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PREFACE

of Lectures on the Scientific Basis of Medicine, with an

account of the origin and purpose of these Lectures: they
have been stated fully in the prefaces to the previous volumes.
As in previous years this volume fairly reflects the content of the
particular series of lectures from which its material is drawn.
The lectures here published should, like the eatlier ones, assist
graduates to appreciate the advances which are being made in
fields other than those 1n which they are personally engaged and
which may affect the development of the subjects in which they
are chiefly interested.

The present volume reflects, especially, the growing know-
ledge of the physical and chemucal structure of biological
tissues, of how these are built up and maintained, of their re-
actions to injury and their interdependence as a factor contri-
buting to the health of the individual, The use of radioisotop
and the method of ch aphy have enabled advances to
be made in many directions. The actions of hormones and
enzymes and the importance of the connective tissues are again
emphasized. The elucidation of the processes of infection and
immumty, to which the discovery of penicillin gave new im-
petus, and the ever widening field of chemotherapy, are dealt
with 1n a number of the lectures The chemical transmission of
nerve impulses and the actions of the anticholinesterases are
agan represented in this volume, Two subjects, experimental
psychopathology and dermatology, appear for the first tme and
this is perhaps indicative of the relatively early stage that has
been reached in the knowledge of the scientific basis of these
branches of medicine, an appreciation of the apportunities for
fruitful work 1n these fields may, it is hoped, stimulate the search
for new knowledge

THERE is no need to preface this, the third annual volume




vi PREFAGE

The first lecture, by Dr. H. E. Sigerist, on ‘Science and His-
tory’ offers justification, if such is needed, for the publication of
this and other volumes which endeavour 1o assist communica-
tion over a broad field of knowledge.

A fourth volume based on the series of lectures for 1954-55 is
already in preparation, and will, it is hoped, be published early
in 1g956.

Francs R. FrRAsER
Director, British Posigraduate
7 January 1955 AMedical Federation
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Science and History

HENRY E. SIGERIST

various aspects of modern science as the foundation of

modern medicine. May I be allowed to look at science
from a somewhat different angle? Science and history seem to
have very little in common. Few scientists are interested in his-
tory and modern science is so absorbing that it leaves little time
for studies in other fields. A scientist, who formerly was well
known, once said to me that he was not interested in studying
history because he was making history. He is dead now and
unfortunately very little of his work has stood the test of time.
The historian on the other hand has a very scanty knowledge of
science, not much more than what he learned in secondary
school. And yet the two, science and history, have much more in
common than appears on the surface. The sharp division be-
tween science and the humanities is artificial, a late develop-
ment, the result of specialization. It did not exist in the Renais-
sance. Girolamo Fracastoro, the 4ooth anniversary of whose
death was commemorated widely in 1953, was a physician, to
be sure, who made important contributions to our knowledge of
contagion and contagious diseases, but he was a humanist
first and foremost who wrote poetry and whose range of interests
was extraordinarily wide. His contemporary, Paracelsus, was a

* physician also, but he wrote theological :\nd phil

T ST N T OO I S VA )

So far the lectures in this series have been dealing with

period, entered the hterary scene with a volume of poems which
B



2 HENRY E. SIGERIST

exerted a very strong influence on German literature and in
some ways even anticipated Goethe. Besides writing enormous
tomes on botany, anatomy, physiology, besides editing many
works of students and colleagues and writing innumerable
letters on scientific subjects, Haller also wrote three novels and
several theological books. The great French philosophers of the
period of enlightenment—men like Diderot, d'Alembert,
Rousseau, Voltaire—were philosophers, poets, historians and
were all keenly interested in science.

The great development of the various sciences in the nine-
teenth and particularly in the twentieth centuries was respon-
sible for the split between science and the humanities and we
are sometimes inclined to identify the humanities with culture
and science with technology, which is quite wrong. The work
of scientists like Darwin or Haeckel had greatly influenced the
philosophic outlook of men of my generation. At a conference
of the World Health Organization at Nancy in 1952 the general
opinion was that medical students should be cultured, that they
should have a broad humanistic outlook, and one member of
our group made the very pertinent remark that science was also
culture and that the training in the sciences that the medical
students received was contributing to the development of such
a broad humanistic outlook in them to a very great extent.

We all know that science has a future, and probably a very
great future. The progress achieved in the few decades since my
graduation from medical school in 1917 has been stupendous.
We are, however, all too inclined to forget that science also hasa
past and that today’s progress is the outcome and result of a
very long development. The historian, on the other hand, is
only too ready to forget that science is one of the major factors
in the moulding of history. I should like to discuss the subject of
science and history from two angles. First and foremost I would
Tike to point out the tremendous significance of the time factor
in the development of science, and sccondly I will say a few
words about science as an element in the making of history.

A poet who writes an elegy, a form of poetry very popular in
antiquity, or a sonnet, a form of poetry brought to great per-
fection in the Renaissance, or a poem in free verse, may have
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wriften a very good poem, but it need not necessarily be better
than an clcgy o[‘Archllcchus or a sonnet of Petrarch, In other
words there s no progress in poetry as there is in science, Within
the framework of the society of which he is a member the poet
expresses the fears and hopes, the joys and anxieties that he and
many of his contemporaries feel and does it in a given style
which is the style of his period. He does not have to build on the
accumulated experience of the ccntuncs, but the scientist does.
An observation may be correct, but it is wasted if the time is
not ripe and the foundations are missing. Let me give you a very
simple example from the medical literature of ancient Greece,
The Hippocratic physicions observed that in certain cases of
bronchitis you heard a distinctive murmur inside the chest
which sounded like boiling vinegar. In the case of dry pleurisy
they heard something that sounded as if a new jeather strap was
bent to and fro. In other cases of pleurisy they shook the
patient—this method was later to be named Succussia Hippo-
cratis—and heard a distinct sound. In other words the Greeks
in the fifth century 8.0. had found the principle of auscultation,
Why did they not develop it? Why did the world have to wait
for Laénnec before auscultation became a generally accepted
method of examination? For the simple reason that the Greeks
did not think in terms of pathological anatomy. Since the middle
of the eighteenth cemury we have kncwn that many symptoms
of disease are the functional exy ical changes
in the organs, and therefore methods were developed so that
these changes could be perceived with our sense organs in the
living patient. In 1761 the Viennese physician Auenbrugger
invented the method of percussion, and it was not by accident
that this invention was made by the son of ap mnkeeper who
used to knack at his kegs in order to hear whether they were full
or empty. Nor was it an accident that he was 2 good musician,
as was also Lagnnec, because only people with a good ear were
ablc to dlscovcr shght differences in sounds. Aucnbruggcrs
- * hought he
which we
Nostalgla,
however, is an excellent c‘camplc showmg how medical views
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are sometimes determined by outside factors and are time-
bound,

An Alsatian medical student, Johannes Hofer, wrote a doc-
toral dissertation in 1611 at the University of Basel under the
title De Nostalgia oder Heimwehe in which he described nostalgia
as a disease entity of its own. The dissertation met with im-
mediate success, was reprinted and translated. J. J. Scheuchzer
took up the subject and attributed responsibility for the discase
to the air. It was for very good reasons that Swiss physicians
were particularly interested in this disease. At that time many
Swiss soldiers were in foreign service and it happened occasion-
ally that one of them became so homesick that he deserted.
Such a highly dishonourable action was rescnted by the whole
nation. If homesickness, however, were a physical ailment
caused by changes of atmospheric pressure when a mountaineer
went to live in the lowlands, then there was an excuse for deser-
tion, disease being always considered as an accident which
excused people from many of the obligations under which
people in good health stood.

Another example of a strange time-conditioned disease is that
of tarantism. It occurred in Southern Italy, particularly in
Apulia, in the Middle Ages and the Renaissance and we have
descriptions of it even from the seventeenth and eighteenth
centuries. The disease was attributed to the sting of a spider, the
Tarantula, People were attacked by it at the height of the
summer heat, in July and August. They suddenly jumped up,
feeling an acute pain like the sting of a bee Some saw the spider,
others did not, but they knew it must be the Tarantula. They
ran out of the house into the street, to the market place, dancing
in great excitement. Soon they were joined by others who like
therm, had just been bitten or by people who had been stung in
previous years, for the discase remained in the body and was re-
activated every year by the heat of summer. People were
known to have relapsed cvery summer for thirty years All ages
were affected, children as well as old people, although most of

1 For the hustory of nostalgia sce Fritz Eenst, Fom Hermuch, Zanch 1949, An
Engf\‘s)‘: o alation of Hofer's drssertation was publshed i Bal fast et Med

=, 376 (1934)
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them were men and women in the prime of life. More women
than men were attached by the disease. Its victims were mostly
peasant people, but ladies and gentlemen and even worthy
monks and nuns were not spared. People danced wildly in the
queerest attire, dressed in strange costumes with necklaces, in
dresses of bright colour, red, green and yellow, but they could
not endure the sight of black. Some would tear their clothes and
show their nakedness, losing all sense of modesty. They waved
red cloths in their hands, wore wreaths of vine leaves and
waved boughs of vine. Some called for swords and acted like
fencers, others for whips and flagellated each other, women
called for mirrors and howled making indecent motions, Others
again liked to be tossed in the air while still others rolled in the
dirt like swine. They all drank wine plentifully and acted and
talked like drunken people. We owe these details to a mono-
graph written by an outstanding Italian physician, Giorgio
Baglivi, who studied the disease on the spot.!

There was only one cure for the disease and this was music
and dancing. Bands of musicians roamed the country at the
height of summer playing the tarantella, repeating the tunes an
endless number of times until people broke down perspiring
profusely, whereupon they were cured, at least for that year, but
the following year the sound of the tarantella would reactivate
the poison that was believed to be in their system. We know the
music that was played, as the learned Jesuit father Athanasius
Kircher collected the tunes and published them m his work
Magnes swe de arte magnetica, in 1641. Baglivi being a good
iatromechanist explained the action of the poison mechanically
but as early as the exghteenth century it was found that the sting
of the Tarantula was perfectly harmless or at least not more
harmful than the sting of a bee or a wasp. The explanation must
be sought in a totally different direction. In 1621 a physician,
Epiphanius Ferdinandus, put hus finger on the night spot when
he said that some people considered the disease melencholiae seu
amentiae quaedam :pme:, some kind of melancholy or 1nsamty and

1o e .
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1 For the history of nostalgia sce Fiz Emst, Vom Hetmurch, Zurich 1949 An
F.ngh:l: lhnshuornyn( Hofer's dissertanon wis published in Bulll Jast. #st " Med.

2, 376 (1934)-



SCIENCE AND HISTORY 7

been reliable enough. So they devised a very simple method,
stirred a fine clay in water and applied this suspension rapidly
to the back of the chest. The point where the clay dried first
obviously was the hottest spot and there the incision was
made.

Aristarchus in the third century s.c. taught at Alexandria
that the sun is at rest, that the earth rotates about its own axis
and that the earth like other planets circles around the sun.
Today we know that he was right, but the time was not ripe for
his discovery. Nobody believed him, he was charged with
impicty and the geocentric system of Ptolemy dominated
astronomical theories until the time of Copernicus.

