of the larger ammal viruses, the so-called
‘elementary bodies By means of his ultra violet hight mcro-
scope Barnard was able to photograph some of the larger ammal
pox viruses but of course no detuled structure was visible and
the resolution obtamnable wath ultra violet 1s of no use for secing
any of the plant viruses The invention and development of the
electron microscope has changed all this and, with 2 resolution
of 10 A, the smallest varus 15 brought eastly into range

As T have mentioned the first virus to be discovered was 2
plant virus that of tobacco mosaic by Iwanowshi in 18gz, and
1t was this same virus which was the first to be 1solated by
Stanley 1n 1935 and the first to be visualized by means of the
electron microscope m Germany m 193¢ The actual shape of
the tobacco mosaic virus particle had been foretold as carly as
1933 by two Amenican workers, Takahasht and Rawlins, who
exammed clanfied sap from a tobacco plant with mosaic
under a polarizing mcroscope and observed the phenomenon
of ‘amsotropy of flow Minute rods which are contatned 1n a
flowing hqud tend to become orentated with their long s
parallel to the direction of flow rather like logs 1n a stream
Under thesc conditions a hqud containing rods 1s doubly
refractine when the direction of transmussion of the mncident
Iight 15 perpendicular to the direction of flow Ths 15 what 18
meant by amisotropy of flow The obsersation was amply con
firmed by the electron microscope and the tobacco mosaic
\arus was scen to be a rod measuning 350 my 1n length by 15 my
1n diameter
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The early electron micrographs of viruses did not give much
detal of shape or contour of the particles, but a great improve
ment was made by Williams and Wy chofT (1945) who developed
themetal shadowing technique Briefly this consists of vaporizing
a small quantity of metal by means of an electric current in a
high vacuum so that a thin coating of metal 1s thrown at an
angle onto the varus particle The metal coating covers the film
except for the area 1n the shadow of the virus particle Thrs
area, uncoated by metal 15 the ‘shadow Furthermore the
shape of the shadow gives nformation as to the actual topo
graphy of the particle

Another important advance 1n the electron mcroscopy of
viruses 15 the development of the ultramcrotome which en
ables sections to be cut measuning 200-300 A in thickness By
this means we can cut ultra thin sections of virus diseased trs
sues and actually see the varus mnside the cell whuch 1s the next
best thing to observing virus m the Lving cell this last 15 of
course mpossible with the electron microscope

Morenoroay oF Prant Virus PArTICLES
Refinements 1n the study of virus particles on the electron
microscope such as the techmque of making carbon replicas
together with X ray studies have given considerable information
on the appearance and anatomy of the tobacco mosaxc virus
particle (T M V) At the moment the results of the X ray
work and the electron micrographs do not seem to agree pre
asely According to the former the particle of TMV has a
hehcal twist whalst the latter gives the impression of a hexa
gonal rod Workers in Califorma and Germany have managed
to break down the particles gnd to observe how the protemn
and nuclexc acid fit together¥The virus rod appears to be hol
low and the nucleic acid without which the virus cannot
multiply runs up the centre rather like the lead 1 2 penail
Fragments of the virus particle sometimes appear as discs with
a hevagonal outhne and a hole m the centre which 15 pre
sumably occupied by the long threads of nucleic acid ~

Several other plant virus particles are rod hike but they differ
1n varying degrees from the particles of TMV Potato virus
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X and the virus of cabbage black ringspot have long rather
thread bike particles and they lack the rigidity of TMV A
recently discovered virus i Ranunenlus sp conssts of shost
thick rods

‘Many of the plant viruses have very small apparently
sphenical particles such as the viruses of tomato bushy stunt,
turmp yellow mosaic and tobacco ringspot These viruses are
some of the smallest known and measure onhy 25-28 millt
d (2 mt on equals a milhonth of 3

muerons n ¢
raithmetre) It 1s probable that they are not really spheres and
Steere (1937) 1 Calforma has shown that the particles of
tobacco nngspat are actually polyhedral 1n shape <