Another example which I think illustrates very graphically
the importance of the time element in science is to be found in
the work of the German anatomist and pathologist Jakob Henle.
In 1840 he published a remarkable book on pathological inves-
tigations the first part of w}uch dlSCuSSCS miasmas and conta-
gmm, and - Hed that
miasma is a substance \v}uch enters the human body from the
outside world and causes disease. The prototype of such a dis-
ease is malaria which is always acquired from outside and not
by contact. A contagium on the other hand is produced in the
body and is transmitted from one individual to another. The
prototype of such a disease is syphulis, which is transmtted by
contact. Most other infectious diseases, however, are miasmatic-
contagious. An individual acquires a miasma from outside,
develops a contagium which then is passed on from one to the
other. Such a disease is the plague. One gets 1t from outside
through a miasma which then multiplies in the body and is
passed on to large numbers of individuals. If, however, miasma
and contagium can produce the same disease they must be
identical, and must be not only organic but live material which
develops in the body like a parasite. Henle’s treatise was a
masterpiece of logic and was correct in all its basic assumptions,
Yet there was no response to it. Why? Again due to the time
element. In 1840 German medicine was just liberating itself
from the lofty speculations of Naturphtlosoptue and people wanted
to see things and not merely believe in them. Twenty years later,
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this neurosis becomes understandable when one remembers that
it occurred in a region where orgiastic cults, the cults of Diony-
sus, Cybele, Demeter and others were celebrated, cults which
had a decidely erotic character. Christianity came late to Apulia
and came to a primitive and conservative population in which
ancient beliefs and customs were deeply rooted. The pagan
rites, so popular]with"the people, were now considered sinful.
But they survived nevertheless, probably in secret, and one day
they came to the light again as symptoms of a disease which not
only excused, but legitimized them, It is one of many pagan
institutions that survived in the Christian world after having
changed meaning.

The observation of the Hippocratic physicians of murmurs
within the chest in certain diseased conditions showed that a
correct observation cannot be developed if the time is not yet
ripe for it. If we go back to the Hippocratic writings we may
find, however, that observation and correct reasoning could
give good results even if the theory was wrong. Thus the Greeks
knew that pneumonia did not always end in crisis but that
sometimes empyema  developed. According to the theory
pneumonia was a phlegmatic disease, the phlegm became pus
which accumulated in the pleural cavity and had to be driven
out through the natural healing power of the body. The pus
would then exther break through the wall of the chest or into the
bronchi. The Greeks knew that such a process took a very long
time, so long in fact that the patient had a good chance of dying
before the pus had broken through. The physician’s task there-
fore was to help nature 1n its healing tendency, that is, to create
an artificial opening for the pus to break through. The problem,
however, was to find the pus, and to know where the incision
should be made. To us this is very easy because we have the
method of percussion, we have X-rays and we can make an
exploratory puncture. The Greeks did not have any of these
methods and they had to rely on reasoning. Empyema was an
inflammatory disease. Hence heat was developed, and the point
of greatest heat must be the point where the pus had collected
and where the incision was to be made. But it was not easy to
find that point. Putting the hand on the chest would not have
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Renaissance painted his figures with clear outlines, well-
defined surfaces, his composition was harmonious and well
balanced. The Baroque artist, on the other hand, saw the world
in motion, the outlines of his figures were erased, played upon
by light and shadow. He emphasized the diagonal in his com-
positions, an open window, a distant landscape may catch your
eye, and this gave his creation depth and wider perspective.
His art was dynamic, not static, The Renaissance artist was
interested in what exists, the Baroque artist in what happens.
There was a definite change from a static to a dynamic outlook,
one which we find not only in art, but in music beginning with
Caccini, in physics with Galileo and in the medical sciences with
Harvey. He was an anatomist, as we all know, but what fas-
cinated him was motion and in s hands anatomy became
anatomia animata. Harvey wrote another book which characteris-
tically enough had embryology for a subject. Embryology also
is dynami , one that ct from one to
another.

Every science requires a foundation upon which to build.
There could be no scientific physiology without anatomy, and
today physiology has to draw heavily from the discoveries made
in physics and chemistry. The example of Harvey shows that a
scientific movement can only develop in a certain atmosphere.
It follows the general trends of the period, and it is perfectly
obvious that the social and economic conditions prevailing at
that time must have a strong influence on the development of
science, acting either as a stimulus and incentive or as a retard-
g factor, Ancient Greece was a seafaring nation and as soon as
their ships went beyond the Aegean sea some astronomical
knowledge was required which in turn called for mathematics.
Throughout history navigation has been a strong sumulus to
science. The larger the ships became the further they went and
the more scientific knowledge was required.

Slave economy, on the other hand, was a handicap to science.
As long as slave labour was easily available and cheap there was
no demand for labour-saving machines. The Greeks knew the
principle of the steam engine but never applied it. There was no
need for vastly increased industrial production in a society
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Pastcur and Robert Koch were able to show under the micro-
scope what the miasmas and contagiums actually were and thus
satisfy the inquisitive spirit of a rationalist age. '
In 1928 the ter y of the publication of William Har-
vey’s book describing the circulation of the blood was com-
memorated all over the world. T was at the University of Leip-
zig at the time and was asked to give a formal address on the
occasion. 1 did not want to repeat what had been so aptly said
many times before, that Harvey was a brilliant investigator—
there had been many others before and after him—that he made
the experimental method one of the chief methods of research in
biology, that he very successfully applied quantitative consi-
derations. Experiments had been performed before Harvey,
and one of his contemporaries Santorio Santorio tried to solve
another biological problem quantitatively, the problem of
metabolism. To that end he spent part of his life on scales
weighing carefully what entered and what left his body, but the
problem was one that could not be solved before the revolution
in chemistry brought about by Lavoisier. It puzzled me to
know why the circulation of the blood was discavered in the
first half of the seventeenth century, why not before, why not
later? There were many brilliant anatomists in the sixteenth
century, and even before that ume the lesser circulation had
been seen incidentally by some and described, although its full
significance was not recognized. If we wish to understand
correctly a new scientific development, we must study it within
the framework of the general civilization of the period, studying
that civilization in all 1ts aspects, economic, social, literary,
artistic, etc. When we do this in the case of Harvey we soon find
that at the end of the sixteenth century and in the early seven-
teenth century a basic change took place in man'’s outlook on
the world. The relation between the individual and the world
changed and he Iooked at it with different eyes. A new art
developed with Michelangelo—an art which matured in the
seventeenth century and which we call the art of the Baroque as
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hopes of the eightcenth and ninetcenth centuries when it was
assumed that science would be the means of liberating the people
once and for all from the bonds of disease, hunger and poverty.

The time element also noticeably affects the speed with which
a discovery is accepted. Auenbrugger’s percussion was a most
valuable invention as it gave the physician an extremely useful
diagnostic method, but hardly any notice was taken of it at the
time his book was published and almost half a century passed
before the method was seriously discussed and then gradually
accepted. The authority of Corvisart, physician-in-ordinary to
Napoleon, was needed to draw general attention to percussion.
In 1808 he published a new :dmon of Auenbrugger’s book with
a French translation and a vol [ v, and from
then on physicians began to practise percussion, in France first,
then in England, and finally also in Auenbrugger’s home land
Austria, and in Germany. The explanation for this delayed
recognition is easy to find. The year 1761 not only saw the
pubheation of Auenbrugger s book, but also of ]\Iorgagm s
great work De sedibus et causis morb per
book which was to become the foundation of pathologlcal
anatomy. Anatomical thinking was not yet general enough to
warrant the acceptance of percussion.

In the seventeenth century Santorio constructed a thermo-
meter to measure the temperature of patients suffering from
fever. It was a glass ball that the patient kept in his mouth, con-
nected with a tube on which the temperature could be read.
But at that time nobody thought of measuring fever and for
centuries physicians believed that putting the hand on the
patient’s forchead was enough to determine a sick man’s fever,
although Boerbaave in the early eighteenth century and de
Haen some time later had used the thermometer in their clinics
at Leiden and Vienna. The measuring of temperature as a
matter of routine became general only in the second half of the
nineteenth century. On the other hand, the discovery of the
X-ray spread like wildfire. I will give you a few dates for France
only but I am sure they were very similar in other countnies. On
the 28th December 1895 Wilhelm Roentgen announced his dis-
covery. A few weeks later, on the 1oth February 1896, Charles
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which consisted for the most part of slaves, small farmers and
crafismen. Handicraft industry was perfectly sufficient to satisfy
the needs of a small upper class. The very ingenious machines
described by Hero of Alexandria remained to a large extent on
paper, Conditions changed when the Roman Empire was
pacified apd slaves became rarer and more expensive, and even
more so when slavery was abolished altogether in Christian
Europe. There was a great shortage of Jabour in the Middle
Ages and as a result great efforts were made to make better use
of animal power, water power, and wind power,

In the Renaissance the demand for metals increased con-
siderably, An increased volume of trade required more gold asa
medium of exchange and voyages of discovery were launched in
scarch of gold. It was found in Mexico, in Peru, and the carly
expeditions to North America were also undertaken in the
search for gold. The new fircarms demanded more copper and
lead, and since the shallow deposits of minerals were exhausted
new machinery was required and new health hazards created.
It is not by accident that the first monographs on occupational
discases and particularly on miners diseases were written at
that time,

Men of my generation have experienced twe world wars.
Both brought endless destruction and suffering to the world, but
we cannot deny that they were also a strong stimulus to science.
We remember what aviation was before World War I and how
tremendously it developed during and after the war. The
second World War brought radar, the use of atomic energy,
and speed in the apphcation of the sulpha drugs, penicillin and
DDT which would have been quite impossible withount the
pressure of war. War means destruction. But it is no fault of the
scientists if thewr discoveries are used for destructive purposes.
It is the fault of the peaple who have not yet learned to create
the social organization that the new science requires. The New
Yorker, that greatest of all Amertcan magazines, prnted 2
highly sipmficant cartoon a few years ago. A young man was
telling his parents that he wanted to become a scientist, where-
upon one of the parents, tersified, said, “Isn’t there enough
trouble in the world atready? How far have we moved from the



SCIENCE AND HISTORY 13

- poison is evil, but poison may also be a remedy. It is the dosage
that determines the effect. The third sphere is Ens naturale. Men
may be contemporaries but no two are identical and we know
well enough that no two individuals have the same fingerprint
or the same handwriting. Every individual is born with a nature
of his own and to a large extent carrics his destiny within him-
self. The fourth sphere is Ens spirituale. Man has body and mind
like all other animals, they are one i h as they determine
one another mutually. But man is an animal of a special kind.
He is conscious of himself and of his past, he not only feels pain
but is able to reflect about the phenomenon of pain and to
establish abstract concepts. Thus the spirit in Paracelsus’ ter-
minology gives man a special position in nature and from the
spirit causes of discase may also arise.

Now let us go back to the first entity. What is Ens astrale? The
stars move according to eternal laws, and so does man’s life.
The constellation characterizes a given moment and every
individual has his moment, his historical time, which affects his
life in health and disease. This is a very fine and correct thought.
Thirty years ago I had an ordinary pneumococcus pneumonia
which developed into an empyema and I was ill for many
months. Today the same pneumonia would have been cured in
a few days and lhc cmpycmn a\mdcd People suffering from
Ppernicious itis, erysipelas, puerperal
fever and many other diseases have good chances for survival
today, while they were lost only yesterday. On the other hand,
men of my generation had good chances of being killed in two
wars The historical moment 1n other words affects not only
saientific developments, but also man’s health and illness.

Let me make just a few remarks about science as a factor in
the moulding of history. I shall be brief because the facts are
more generally known, and I shall limit myself to the impact of
science on society and to a few recent dcvclopmems in the
western world. As long as ag‘nculture was primitive and indus-
try d of g on a small scale, little
science was needed and apphcd in the process of production.
From the Renai onwards, | , scientific thought and
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Henry presented a report on Roentgen's discovery to the
French Academy of Science, On the 17th April the first French
X-ray machines were shown, Before that, on the 1st April a
clinical demonstration was made before the Saciété de Chirur
gie and on the 6th August before the Congrés Frangais de
Mcdecine,* Why such a difference in the acceptance of ther-
mometry and of the X-ray? Again the reason is not difficult to
find. Little was known about the physiology of fever before the
nineteenth century and it took the physicians some time to
think about it in quantitative terms. The use of X-rays for pur-
poses of diagnosis, however, was on the straight line of medical
development and was the crowning method which had been
preceded by percussion, auscultation, the invention of the oph-
thalmoscope and of the laryngoscope, by apparatuses that
introduced electric bulbs and mirrors into every cavity of the
body in an attempt to sece anatomical changes in the living
orgamsms. The X-ray which permitted one to look through the
body was eagerly accepted in a very short time. A factor which
must be kept in mind also is that Roentgen never took a patent
on his discovery, but even if he had the method would have
been adopted without delay.

The time factor plays a part in another sense and, to illustrate
this, I would like to go back to Paracelsus and to one of his
most inspiring books, the Volumen Paramirum, a book on which he
warked for many years and which he completed around 15302
The book is not easy 1o read as it is wntten in the symbolic
terms so dear to the author, but 1t is undoubtedly the ripest
frust of Paracelsus’ thonght. It is an attempt to outline 2 medical
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of nature, ‘h: lives in a physical environment from which he
derives matter and encrgy. Food comes from nature but so does
poison, there are normal but also abnormal sumulauons. Every-
thing that comes from nature 15 both good and evil, food is gaod,

1 11, Péquignot, ‘L.a médecine et le monde moderne’, Les Temps Moderas, 9, 773
95 & ngtsh transtation by K. F. Lexdecker was published as Supplement No. 11
ta Bdl Hiss Med , Balumore, 1949
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parties. The polarization of society to the right and to the left
is a process in the midst of which we still find ourselves today.
The industrialization of the West also created a new political
outlook. Sources of raw material were needed to feed the indus-
tries and foreign markets to absorb their products, thus leading
every western country to endeavour to build a colonial empire.

In the field of biology Darwin’s theory of evolution had a
profound influence upon philosophic and religious thought, so
much so that its teaching is still forbidden in parts of America.
Asaresult of science, the general material standard of living was
raised, at least in some western countries. Life has become
safer, more comfortable and we have an infinity of enjoyable
gadgets. Science is worshipped and there is no better recom-
mendation for a toothpaste or breakfast cereal than to adver-
tise it as being scientific. A man like Einstein is universally
respected although very few people understand what his con-
tribution to science has been. But he is highly esteemed as the
embodiment and symbol of science.

Science, however, also knows of many frustrations. Industries
apply scientific principles to their production, to be sure, but
by no means freely. We all know of the endless number of
patents that are purchased by firms in order to be suppressed, in
order to forestall competition or because 2 firm wants to use up
its old machinery. Governments do not act scientifically. They
consult with scientists, obviously, hundreds or even thousands
of scientists are in the government service as experts, and in the
United States the Department of Agriculture is one of the fore-
most scientific research institutions of the country. But politics
are the result of compromise, conflicts of vested interests are
unavoidable. Foreign policy is still less scientific. If we could
exploit the resources of the world scientifically, if production,
distribution and consumption could be orgamzed along
scientific lines, the standard of living would be raised con-
siderably. But we all knowhow difficult thisproblem is Socialism
is an attempt to organize the life of a nation 1n a scientific
manner and we shall have to see how successful it will be.

When, l}nrty years ago, some of us talked of the social impli-
cations of science nobody listened. In the current text-books of
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scientific discoveries began to exert an ever increasing influence.
The voyages of discovery in the sixteenth century made 2 deep
impression on western society, new continents were found with
plants, animals, and races of mankind unknown to the Greels.
The human body was explored by Vesalius and his fellow
anatomists, and the universe by Copernicus and his followers,
This discovery of the world broadened man’s outlook consider-
ably, and it was continued in the cighteenth century by Newton,
Galileo, Kepler and many others. At the same time Harvey,
Descartes, Borclli showed that the human body was some kind
of & mechanical system and that mechanical laws applied to it
also. The microscope revealed a world of infinitely small living
beings. One discovery followed another, In the cighteenth
century it was electricity. Chemistry had its great revolution
and the steam engine was invented. The philosophers deeply
interested in science became its chief popularizers and propa-
gandists, The French Revolution enthroned reason, and reason
is the essence of science.

In the course of the nineteenth century in Europe first, in
America somewhat later, science became a determining factor
in history. New industries developed, and industrial output
both increased considerably in quantity and mmproved in
quahty. The populations of all industrial countries increased
because new means of transportation made it possible to bring
food from distant regions and the population could grow
beyond the capacity of the home soil. At the end of the last and
in the beginning of our own century science created new indus-
tries directly, such as the electrical, the chemical, the food and
cosmetics industries, and a second industrial revolution took
place which affected the western world as strangly as the ﬁrst'.

The industrialization of the West created a new social and
econonue order. The majority of people became wage earners
or salaried employees who depended for their living on the
labour market, over which they had no coutrol. The working
class organized itself in militant trade unions and political
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Biological Synthesis
G. POPJAK

INTRODUCTION

NE of the most significant advances in biochemistry
Oduring the past twenty years has been the increasing

realization of the important role small molecules play
in the metabolism of the living world—both in the plant and
animal kingdoms. Plants represent perhaps the extreme example
of simplicity of taste for food, being able to build up their cell
constituents, their proteins, fats, carbohydrates, their pigments
—and the substances which have become the vitamins for the
animal world—all from CO,, ammonia, or mitrates, mineral
salts, water and sunlight. While we ourselves are more fastidious
in our choice of diet—we prefer steak to ammonium sulphate
and we would rather have butter on our bread and sugar m our
coffee than inhale CO, even on a gloriously sunny day—never-
theless when our cells and tissues are laying down their con-
stituents they will more frequently resort to a synthetic process
from small molecules in preference to accepting unchanged
compounds from the diet or even substances absorbed from the
blood Thc process involves, of course, (he ncccssxty of first
d g large molecules and then r
into a spccxﬁc pattern Such a mechanism has the cffcct ofprc-
serving the charactenstic composition of the tissues of a particu-
lar species, and further, in the course of the stepwise reactions of
degradation and resynthesis integration with the energy meta-
bolism of the cells takes place, the whole integrated process

being the maintenance of life with the performance of specific
c
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'
history the word science was as a rule not even mentioned. The
situation has changed today and we have many excellent text-
books of all grades which fully recognize the great part played
by science in the historical development of the western world.
The scientist, on the other hand, is beginning to be aware of his
social responsibilities. He is not only an expert but has an im-
portant part to play as an expert citizen,

The history of science can teach us a great deal. In our schools
science is too frequently taught in a dogmatic way and not
presented in its cultural setting. A body of generally accepted
knowledge, simplified and carefully digested, is transmitted to
students who accept it as a matter of course. The graduate
teaching of science trains specialists, highly efficient specialists,
who, however, are frequently uneducated outside their
speciality. The academic world surrendered so readily to dic-
tatorship in many countries b it isted of specialist
who knew nothing outside the narrow bounds of their special
field. If we wish to produce a citizen able to think in terms of
science and a scientist prepared to participate in social action
we must improve our methods of teaching. One way, and in my
opinion it holds great promise, is to approach the sciences not
only technically but also historically, philosophically and
sociologically.
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chemical bonds with the aid of highly efficient catalysts in the
form of enzymes and various pigments.

The living world, as we know it, can be divided into two
large groups: (1) into autotroph and (2) into heterotroph organ-
isms. The autotroph organisms are characterized by their
ability to build up their cell constituents entirely from inorganic
matter and to assimilate carbon dioxide. Plants, green algae,
green, red and purple bacteria—all autotrophs—use light
guanta as the source of energy for the assimilation of CQO,.
Another group of autotroph bacteria cannot make use of light
energy; instead, they derive the energy for the same purpose
from the oxidation of inorganic substances like hydrogen sul-
phide, ammonia, molecular hydrogen, or ferrous iron. Hetero-
troph organisms, which include the pathogenic bacteria and all
animal species, on the other hand must be supplied with
organic substances, made ultimately by the autotrophs, in order
to live. Some heterotrophs, like bacteria and yeasts, can live,
multiply, and build up all their constituents when grown on
very simple media provided a suitable organic carbon source is
added, e.g. Iactate, acetate, ethanol, glycerol. In the hetero-

On the basis of the source of the energy which drives the
primary synthetic reactions we speak (i) of photosynthesis
and (1) of chemosynthesis, as in the two classes of autotroph
organisms, and (iii) of enzymic synthesis as it occurs n all
heterotroph organisms. It must not be thought, however, that
enzymic synthesis is a special prerogative of heterotrophs; auto-
troph organisms abound in enzymes and enzymc reactions too.
A germinating seed contamns several enzymes and is entirely
heterotroph and depends for its existence on substances stored
in the seed until after the formation of chlorophyll in the
cotyledons, when 1ts photosynthetic Ife can begin.