T have mentioned earber that some plant viruses have been
obtamed n crystaliine form and some of these wvirus crystals
can be observed 1n the electron nucrascope One of the tobacto
necrosis viruses 1s especially smtable for this because 1t crystal
Iizes m thin flat plates which lend themselves well to electron
mucroscopy The micrographs show the regular packmg of the
virus particles on the face of the crystal

Currivg UrTra THIN SECTIONS

Prowided the sections are thin enough, this techmgque promises
to add considerably to our knowledge of the behaviour of
viruses i the cefls of infected or Matenal for 5
15 usually fixed m osmic acrd and cmbedded m methacrylate
since the ordinary method of wax embedding 1s not swtible
The sections are cut on a glass hnife preparcd by fractunng 2
stp of plate glass, so that a very sharp edge 15 given The
mucrotome 35 an instrument of hugh precision m which the
advance of the object 1o the kmfi edge 15 usually accomphshed
by thermal expansion As the sections are cut the nbbon 13
floated onto a bath of alcchol and from there piched up onto
the gnd for transfer to the electron microscope By a refincment
of ths techmque which cinnot be desenibed i detail here 1118
now possible to cut sertal sections through the virus particles
themsehves

One of the difficulties s exammung thin scctions of plant
tissue on the electron microscope 1s the nterpretation of the
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objects seen Obviously 1t 1s easier to distinguish 2 virus from
the normal cell contents 1f 1t has a characteristic shape and 1f 1t
1s present 1n high concentration It 1s probably because TM V
fulfils both these conditions that more attention has been paid
to this than to other plant viruses

The nosmal cell cytoplasm 1n plants contamns many small
sphencal particles so that 1t 1s a difficult matter to be sure of the
dentity of the small viruses unless some special caircumstances
anse which make rdentification possible Such circumstances
would be the agglomeration of the virus particles and their
arrangement 1n crystalline array as apparently may take place
with the virus of tomato bushy stunt

InsecT Viruses

Although this group had untl recently, recenved very httle
attention there 1s accumulating now a lot of information on
these very nteresting viruses

‘We may, perhaps begin by describing briefly the different
types of msect viruses as they are so far recogmized The goly
kedral diseases have been known for quite a number of years and
the name 1s dersved from the fact that certain tissues of the
affected 1nsects contain huge numbers of polyhedral or many
sided crystals We shall discuss these i more detail later It has
recently been shown that the polyhedral diseases consist of two
quite distinct types, the nuclear and the eytoplasmic polyhedroses

The second type of wnsect viruses 15 charactenized not by
polyhedral crystals but by the occurrence m the tissues of
numbers of extremely small granules from which the name
granular diseases or granuloses 1s dernved

In the third type of msect virus no crystals granules or
sumlar intracellular inclusions are tnvolved and the virus par
ticles occur freely mn certain tissues

Most of these viruses attack only the larval forms of the m
sects As a whole the insect viruses are very switable for electron
mcroscopy since they are of rather large size occur in high
concentration m the tissues and are fairly easily observed inside
affected cells
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Polyhedral Viruses
In considering the nature of the polyhedral crystals, it 5
mmportant to understand the fundamental difference between
these and a virus crystal A polyhedral crystal 1 a protein
crystal 1n which virus particles are enclosed, a virus crywl
1s a nucleoprotesn consisting only of virus This difference
15 easily seen by comparing Plate XXX, Figure 3, which ssa
electron micrograph of a section through a nuclear polyhedra!
crystal showing the rod shaped virus particles enclosed with,
with Plate XXXII, Figure 5, which s also an electron micr
graph of a section through an msect virus crystal composed
only of near sphencal particles