PHOTOSYNTHESIS
Itis hardly necessary to emphasize that photosynthesss, whereby
carbon dioxide is being assimilated into organic substances is
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functions, such as secretion, transfer, muscular contraction, ctc.
The continuous breakdown and regeneration of most of our
body constituents is now an cstablished fact and is mediated
through the reactions of small molecules such as acetate,
pyruvate, oxaloacetate, «-ketoglutarate, amino acids and other
substances. The processes by which living cells effect the build-
ing up of Targe molecules, proteins, fats and carbohydrates, from
small ones is the subject of my lecture and is called biological
synthesis of, for short, biosynthesis,

Rrration oF SyNTarsis To ENERGY-YIELDING PROCESSES

As 1 have indicated, biosynthesis is closely integrated with
energy-yielding processes and it is, therefore, impossible to
duscuss one without the other. Biosynthetic processes, and the
synthetic reactions carried out in the test tube by the organic
chemist are endergonic processes, i.e. they can take place only
if the necessary energy for the reactions is available. Seemingly,
there is a tremendous difference between the reactions of syn-
thetic organic chemistry as practised by man and biosynthetic
reactions as practised by the cells, in that the intermediates in
the two kinds of synthesis aiming at the same product are usually
widely different. Further, syntheses in the cell proceed generally
at much milder conditions of temperature and hydrogen-ion
concentration, and much more efficiently than the reactions
of synthetic organic chemistry. No orgamc chemist can as yet
clam to be able to convert, for example, some grams of COq
into carbohydrate in the course of a few hours in a nearly
quantitative yield, as a few green robacco leaves will do (cf.
Porter and Martin, 1952); neither can he convert acetic acid
into fatty acids with an efficiency of 2540 per cent in four or
five hours, as a few grams of hver slices can do when incubated
under snitable condivions, Yet fundamentally there is a feature
to de synthetic chemistry and the synthetic
chemistry of the cell, in that in both mstances energy must be
rovided. The organic chemist employs heat, aaids, and athahs
and what might in popular terms be called “strong’ reagents, to
achieve his purpose. Where the cell scores over man s in the
harnessing of energy derived from various sources into special
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The evolution of oxygen as a ‘waste’ product is unique to
plant photosynthesis and it was thought, therefore, for some
time that this type of reaction ciffers in some fundamental way
froma the photosynthesis observed in some bacteria. However,
a detailed study of the photosynthetic bacteria leads finally to
a generalized concept of photosynthesis which puts all photo-
synthetic reactions on to a common basis.

From the investigation of photosynthesis in green bacteria
—an anacrobic species living in media containing hydrogen
sulphide—van Nicl (sce van Niel, 1941) concluded that the
photosynthetic reactions in these bacteria can be represented
by equation (2):

CO,+2H,S+-kv—(CH,0) +H,0+25 (2)

Or, in the purple sulphur-bacteria (Thiohordacea), which live
in the same type of environment as the green bacteria, the
photosynthetic reduction of CO, can be expressed by equa-
tion (3):
2C0O,+2H,0+H,S +hv->2(CH,0) +H,80, (3
Another example of bacterial photosynthetic assimulation of
CO, is that occurring with Rhodovibrio (Gaffron, 1935) which
uses motecular hydrogen and is shown in equation {4):
COy+2H,+kv>(CH,0) +H,0 (€]
In all these reactions CO, is being reduced to carbohydrate

RS [N I G

substances which can serve as hydrogen donors i photo-
synthesis. The Thiohordacea can use for the same purpose also
short-chain fatty acids, and the red non-sulphur bacteria
(At?nohordaccn) use exclusively organic substances of a large
variety as oxidizable substrates in photosynthesis.
1f the photosynthetic reaction (1) of plants be rewritten 1n
the form (5):
CO,+2H,0 +kv»(CH,0) +H,0+0, (s)
there is a striking resemblance, for example, to equation (2)
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the most fundamental of all life processes, as the entire hetero-
troph population of the world—which includes 1
depends on it for existence. It has been estimated that 146X 101
tons of carbon are fixed annually by plants in photosynthesis
(cf. Gaffron, 1946), thus enormous amounts of energy are being
harnessed in a readily utilizable form, ’

While, in this lecture, T would like to discuss mainly enzymic
synthesis, which is of the more immediate import from the
medical point of view, it will be necessary as an introduction to
outline some of the main features of photosynthesis as well.

The over-all reaction of photosynthesis in green plants and
algae is given by formula (1):

CO,+H,0 +hv+{CH,0}+O, €3]

where k is the Planck-constant and v the frequency of absorbed
light, theswr product representing the energy of light quanta.
(CH4OY is the general formula for a carbohydrate unit; in the
most common of carbohydrates, in the hexoses, there are six
such units. As is cvident from formula (1) we depend on the
photosynthetic hife of plants not only because we draw from
it our organic foodsmffs but also because it provides us with
oxygen for respiration From the above photosynthetic reaction
we can read off another characteristic, common to a large num-
ber of biosynthetic processes, viz. that it is a reductive process.
The movement and transport of H; molecules among the cell
constituents js the most fundamental of all energy transforma-
tions of life.

In photosynthesis the light energy is used not for the actual
fixation of carbon dioxide but for the provision of activated
hydrogen for the reductive process of the reactions. The carbon
dioxide is fixed in the cells as the carboxyl group of an alicady
existing orgamic ‘acceptor’ substance. This is an enzymic
reaction and does not require bght. The effect of light is to
cause, through the activation of chlorophyll, a photolysis of
water; then, through the intervention of enzymes the hydrogen
of water is transferred to acceptor and donor substances which
finally carry out the reduction of the carboxylated product of

CO fixation
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temperature. It is now firmly established (Lipmann, 1941) that
the utilizable energy obtained from the intermediary meta-
bolism of foodstuffs is converted into a special chemical energy
in the form of the ‘encrgy-rich’ pyrophosphate bond of adeno-
sinctriphosphate (ATP). Investigations of recent years are
gradually unfolding the mechanisms by which the potential
energy of ATP is being used in biosynthetic reaction.

The concept of the ‘encrgy-rich’ phosphate bond has been
one of the most fruitful ideas in biochemical research during the
last decade. It originated with the discovery of creatine-
phosphate by Eggleton and Eggleton (1927) and by Fiske and
Subarrow (1929) and with the observation of Meycrhof and
Suranyi (1927) that the enzymic hydrolysis of the phosphate
bond in creatine-phosphate yielded the unexpectedly high
energy of about 12,000 calories per mol of substance hydro-
lysed. The hydrolysis of a pyrophosphate bond of adenosi
triphosphate yiclds likewise about 12,000 calories. This is in
contrast to the mere 2,000-4,000 calories released from the
hydrolysis of an ordinary ester phosphate linkage. Hence the
term ‘energy-rich’ phosphate bond for the former and ‘energy-
poor” phosphate bond for the latter type of linkage. It should
be pointed out here that this biochemical concept of an
‘energy-rich’ bond does not coincide with the bond energies of

e physico-chemist, viz. with the energy required to break
a chemical bond, because our ‘energy-rich’ bonds can be easily
split, i.e. in the physico-chemical sense these are weak bonds.
The ‘energy-poor’ bonds of an ester phosphate linkage on the
other hand can be broken with much greater difficulty, in other
words these are strong bonds. The essential quality of an
‘energy-rich’ bond may be easily grasped if it 15 looked upon
as carrying a high potential energy.

There are five types of ‘energy-rich’ bonds (Figure 1) which,
according to a convention adopted after the suggestion of Lip-
mann (1941) are designated by the symbol ~:

1. The guanidine-phosphate bond as in creatine and arginine

phosphate;

2. The carboxyl-phosphate bond as in 1 : g-diphospho-

glyceric acid;
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expressing the photosynthetic assimilation of CO, by green
bacteria in the presence of hydrogen sulphide. Kluyver and
Donker (quoted by Franck and Gaflron, 1941) expressed the
view as long ago as 1926 that the water in plant photosynthesis
should be looked upon as an oxidizable substrate, and the
evolved oxygen as the oxidation product of water.

On the basis of these ideas van Niel (1941) formulated a
general equation (6) for photosynthesis:

Light
chiorophyll
CO,+2H Ay (CH,0) + H,0 424 ()

which states that for the photosynthetic assimilation of GO, in
the form of (CH,0) a hydrogen donor (H,A) is required which
becomes oxidized to water and another molecular species (A},
through the action of Jight on chlorophyll or ‘bacterio-chloro-
phylf’.

The unique feature of plant photosynthesis, namely the
evolution of oxygen, became now a matter of course, because
only the photosynthetic reaction that used water as the oxi-
dizable hydrogen donor could produce molecular oxygen. That
the O, evolved comes truly from water was shown by the fact
that isolated chioroplasts, which do not assimilate CO,, when
exposed to Jight in an agueous medium containing oxidizing
agents to act as hydrogen acceptors, produce molecular oxygen
(Hill and Scarishrick, 1940).

Enzymic SyNtiess. SouRce o ENERGY FOR SYNTHESS
1w Anivar CeLts
Before I proceed to discussing enzymic synthesis, it will be
appropnate to enquure first briefly into some problems of energy
transformations m animal cells,

In animal cells, which cannot capture the encrgy of sunlight,
energy derived from the metabolic breakdown of foodstuffs is
utilized in biosynthetic reactions. However, energy liberated
from the oxidation of foodstuffs in the form of heat is lost as such
and cannot be made use of; the animal cell cannat work as a
heat engine becanse its reactions occur virtually at an even
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the mechanism of the formation of the pyrophosphate bond in
adenosinetriphosphate. ‘This subject has been reviewed admir-
ably by Professar Krebs (1553). I can only indicate briefly the
stages in the intermediary metabolism of foodstuffs at which the
formation of such bonds takes place.

During the initial brealdown of complex carbohydrates, fats
and proteins in the intestine {into hexoses, glycerol and fatty
acids, and into amino acids), glycosidic- ester~, and peptide
bonds are hydrolysed. The hydrolysis of these bonds yields,
however, less than 1 per cent of the total free energy available
from these three foodstuffs; this cnergy is lost entirely as heat.
After absarption from the intestine, the primary breakdown
products of foodstufls enter a second stage of degradatson in the
course of intermediary metabolism within tissue cells and yield
three substances: {5) acetate (from hexoses, glyceral, fatty acids
and several amino acids); (2) a-ketogluterate (from amino
acids); and {g) oxaloacetate (from amino acids). These three
relatively simple substances enter the third and final stage of
oxidative breakdown in the citric acid cycle.

Energy utilizable for synthetic reactians becomes available
from both the second and third stages of foodstuff degradation
{cf. Krebs, 1953). Two energy-rich phosphate bonds are
generated in the course of anaerobic glycolysis: (i) in the con-
version of g-glyceraldchyde phosphate into 1 3-diphospho-
glyceric acid, and {is) in the conversion of 2-phosphoglyceric
acid itno phospho-enal-pyruvic actd. The energy-rich phosphate
bords are then transferred to adenosinediphosphate to form
ATP, Pyrophosphate bond of ATP is also generated during the
oxidative decarboxylation of a-ketoacids (cf. Krebs, 1953). The
most important sources of the energy-rich phosphate bonds of
ATP are, however, the dehydrogenation steps of the citric acid
eycle shown m Fagure 2. During each revolution of the cycle four
molecules of H, are removed at various stages. The energy from
this oxidative cycle b Iable, not at the time of

idation {dehyd ) of the bers of the cycle, but
when the hydrogen removed reacts—ultumately through the
cytochrome system—with molecular oxygen to form water.
The free energy available from tlus reaction is about 52,000
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3. The enol-phosphate bond as in phospho-enal-pyruvic acid;
4. The pyrophosphate bond as in adenosinetriphosphate; and
5. The acyl-mercaptide bond as, for example, in acetyl-

coenzyme A,
NH,
il
R-~N—C—N~PO,H, Guanidine phosphate (1)
[}
I
R—C—O~PO,H, Carboxyl phosphate (2)
CH,
I
C—~0O~PO,H, Enol phosphate (3)
CooH
o (o}
i I
R—P—O~P—OH Pyrophosphate {4)
OH J)H
(o]
I
R—C~S8—R’ Acyl mercapude (5)

Fic. 1, Types of energy-nch bonds.

With the exception of the enol-phosphate all these bonds are
essentially acid anhydrides; and you may easily convince your-
selves of the ‘energy-richness’ of this type of bond by observing
the evolution of much heat on addmg to acetic anhydride a
little water, which hydrolyses the anhydride bond. The panul-
timate of all these ‘energy-rich’ bonds is the pyrophosphate
bond in ATP, as the others represent either intermediary stages
in energy transformation during anaerobic glycolyss, as (2) and
(3), or can be formed at the expense of the pyrophosphate bond
of ATP, as in (1) and (5). Creatine-phosphate in vertebrates and
arginine-phosphate in invertebrates represent, of course, a
storage form of potential chemical energy in organs, such as
muscle, nerve-tissue and electrical organs of fishes, which may
be called upon suddenly to do intensive work.

It is beyond the scope of this lecture to give a detailed
account of the energy transformations in the body or to discuss
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man and their colleagues, and to Lynen, Reichert and Rueff’
(1951) in Germany. In particular, the latter workers have
shown that the reactive grouping in cocnzyme A (CoA) is the
-SH radical; acetyl-CoA being an acyl-mercaptide containing
an encrgy-rich bond mentioned carlier. Kaplan and Lipmann
(1948) showed that acetyl-CoA was formed when cither a liver
or yeast enzyme was incubated with acctate, CoA and ATP. No
acetyl-CoA is formed in the absence of ATP. The over-all
reaction can be represented by the equation (7):

acetate +HS-CoA +ATP=acetyl ~5-CoA+AMP+PP (7)
according to which the energy-rich acyl-mercaptide bond is
formed at the expense of one pyrophosphate bond of ATP, the
latter giving rise to adenosine monophosphate (AMP=Ad-P)
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more than one way. For example r.hel enzyme could catalyse
first the phosphorylation of HS-CoA with ATP (8):

Ad-P ~PP 4 HS-CoA =PP~5-CoA +Ad-P (8)
and then catalyse the exch of the pyrophosphate grouping
with acetate (g):

PP~.S - CoA +4acetate=acetyl ~S5-CoA + PP (9)
Ir}dccd, Lipmann inclmed to this view untl very recently (cf.
L{Pmﬂ‘m, 1952). In a sull later publication, however, Jones,
Lipmann, Hilz and Lynen (1g53) adduced experimental evi-
dence to show that the transfer of the energy-rich bond from
ATP to acetyl~S.CoA involves the formation of enzyme-
complexes containing the energy-rich bond and not the phos-
phorylation of CoA. Therr results showed that the formation of
acetyl~S-CoA proceeds in all probability according to the
following steps:
Enz+ATP <Enz~AMP + PP (a)
Enz~AMP+.HS-CoA <Enz~$-CoA+AMP  (b)
Enz~8-CoA +acetate =acetyl ~S-CoA+Enz (<)

The combination of the three steps (a), (b) and (c) gives the
over-all reaction (7).
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calorics (Ball, 1944; Burton and Wilson, 1953) and can give
rise to thrcg pyrophosphate bonds of ATP (Lehminger, 1940;
1951; Lehninger and Smith, 1949; Slater, 1950).

oxaloacetate, @

acetyl-5-Coh
+1,0
H&CoMrartrate L-milote
R,C+cis-aconitate o
+H,
+H,0 2
1socitrate fuﬂ}ﬂ‘né&g
oxglosticonote succinate
@hco,
obketoglutarate
<o, 9

Trc. 2. Diagrammatic representation of the citric acd cyele.

Rore or Exgrgy-ricr Bonos iy BrosyNtussis

At present there are only a few biosynthetic reactions in which
the role of ATP is known with any degree of precision. One of
these 1s the formation of the so-called ‘active’ acetate with co-
enzyme A {CoA). The important part acetate plays in bio-
synthetic reactions as the primary building umt for larger
molecnles, e.g. fatty acids and cholesterol, has been known now
for at least ten years (for review see Bloch, 1947, 1948; Popjak,
1952), the reactive form of acetate in these biosyntheses, how-
cver, was not known until very recently. You will find fre-
quently in the biochemical iterature up to about 1950 the phrase
‘acetate or a reactive dertvative of 1t’. Nowadays this reactive
derivative of acetate is referred to as acetyl-CoA. The enzymic
formation of acetyl-CoA 1s an excellentatlustration of the transfer
of the chemical energy of ATP to other chemical groupings.

The identification of the so-called active acetate with aceryl-
coenzyme Adslargely due to the work of a group of distinguished
biachemists in the U.S.A., inclnding Lipmann, Qchoa, Stadt-
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of the lactating goat, we were able to show that the synthesis
proceeds in steps, in each step an acetate unit being added to
the carboxyl-end of a fatty acid chain already synthesized
(Popjk, French, Hunter and Martin, 1951). Thesc steps could
be depicted as follows: the condensation of two acetate units
gives butyric acid,
GC,+C,=C, acid.
The addition of another acetate unit to the carboxyl-end of
butyric acid results in caproic (hexanoic) acid;
C,+0,=0C, acid.
The lengthening of the carbon-chain of caproic acid yields
caprylic (octanoic) acid;
Cy+C,=C; acid,
and so on. There are good reasons, supported by experimental
evidence, for believing that the fatty acids in organs other than
the mammary gland are synthesized also in this stepwise
manner (Popjak, 1952). This view is also 1 harmony with the
knowledge concerning the reactions of acetyl~S-CoA; the
biosynthesis of fatty acids may then be represented in a general
form to proceed according to the equation (10):
acyls,~8-CoA +-acetyl ~8-CoA==acylg,4 5~8-CoA  (10)
in which the acyl 5, denotes a fatty acid radical containing an
even number of carbon atoms. The newly formed acyliz,+ 5
fatty acid radical could be further elongated by reacting with
another molecule of acetyl ~8-CoA or could be removed from
the reaction-chain by esterification with glycerol. The mechan-
ism of fatty acid synthesis just outlned is still somewhat
speculative since it has not been possible as yet to study the
individual steps of fatty acid synthess with enzymes 1solated
from animal cells. A modest beginning has been made recently
towards this goal. Brady and Gurm (1952) and Miss Tietz and
I.(Popjék and Tietz, 1953) have been able to obtamn from
pigeon-liver and _mammary gland respectively particle-free
enzyme preparations which, under appropriate conditions,
synthesize fatty acids from acetate w nitro. These preparations
are still crude and probably contain several enzymes in addition
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This type of transfer of energy from ATP to another chemical
grouping may be regarded as a model for chemical energy-
transfer mechanisms resulting in an activation of substances for
biosynthetic purposes. As I mentioned earlier, encrgy which s
liberated in the course of degradation of foodstuffs as heat js Jost
entircly and cannot be wtilized for syntheses by the cell. In the
above set of reactions leading to the activation of acetate, it is
important to notice that the energy is not liberated but is being
handed along a chain of chemical reactions with very little Joss,
this being indicated by the fact that the individual reactions
(a), (b) and (¢} were all easily reversible (Jones, Lipmann, Hilz
and Lynen, 1953}, and that the free energy of the acetyl~S-
CoA is between 10-12,000 calones (Stern, Ochoa and Lynen,
1952). Thus the acetyl~S-CoA complex contains now the
potential energy required for synthetic reactions involving
acetate units. For example, the free energy of formation of
citrate from oxaloacetate and acetate is only -+ 4,680 calories
(Kaplan, 1g51), and it 1s probable that the vatue for the con-
densation of acetate units to fatty acids is not greatly different.
Certainly acetyl~S-CoA is the form of ‘active’ acetate in the
acetylation reactions of foreign amines (Kaplan and Lipmann,
1948}, like sulpt ides and g-aminobenzoic acid, and in the
biosynthes:s of acetoacetic and of citric acid (Stern, Ochoa and
Lynen, 1952).

It seems now probable that in the synthesis of fatty acids from
acetate likewise, acetyl ~S-CoA. is the reactive substance. It hos
been shown with the aid of isotopic tracers that both carbon
atoms of acetate are incorporated into fatty acids and that the
entire carbon skeleton of these acids can be built up from
acetate. For example, after an ammal is given acetate labelled
in the carboxyl.C with radioactive carbon, the fatty acids i
the animal will contain the Jabel in the odd-numbered carbon
atoms (R ~CH, C*H, CH, C*OOH), whereas after the
administration of acetate labelled in the methyl carbon, the
even-numbered carbon atoms of the fatty acids will contain the
isatope (R ~CG*H, CH, C*H, COOH) (cf. Popjak, Hunter
and French, 5953). In an investi into the mechanism of

biosynthesis of fatty acids from acetate in the mammary gland
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rabbits (Popjak, unpublished observations), the two species in
whichsuch measurements were made. That this metabolite never
accumulates in appreciable amounts is due to the fact that it is
being used for the various bodily reactions as fast as it is being
made; it is being oxidized in the citric acid cycle as a source of
energy, it is used in acetylations and in various biosynthetic
reactions, the synthesis of fatty acids being only one of these.

CH,OH
C- .
CH, O-R
CH O-R
CH, O-R"
¢
K
triose phosyhnt
Foos semdeooiooooo CH,OH
v ¥
Hoog Co—CH,
€O, HOOE—CH, Mﬁ.fth acid
[P -

So far I have tried to bwild up a picture of enzymic synthesis
through individual reactions and have illustrated the process by
the example of formation of fat.