We have said that there are two types of polyhed
ral viruses and they can easily be differentiated by the
following stmple procedure A smear 1s made of the body
contents of the affected 1nsect larva and stamed with Giems2
solunon  The nuclear polyhedral crystals remam uwo
stained and show up agamnst the stamned background, the
cytoplasmc polyhedra, on the other hand, take up the stam
readily

There are two methods by which the presence of the vt
mside the polyhedral erystal can be determined, one s by treat
ing the crystals with difute sodium carbonate and the other by
cutting thin sections of the crystals It 1s rather mnteresting 10
find that the nuclear and the c¢ytoplasmic polyhedra differ from
each other 1 some important charactensics When treated
with weak alkah and viewed on the electron microscope, th
nuclear polyhedra will be seen to have dissolved, leaving belund
a membrane which enclosed the crystal and mn which the rod
shaped virus particles can be planly seen The cytoplasmic poly
hedra on the other hand, when similarly treated, react differ
ently There 1s no enclosing membrane and the crystals dissolve
only partally, leaving behind a matnx filled with round holes
In some cases the sphenical virus particles which occupy these
holes can be scen but more frequently the varus atself 1s dis
solved For this type of polyhedra and for a special type of
nuclear polyhedra from a fly larva, Tupula paludosa, 1t 15 more
satisfactory to cut thin scctions of the crystal wself This i
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Polyhedral Viruses
In considenng the nature of the polyhedral crystals, 1t it
ymportant to undi d the fund 1 difference between
these and a virus crystal A polyhedral crystal 1s a protan
erystal in which varus particles are enclosed, a virus crysl
s 1 nucleoproten consisting only of varus This differenc
1s eastly seen by comparnng Plate XXX, Figure 3, which s
electron micrograph of a section through a nuclear polyhedral
crystal showing the rod shaped virus particles enclosed within,
with Plate XXNII, Figure 5 which 1 also an electron e
graph of a section through an msect virus crystal composed
only of near-sphencal parucles

We have said that there are two types of polyhed
ral viruses and they can easdy be differentiated by ¢
following simple procedure A smear 15 made of the body
contents of the affected msect farva and stamed with Giems?
solution  The nuclear polyhedral crystals remam un
staned and show up egawmst the stamned background, the
cytoplasmic polyhedra, on the other hand, take up the stam
readily

There are two methods by which the presence of the wus
nside the polyhedral crystal can be deternuned, one 1s by tredt
g the crystals with dilute sodtum carbonate and the other by
cutting thin scctions of the crystals It 1s rather mteresting 10
find that the nuclear and the cytoplasmic polyhedra differ from
each other i some tmportant charactenstics When treated
with weak atkal and viewed on the clectron mucroscope, the
nuclear polyhedra will be seen to have dissolved, leaving pehind
a membrane which enclosed the crystal and 1n which the rod
shaped virus particles can be plamnly seen The ¢y toplasmc poly
hedra, on the other hand, when similarly treated, react differ
ently There 15 no enclosing membrane and the crystals dissoh ¢
only partialfy leaving belund a matnx filled with round holes
Iu sorme cases the sphertcl virus particles «huck accupy thest
holes can be seen but more frequently the virus sself 13 dis
sohved For this type of polyhedr and for a special type of
nuclear polyhedra from a fly larva Tipwla paludssa, st 1s more

ory to cut thin of the crystal wself Ths 1
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ELECTRON MICROSCOPY OF VIRUSES 385

difficult, h T, b of the hard of the crystal
Plate XXXI, Figure 3 13 a section through 2 nuclear polyhedral
crystal from the larva of T paludosa showing the virus rods con
tamed within

The following, then, are the charactenstics of the two kinds
of polyhedral disease, 1n the nuclear diseases the crystal dis
solves completely 1n weak sodium carbonate leaving behind a
membrane contaming rod shaped virus particles The wvirus
develops mn the nucler of cells in the shin, tracheae and blood
and sometimes apparently 1n the mitochondria (Plate XA XIIT
Figure 6) In the cytoplasme diseases there 15 no membrane
round the crystal, which dissolves only partially leaving behind
a framework containing circular holes The virus particles are
spherical or near spherical and the virus always develops in the
cytoplasm of cells of the gut In addttion the cytoplasmic poly
hedra stain with Giemsa solution thus diffenng from the
nuclear polyhedra which do not stain