SoME METHODS IN THE STUDY OF BIOSYNTHESIS AND
RLGENERATION OF BoDY CONSTITUENTS
It 15 befitung in this sertes of lectures, opened by Sir Henry
Dale with an address on scientific methods in medical research,
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to other substances. Our own preparations, which can be
regarded essentially as the cell-sap of mammary gland cells
diluted with buffer, certainly contain coenzyme A, diphospho-
pyridine-nucleotide and eytochrome in addition to enzymes;
they will effect the synthesis of fatty acids from acetate only if
ATP is added. Presumably the role of ATP in these mammary
gland preparations is the activation of acetate with coenzyme A.}

Of course, the formation of fatty acids is only one facet of the
many problems connected with the biosynthesis of fats and
lipids, all of which are complex molecules; fatty acids in free
form occur in tissues and body-fluids in minute amounts only.
The conversion of carbohydrate, notably of glucose, into
neutral (glyceride) fat is a good illustration of the processes of
degradation and resynthesis occurring side by side in the body,
to which I alluded at the beginning of this lecture. My col-
leagues and I have studied this problem m recent years with
the aid of glucose labelled with *4C (Popjdk, Hunter and
French, 1953); the picture that emerged is summarized in
Figure 3. The first stage of this process is the degradation of
glucose in the glycolytic cycle which gives, through a common
intermediate, glycerol on the one hand and pyruvic acid on the
other. The oxidative decarboxylation of pyruvic acid leads to
acetic acid, from which the fatty acids are then synthesized.
The esterification of the fatty acids with the glycerol gives
finally the whole molecule of a triglyceride fat. The magmtude
and speed of these reactions may be assessed from our observa-
tions that n fully-fed normal rabbuts all the glycerol in liver fat
is newly formed from glucose in about six hours. With the
exception of rurnant animals, there are usually only mill
gram quantities of acetic acid present in the various body
tissues and fluids at any given time, yet this metabolite is
formed continuously at the rate of about 1g.froog. body
weight/day, both in rats (Bloch and Rittenberg, 1945), and in

V4 e as 1S mamaed ne the metas
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acids was the same as in the nitrogen of air (99-62 per cent UN
and o 38 per cent 15N} (Schocnhcnmcr and Rittenberg, 1939).

O, again, the 1w o naturally occurrmg isotopes of hydragen arc
found in biological substances in the same proportion as in
natural waters (gg-g8 per ¢cent 'H and o-02 per cent *H). But
if we give animals heavy water to drink, i.c. a water in which
the concentration of deuterium (*H) is greater than the natural
002 per ceat, all the reactions of the body will take place in a
medium containing heavy water, It was mentioned earlier that
several of the biosynthetic reactions are reductive processes,
e.g. the synthesis of fatty acids and of cholesterol from acetate.
The hydrogen dauors for these reductions are in rapid equi-
librium with the hydrogen of body water and, thercfore, in 2l
such reductive syntheses deuterium wil} be buit nto the newly
formed molecules (into the reduced chemical groupings) in the
same ratio as it is present 1n the body water, In other words, the
synthesized molecules will become labelled with deuterium,
Deuterium was the first among thc isotopes t6 be applied to the
study of biological 5 the 1 of the techniq

is due entirely to Schoenheimer and Rmcnbcrg at the Colum-
bia University, New Yaork (see Schoenheimer, 1941). If the con-
centration of heavy water in the body is kept constant {usually
at 1~2 per cent level), then it is possible to calculate the rate of
synthesis of several substances from the rate at which deutenum
appears in these in a stably-bound form. Conversely, by measur-
ing the rate at which the ‘label’ disappears, the rate of destruc-
tion of a substance can be measured. When these techniques
were applied to the study of fat metabolism, it was found thatin
animals which kept their body weight constant the rate of
synthesis of fatty acids was equal to the rate of their destruction
or utihization (see Schoenheimer, 1941}, This was one of the
carliest observations providmg clear-cut experimental evidence
to shuw that the seemung constancy of the composition of the
body is but the result of an equilibrium between synthesis and
degradation, the two processes balancing cach other. These
observations have been extended to other body constituents

also, to various hpoids, sterols, proteins, carbohydrates and

other substances, and these, with the exception of a few, were

|




32 G. porJAK

that I should also describe briefly some of the methods used in
the study of biological synthesis and, parallel with this, should
give an account of the balance of body constituents as this is
affected by the processes of degradation and resynthesis men-
tioned in my introductory remarks,

There are two principal modern methods available for the
study of biosynthesis: (2) the usc of isotapes as tracers and (4)
the use of isolated enzyme systems, Qur present-day ideas con-
cerning biological synthesis are very largely derived from the
successful application of these two methods, separately or in
combination, In earlier times, when such techniques were not
available, the synthesis of a body constituent could be shown to
occur only by careful and ofien tedious balance-sheet experi-
ments demonstrating a net increase in the body of a substance
not present in the diet. For example, it was by such a technique
that the synthesis of fat from carbohydrate had been demon-
strated in pigs about one hundred years ago by Lawes and
Gilbert (1866). { would fike to emphasize that a net increase
in the amount of a particular substance had to be demonstrated
before a conclusion could be reached from such experiments.
It can be readily appreciated that experimentation of this kind
often involved conditions far from physiological, and further-
more very little, if any, information could be gained as to the
intermediary stages of the synthess.

The discovery and isolation of the naturally occurring stable
isotopes and then the production of radwactive jsotopes of
practically all elements of biological importance placed in the
hands of biclogists a most powerful tool of research, second inim-
portance only to chromatography. It is possible to study the pro-
cesses of biological synthesis i great detail with their aid under
entirely physiological conditions. We haveat our disposalisotopes
of hydrogen, carbon, nitrogen, o¥ygen, phosphorus, sulphur,
sodium, potassmm, jodine, to name only a few. The principle
of the application of these isotopes to biological rescarch Is quite
simple and is based on the fact that, witlun certain limits, celgs
cannot distinguish between 1sotopes of the same element. This
was shown, for example, by the observation that the ratio of
the two stablc jsotopes of ni in proteins and in amino
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acids was the same as in the nitrogen of air (g9 62 per cent BN
and 0-38 per cent 13N) (Schoenheimer and Ruttenberg, 1939).
Or, again, the two naturally occurring isotopes of hydrogen are
found in biological substances in the same proportion as in
natural waters (99-g8 per cent *H and o 02 per cent 2H). But
if we give animals heavy water to drink, i.c. a water in which
the concentration of deutcrium (*H) is greater than the natural
002 per cent, all the reactions of the body will take place in a
medium containing heavy water. It was mentioned earlier that
several of the biosynthetic reactions are reductive processes,
e.g. the synthesis of fatty acids and of cholesterol from acetate.
The hydrogen donors for these reductions are in rapid equi-
librium with the hydrogen of body water and, therefore, in all
such reductive syntheses deuterium will be built into the newly
formed molecules (into the reduced chemical groupings) in the
same ratio as it is present in the body water. In other words, the
synthesized molecules will become labelled with deuterium.
Deuterium was the first among the isotopes to be applied to the
§!udy of biological synthesis; the development of the technique
1s.due entirely to Schoenheimer and Rittenberg at the Colum-
bia University, New York (see Schoenheimer, 1941). If the con-
centration of heavy water in the body is kept constant (usually
at 12 per cent level), then 1t is possible to calculate the rate of
syntlllesls of several substances from the rate at which deuterium
appears in these in a stably-bound form. Conversely, by measur-
ing the rate at which the ‘label’ disappears, the rate of destruc-
tion of a substance can be measured. When these techniques
were applied to the study of fat metabolism, it was found that in
animals which kept their body weight constant the rate of
synthesis of fatty acids was equal to the rate of their destruction
or utihzation (see Schoenheimer, 1941). This was one of the
earliest observations providing clear-cut experimental evidence
to show that the seeming constancy of the composition of the
body is but the result of an equlibrium between synthesis and
degradation, the two processes balancing each other. These
observations have been extended to other body constituents
also, to varnous lipoids, sterols, protemns, carbohydrates and

other substances, and these, with the exception of a few, were
D
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found to behave similarly. Although Sir Frederick Gowland
Hopkins described the life of the cell as early as 1913 in his
address to the British Association in Birmingham as ‘a dynamic
equilibrium in a polyphasic system’, such a view at that time
was more prophetic than based on cxperimental fact. The study
of animal metabolism, in particular of biosynthetic phenomena,
with isotopic tracers gave, however, solid backing to these
visionary ideas which were fully expounded by Schoenheimer
(1941) in his monograph ‘The dynamic state of body con-
stituents’,
Qf course, not all biological systems are in a steady state. The
most obvious example is the growing animal both in the pre-
natal and postnatal period, or a growing tumour. We may pose
the question, what is the underlying principle of growth? Is it
associated with an increased rate of synthesis or with an inhibi-
tion of degradation? When isatopic tracer technique was applied
to such problems a fairly clear-cut answer was obtained, at least
as far as some tissue constituents are concerned. When pregnant
rabbits were given heavy water to drink, it was found that the
incorporation of deuterium mto foetal cholesterol, for example,
was faster than into cholesterol in either the maternal fver or
m the placenta (Popjdk and Beeckmans, 1950). It was thus
possible to conclude that foetal tissues synthesize cholesterol
from small molecules. However, when the rates of synthesis and
degradation were calculated from a comparison of the isotope
data with growth rate curves it became apparent that in foetal
tissues the rate of synthesis of cholesterol is about the same as in.
maternal liver cells (about 50~60 mg./100 g. tissue/day), but
degradation is very much slower or completely absent resulting
inanetac lation of the sub Similar lustons were
reached in respect of foetal fats, too. Ruttenberg, Sproul and
Shemin {1948) also concluded that the growth of the regener-
: ©T  -s~mtamy is the result of the inhibi-
. yrotein synthesis
in the regenerating mves . . ¢ faster than in
normal ammals. The conclusion that growth results not so much
from an increased rate of synthesis as from an absence of, or
decreased rate of, degradation appears to be reasonable on the
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grounds of reaction kinetics also, since generally it is easier to
slow down or stop a biological reaction than to speed it up.

The investigations with heavy water just quoted were
examples of an experimental design, in which the concentration
of an isotope, in an appropriate chemical form, is maintained
constant in the body. Such experiments lend themselves very
readily to the study of biosynthetic processes in a quantitative
manuer.

In another type of experiment the isotopically labelled sub-
stance, e.g. an amino acid labelled with **N or with 3G, is
administered for a short period only, either in a single dose or in
divided doses in the course of a few hours or few days. Body
constituents, which are synthesized from such labelled amino
acids and which are being continuously régenerated, will show
the kind of isotope incorporation illustrated in Figure 4. The
curves in the top part of this figure represent the change in
3%N-content of normal plasma proteins and of antibody in a
rabbit actively immunized with type II1 pneumococcus and
fed 15N-labelled glycine for three days (Schoenheimer, 1941).
The isotope concentration in these proteins rises duning the
administration of the labelled precursor, then reaches a maxi-
mum, after whach it declines exponentially. The declining part
of the curve need not necessarily be, and seldom is, represented
by a single exponential equation, but may be a combination of
two or more exponentials. The experiment shown in Figure 4
demonstrated an interesting phenomenon, viz. that not only
normal plasma proteins were being continuously resynthesized,
but also antibodies produced by active immumzation, even
though the total antibody titre in the serum was falling. Pre-
sumably in this instance the rate of degradation or elimination
of immune body protein was faster than its synthesss, hence the
decreasing titre in the serum. In contrast with this, in passive
immumty the antibodies injected mto an animal show no
evidence of regeneration, i.e. no label appears m the injected
antibody when a labelled amino acid is given simultaneously.
These basic informations on the behaviour of antibodies have
been confirmed and extended recently by McFarlane and
Humphrey (1954) with the aid of C-labelled amino acids.
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The magnitude of antibody synthesis may occasionally greatly
exceed the synthesis of normal plasma proteins, McFarlane and
Humphrey (1954) calculated for cxample that one of their
hyperimmunized rabbits produced antibody four times as fast
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as it did normal serum globulin and that during a 19-day period
of observation this animal synthesized about 18 g. of amibodx
in response to an antigenic stmulus of 2'5 mg. of pneumocacci
of which not more than 10 per cent was antigenic capsular poly-

saccharide. ]
Among the exceptions to the general rule of continuous syn-
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thcsxs and dcgmdnhon of body constituents, the most notable is
the h of the lian red cell. Shemin and
Rittenberg (1945, 1916 9, 8) made the significant discovery that
the nitrogenous precursor of the protoporphyrin of haema-
globin was the amino acid glycine. This discovery has led to 2
iderable clucidation by the Columbia workers and by Muir
and Neuberger (1949, 1950) in this country, of the biosynthesis
of protoporphyrin. Shemin took by mouth 66 g. of ¥*N-glycine
.in the course of three days and then they observed the con-
centration of 1N in the haemin prepared from his red cor-
puscles. It was found that the *¥N-concentration in the haemin
rose steeply, reaching a maximum value about 25 days after the
labelled glycine was taken, then remained almost constant for
another 70 days, and then fell along an S-shaped curve. The
shapc of this curve is totally different from that found for body
which conti 1y regenerate, From the shape of

the 1s0tope conc:mmuon/ time curve of'! h:\cmm it appeared that
the probability thata b te may be degraded
sa funcnon of 1ts age. Since the principle of ‘ageing’ cannot be
applied to molecules anather expl ion had to be sought to
account for this particular type of curve. ITit be assumed that
the haemoglobin molecule, iaxd down during maturation of the
erythrocyte, is not involved in the flux of synthesis and degrada-
tion hike other substances in the body, but remains i the red
cell until the cell disintegrates or dies, the shape of the isotope
concentration{time curve of haemm observed by Shcmm and
Ruttenberg can be ad i d. Thas ption has
been generally :\cceptcd as covcrmg the facts. The observation
afforded also a new method for measurement of the mean life
span of human erythrocytes and gave in the subject studied a
value of 127 days. The mean life of the erythrocytes had pre-
viously been estimated by following the survival of blood-group
Q cells injected into a blood-group A recipient by the aggln-
tination technique of Ashby (Callender, Powell and Watts,
1915}, This method yielded a value of 120 days. A simdlar value
was found by Jope (1946) who measured the disappearance of
sulphaemoglobin from the blood of men who had been exposed
to trinitrotoluene. Both these non-isotepic techniques are, in
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principle, labelling methods, and they assume that the life-
span of the labelicd cells is identical with that of normal cells,
an assumption which may not necessarily be correct, This
criticism does not apply to the isotopic tracer technique, the
advantage of which is that the life of the individual’s own un-
altered red cells is being measured.

The Columbia workers were quick to realize the possibilities
their discovery offered, and extended their investigations to the
study of haem synthesis and red cell dynamics in pathological
conditions such as untreated and treated pernicious anaemia,
polycythaemia vera, and sickle-cell anaemia (London, Shemin,
West and Rittenberg, 1949). Thus they were able to show that
palyeythaemia vera, in its fully developed form, is characterized
by an abnormally high rate of hacmatopaiesis and a normal life-
span of the red cells. In sickle-cell anacma the 1sotope-concen-
tration in the haemin rose rapidly to a peak on the seventh day
after the administration of the 3N-labelled glycine, and imme-
diately began to fall. The analysis of the curve led to the con-
clusion that in sickle-cell anaemia the red cells are destroyed at
random, independently of their age, and therefore their survival
cannot be described properly by a ‘mean-life’. It was found at
the same time that the rate of haemoglobin synthesis was about
three times as fast as normal.

T am deeply conscious of the fact that the picture I have given
of biological synthesis is deficient and inadequate in many
respects. However, the subject matter provides my apologia in
that the problem of biosynthesis of any one cell constituent
could have provided enough material for this lecture or more.
I have attempted to describe bjosynthesis as a process mte-
grated with the energy metabolism of the cell and to stress
principles rather than detal, and I have endeavoured to show
that the study of these phenomena has an intrinsic value, not
only to the biochemust for the understanding of fundamcr}(al
processes of hfe, but also to the clinician for the understanding
of human disease,
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The Genetics of Some Biochemical
Abnormalities

. B. 5. HALDANE

as ‘The Genetics of some Metabolic Diseases’, for two

reasens. A genetically determined or inbormn biochemical
abnormality may be a necessary, but not sufficient, condition
for a disease in men, animals or plants. The disease will develop
if you have the metabolic abnormality and an infection or some
other environmental factor which may be anything from over-
eating to exposure to sunlight. In many cases, so far as we know,
2 biachemical abnormahcy is complctely harmless. However, if
it is rare there is always the presumption that it has not spread
becanse it is in some harmful. § dly a bio-
chemucal abnormality may mean, not that there is any predis-
position to a disease, but that if two people with the abnormality
have children, these children are hable to the disease. As we
shall see, abnormalities of this type may be advantageous.

1 shafl speak largely about fairly rare condibons for a very
simple reason. If a gene is fairly common it cannot {except in
one set of cases of which I shall speak later) be very harmful. If
it reduced the chances of its carriers of having children appre-
ciably it would scon become rare, though it aught be kept in
being hy mutation.

Garrod, the foundcr of human biochemical gencucs, realized
that these ab hties were condi d d by abnor-
mal genes. He did not speculate on how the genes determine the
abnormality. This we can now do, thanks to the extraordinarily

I 1AvE chosen this title deliberately, rather than such a title
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simple results of human genetical serology. We know that in
almost all cases there is a very simple relation between a gene
and an antigen, Everyone who has the A agglutinogen on his or
her corpuscles has at least one A gene per nucleus which he or
she received from a parent, and will transmit it to about half
his or her children. Similarly everyone with such a gene has the
antigen on his or her corpuscles. The simple relation is not true
for small molecules. For example purple sweet-pea flowers con-
tain a glycoside of malvidin, but at least four different genes
must be present before this substance is formed. According to
which is missing one gets crimson, salmon or white petals. It is,
therefore, tempting to regard antigens as primary products of
genes, and to take the same view as regards many of the enzymes
concerned in intermediary metabolism, It is certainly not true
of all proteins. Filitti-Wurmser (1954) and her colleagues have
shown that the anti-B agglutinogen of A,O indwiduals is differ-
ent from that of A,A, and OO individuals, and is not formed by
mixing them in tatro.

Perhaps the most fully investigated case in human biochemi-
cal genetics is that of sickle cell anacmia or drepanocytosis. X
refuse to use the American word ‘sichlemia’. Normal people
have haemoglobin which is homogeneous in an electric field,
So do their children Some negroes have a mixture of two
haemoglobins which differ in their isoelectric points both when
reduced and when combined with carbon monoxide. These
people are heterozygotes. If they matry normal people about
half the children have normal haemoglobin and half mixed
haemoglobin, They have one gene for making normal haemo-
globin and one for making abnormal haemoglobin, When two
such heterozygotes marry, a quarter of their children get the
abnormal gene from ¢ach parent, and have nothing but
abnormal haemoglobin. These people are very seriously handi-
capped, because the abnormal haemoglobin is insoluble when
reduced. In the venous blood their corpuscles assume odd
shapes, and these corpuscles have a short life. In consequence
they suffer from 2 severe haemolytic anacmia usually fatal in
childhood Men and women with mixed haemoglobin seem to
be normal. We shall see that in one situation they are super-
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normal. The difference between the haemoglobins is certainly
in the globin part of the molecule.

The main facts concerning the genetics were established by
Neel, those concerning the chemistry by Pauling, Itano, Singer
and Wells. 1 do not propose to give the references, since a very
full bibliography of this and most of the other topics on which I
am speaking today is given in Harris’ An Introduction to Human
Biochemical Genstics: 1 shall only give references not found there
orinmy The Biochemistry of Genetics.

Three further points complicate the situation. Many, but not
all, of the anacmics, besides sickle cell haemoglobin, have any-
thing up to 25 per cent of foetal haemoglobin. This can be
thought of as a physiological compensation. The percentage of
insoluble haemoglobin in g2 heterozygotes varied from 45 per
cent to 22 per cent. Finally, other genes have been found which
produce still other types of haemoglobin, and may cause
anaemia when corpuscles contain a mixture of one of these with
sickle cell haemoglobin.

This condition is remarkably common. It is said that g per
cent of American negroes are heterozygotes. If so one negro
baby in 500 15 anaemic for this reason, and will probably die
before puberty.

‘What is worse, in tropical Africa it 1s still commoner. 18 per
cent of babies in many populations are heterozygotes, which
means that about 1 per cent of the children are anaemic.
Professor Gates suggested that the anacmia only arose after
crossing with Europeans. There is no evidence for this hypo-
thesis, which would have pleased Hitler, on the contrary about
75 per cent of anaemics in Africa die before they become adult,
but the question certainly arises ‘Why has not natural selection
extinguished the gene?” The answer was found by Allison (1954).
He finds that the frequency of the anaemia is correlated with
that of malignant tertian malaria, the frequency of heterozy-
gotes occasionally reaching 40 per cent. In Uganda the hetero-
zygotes are substantially immune to malignant tertian malaria.
Of 15 inoculated, only 2 developed mild infections even after a

second inoculation. Of 15 controls, 14 were infected. Perhaps
Plasmodium falciparum finds sickle cell haemoglobin indigestible.
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simple results of human genetical serology. We know that in
almost all cases there is a very simple relation between a gene
and an antigen. Everyone who has the A agglutinogen on his or
her corpuscles has at least one A gene per nucleus which he or
she received from a parent, and will transmit it to about half
his or her children. Similarly everyone with such a gene has the
antigen on his or her corpuscles. The simple refation is not true
for small molecules. For cxample purple sweet-pea flowers con-
tain a glycoside of malvidin, but at least four different genes
must be present before this substance is formed. According to
which is missing one gets crimson, salmon or white petals. It is,
therefore, tempting to regard antigens as primary products of
genes, and to take the same view as regards many of the enzymes
concerned in mtermediary metabolism. It is certainly not true
of all proteins. Filitti-Wurmser (1954) and her colleagues have
shown that the anti-B agglutinogen of A,O individuals is differ-
ent from that of A,A, and OO individuals, and is not formed by
mixing them i vitro.

Perhaps the most fully investigated case in human biochemi-
cal genetics is that of sickle cell anaemia or drepanocytosis. 1
refuse to use the American word ‘sicklemia’. Normal people
have haemoglobin which is homogeneous in an electric field.
So do their children, Some negroes have a mixture of two
haemoglobins which differ in their isoelectric points both when
reduced and when combined with carbon monoxide, These
people are heterozygotes. If they marry normal people about
half the children have normal haemoglobin and half mixed
haemoglabmn. They have one gene for making normal haemo-
globin and one for making abnormal haemoglobin When two
such heterozygotes marry, a quarter of their children get the
abnormal gene from each parent, and have nothing but
abnormal haemoglobin. These peaple are very seriously handi-
capped, because the abnormal haemoglobin 1s insoluble when
reduced. In the venous blood their corpuscles assume odd
shapes, and these corpuscles have a short Lfe. In consequence
they suffer from a severe haemolytic anaemia usually fatal in
childhood. Men and svomen with mixed haemoglobin scem to
be normal We shall see that in one situation they are super-
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with 100 per cent methaemoglobin. Such a child would of course
die some time before birth.