In the second group of msect virus diseases the granuloses we
can apply the same sodium carbonate techmgue to dissolve the
granules This reveals the curious tendency of insect viruses to
be enclosed within capsules and membranes The granule
partially dissolves and flattens exposing a rod shaped body
within which however 15 not the virus particle but another
capsule The particle 1s contamed within the rod shaped capsule
and 1s also rod shaped further treatment with sodium carbon-te
releases the virus rod from the capsule and will also dissolve
the substance of the virus rod itself leaving belund as a ghost
the intimate membrane which contains the virus material

‘We come now to the last group of insect viruses in which there
are no polyhedra, granules and other mtracellular inclusions
Very few of this land of virus have been described and attention
here will be paid only to an interesting virus recently 1solated
from a fly larva Tipule paludosa This1s the same species of larva
from which a polyhedral virus has been obtained

Thus new vtrus 1s rather large and 1t appears spherical but 1s
actually polyhedral n shape 1t multiphes 1 the cytoplasm of
the fat body cells It occurs 1in very ugh concentration m the
msect and as much as 25 per cent of the actual body weight of

2¢
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The other virus 13 not regarded by some virologists as be-
longing to the virus category but s put n a separate class, the
Rickettsiae  These agents are certamnly considerably larger
than the average virus and may perhaps be regarded as a hnk
between the viruses proper and the bactersa Sections of certain
Ruckettsiae show a hmiting membrane and anintermediate zone
of granular matenal, there 1s also a space contaimng a central
body A somewhat simular state of affairs 1s seen 1n secttons of
vaccima and herpes viruses where there 15 also a central body
and a double membrane
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the larva 1s converted mto virus When a drop of the body
fluid from an infected lamvais observed on the electron micro-
scope 1t appears as a sheet of five and six mded particles

arranged 1n a regular B of 1ty 1y umform
size and high concentration in the 1msect, thus virus has proved
very sutable for stucies on punfi and erystalt

Professor R C Williams and the writer (1g57) hae now suc
ceeded m crystalizing this virus and a crystal photographed on
the optical microscope s shown i Plate XX X1, Figurc 4 When
such 4 crystal i¢ sectioned and obsersed on the electron micrer
scope the close paclung of the particles m the crystaf s such as
can be seen s Plate XXXIT Figure 5 It will be noticed i this
electron micrograph that the particles do not appear to be 1
contact This 15 thought to be due to the fact that each wirws
partucle 15 enclosed 1n a membrane which 18 very much less
dense than the central portion of the virus and so 15 not visible,
though each membrane 15 probably m contact with its neigh
bour

Thas same virus also exhibits some 1y
optical propertses When the virus s sedimented on the centnt
fuge at 10,000 rpm, the pellet exhibats fasanating colour
changes By transmitted light the pellet appears an orange or
amber colour By reflected light 1t has an indescent, turquose
appearance  Withun the pellet muy be seen small regions re
flecting the mnadent hight guite brthantly, gving the entwe
pellet the appearance of an opal The particles are separated
from cach other m the crystal and this gves the bight scattenng
which produces the turquose effect

Some Viruses Arreorive Hioner Annass

For the sake of compinson with the viruses affecting planis and
nsects, 1t may be worth while to mention briefly two viruses
from man One of these that of pohomyelitss has been studied
at Berkeley Cahformia and was one of the first, of not the frst

animal viruses 1o be obtamed 10 crystafline form Yo s a very
small viras and seen on the electron mucroscope has a close
superfizal resemblance to 2 small plmt virus Iike that of
tomato bushy stunt
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