The most typical biochemical abnormalities, as Garrod
recognized fifty years ago, are metabolic blocks. They are due,
at least in some cascs, to the absence of the enzyme catalysing a
particular process. Let me take an example with some comic
features, The catalase of blood is well known. A drop of blood
makes a hydrogen peroxide solution fizz merrily. But if T ask you
its function, I may get a variety of answers, No answer given
before 1952 was correct, because no one had observed a mam-
mal, let alone a man, without catalase. In fact it has the func-
tion of protecting the teeth.

Takahara (1952) described nine cases, in three sibships all
from marriages of normal cousins, of progressive oral gangrene.
The genetics suggest strongly, but do not prove conclusively,
that it is a recessive. The gums and cheeks are ulcerated. All
teeth may be Jost at age of 15. On recommending hydrogen
peroxide as a mouth wash he was astonished to find no bubbles,
and blackened ulcers. When blood from these people is added to
hydrogen peroxide it blackens and does not bubble. The cata-
lase content is less than one-thousandth of normal; but peroxi-
dase is present, This suggests that normally blood catalase is 2
defence against haemolytic streptococci. The Editor of the
Lancet suggests that cases may be found in Europe.

Where do we go from here? The obvious point is to search for
similar cases. Less obvious 1s to look for low catalase in milder
cases of oral sepsis It is at least conceivable that people may be
found in whom blood catalase is low but not absent, and that
they_may be particularly liable to attacks by haemolytic strepto-
coccl. T think it is probable that we could go a lot further, Most
rabbits have an atropinesterase 1 their serum  The absence of
1t1s recessive. But Sawin and Glick found that heterozygous rab-
bits only have about half'as much of this esterase as normal ones.
Presumably the dominant genes make esterase independently of
one another.

It might therefore be possible, by doing quantitative mea-
surements of blood catalase, to pick out heterozygotes Clearly
two such heterozygotes should not marry. There is still
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A simple calculation shows that, if all the anaemics died, the
heterozygotes would have ta have an advantage of about 11 per
cent over normals to keep a population in equilibrium with
81 per cent normal, 18 per cent heterozygous, and t per cent
anaemic, if all the latter died before reproducing. In some
environments the advantage of heterazygotes should be greater
than 20 per cent.

As Professor Penrose has pointed out to me in conversation,
Allison’s observations are doubly paradoxical from the point of
view of widely held theories about congenital disease, On the
one hand an infectious disease has been responsible for the
spread of a congenital disease in no obvious way related to it.
On the other, chemotherapy, so far from causing racial de-
generation, will presumably lead to the disappearance of this
disease.

I give this case in some detail, because it illustrates the
possibilitics of biochemical eugenics. On the face of it, sickle cell
anaemia is a recessive disease; and since almost all the parents
are normal, no obvions eugenic measures can be taken against
it. In fact one can pick out heterozygotes; and any negro,
before marriage, would be well advised to see that he and his
intended bride were not both heterozygotes, This would stop
about I per cent of negro marriages in the U.S.A. and 3 or 4 per
cent in Central Africa. It would abolish sickle cell anaemia.
Can we hope to do the same with a variety of rare conditions
found in this country which, however, among them account
for a good deal of chronic disease? Not yet, but perhaps before
A.D. 2000,

Let me take an ple of 2 iled domi condition
with a very similar etiology. Horlein and Weber studied a
faraily in which methaemoglobinaemia had been handed down
for at least four generations About 20 per cent of the haemo-
globin was present as methacmoglobin, and they showed that
it had an abnormal spectrum and was not reduced by ascorhic
acid or methylene blue, as in other types. The abnormahty
was shown to be 1n the globin part of the molecule, as in sick!e
cell anacmia. It seems hikely that if two methaemoglobinaemic
members of this family married, they might produce a child
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Metabolic studies on man have shown that some amino-
acids such as phenylalanine and tryptophan are essential. They
must be present in the dict. Others, such as tyrosine and serine,
are not essential. They can be made from other amino-acids.
Further, one of the c kinds of biochemical mutant in -
moulds and bacteria is one which requires some particular con-
stituent, say lysine or ancurine, in the culture medium, which
the normal form can make for itself.

Phenylketonuria seems to be due to a mutation of this type in
man. If a normal human being is fed with phenylalanine,
tyrosine rapidly appears in the plasma. It does not in a phenyl-
ketonuric, though experiments with ‘labelled’ atoms show thata
little tyrosine is slowly formed. Thus tyrosine is presumably an
essential amino-acid for such people. The metabolic step which
is blocked is the conversion of phenylalanine to tyrosine.
Whether the mental defect is due to chronic intoxication with
phenylalanine or one of its catabolic products is not yet known
with certainty. It should be known within a year or so, as
attempts are being made to keep several phenylketonurics on a
diet in which phenylalanine is reduced to a minimum.

Phenylketonuria has a variety of effects. It was discovered
because 1t is responsible for about 1 per cent of the severe con-
genital mental defects (imbecility and idiocy) in this country.
However, not quite all phenylketonurics are certifiable. Some
are merely backward, though I doubt if any have reached an
L.Q. above 8o, Further, Penrose found that on the whole they
have smaller heads and lighter hair than the rest of the popula-
tion. Melanins are of course formed from aromatic amino-
acids. The term phenylpyruvic ia is much less satisfz
than phenylketonuria because not all phenylketonurics are
aments, and it is impossible to draw a sharp line between those
who are mentally defective and those who are merely stupid.
On the other hand the chemical abnormality is quite sharply

defined. I shall give other examples later where a biochemical
abnormality may be symptomless.

‘We know that phenylalanine is oxidized to tyrosine under the
influence of an enzyme found in human and other mammalian
Lvers, but not n a number of other organs. But we do not
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another possibility. It is possible that the recessive genes,
instead of making catalase, make some other protein which
differs from it antigenically, and is therefore serologically
detectable.

Let me take another case, which illustrates two points. In
a Northern Irish family methaemoglobinaemia was found in five
brothers and sisters out of nine, and in no other relatives. This
looks like a recessive, In this family the haemoglobin was
apparently of normal structure, but Gibson and Harrison found
that a flavoprotein reducing enzyme, ‘co-enzyme factor 1’, was
missing from the corpuscles. Treatment with ascorbic acid or
methylene blue was quite effective in reducing the haemoglobin,
You see that jn this family and Horlein and Weber’s family two
different genes were producing the same effect by quite
different methods. Both the genetics and the therapeutics were
different. One may compare these two methaemoglobinaemias
with bacillary and amoebic dysentery, In the Irish family it
might be quite possible to pick out heterozygotes by quantita-
tive measurements on corpuscular enzymes,

Let us turn to a much more serious and unfortunately com-
moner condition, phenylketonuria. Phenylketonurics excrete
phenylpyruvic acid, phenylalanine, phenyl-lactic acid, and
other related substances in their urine in quantitics of the order
of a gramme per day. They are usually mentally defective,
There is no doubt that the character is recessive. Phenylketo-
nurics very rarely have children. All the g4 parents of the 85
described by Munro were normal If a character 1s recessive it

B - Fa ma el oL L fhacerozy-
when
ch in-

clude at least one recessive, the frequency is well above a quar-

ter, Clearly it 1s 100 per cent in sibships of one. It sho.uld f)c 57

per cent in sibships of two, falling to 33 per cent in sibships f:f‘

five and 26+7 per cent in sibships of ten. The numbers founq in

Munro’s 47 sibships were 85 out of 226, the expectation being

774 + 5'4. Again five of these 47 sibships, or 11 per cent, were

derived from first-cousin marriages, and others from more dis-
tant relatives.
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a generalized amino-aciduria, but no symptoms. They are
taking dietary precautions, and if they develop symptoms like
their sister, these should be readily curable.

Finally cystinuria is o sympton of Wilson’s disease, again
probably recessive, but with severe involvement of the liver and
nervous system. Here it is more doubtful if the kidneys are
involved, and the recent work of Schanberg and Gitlin (1952}
SUggests \ha{ thc pnmaxy d:f:ct may be a falure to form
caerulopt per g alpha globulin which is an
oxidase. Turpm, _Icrom:: and Schmitt (1953) confirm this
finding. But they also find low values for caerulopiasmin among
the clinically normal relatives of children dying of hepatolen-
ticular degeneration. It is too carly to say whether these were
symptomless cases of the abnormality or heterozygotes. The
fatter seems more probable.

Ishall, 1 hopc, be forngcn if I now spccu!ate briefly on the
ftare of As i and d diseases are
conquered, congenital diseases wx“ become more important,
We can classify many of them roughly as determined by
dominant, sex-linked recessive, and autosomal recessive genes.
Now a.dominant gene rarely produces severe presenile symp-
toms in all its carriers. If it did it would not persist for Jong.
Natural selection would soon wipe it out. If then it does nat
invan’ably produce symptoms it is theoretically possible to
prevent it from ever doing so, Such an attempt should certainly
be made in parailet with any attcmpt to eradicate the gene by
eugenic The ditions are more tragic.
‘Who does not know healthy parents who have barneonie or more
grossly abnormal children?®

T wish to suggest that within a century it should be possible to
detect heterozygosity for most of the more serious autosomal
recessive conditions, and that an examination for them will be
made at puberty as a routine. Let us see what this would mean.
About 1 per cent of cach sex is heterozygous for phenylketo-

nuria, and quite possibly this is advantageous. If every person
£
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know? whether this enzyme is lacking in phenylketonurics, or
whether, perhaps, its action is blocked by some abnormal
metabolic product. Nevertheless I hope to live long enough not
merely to know the answer to these questions, but long enough
to see 3 method of detecting heterozygotes. It is conceivable, for
example, that the rate at which plasma tyrosine rises after
Tttt . . PUREE ORI K e
gy : ' .
frequency of one phenylpyruvic in 40,000 with a few extra ones
due to inbreeding.

Let me illustrate my theme with one more set of examples
from work partly done by Harris in the department of which I
am head at University College, though in fact my colleague
Penrose is responsible for its human work. Garrod wrote of
cystinuria as a metabolic abnormality. We now know that it is
in fact 2 group of abnormalities due to different genes and
causing different symptoms. One or more, probably two, differ-
ent recessive genes cause the urinary excretion of cystine, Iysine
and arginine in quantitics of the order of a gramme daily,
Renal calculi may occur, but do not do so invariably, and no
other symptoms are known. The error may be purely renal. But
cystine crystals have been reported in the cornea and efsewhere.
It is not inconceivable that tissues in general may have some
difficulty in dealing with cystine, even if 1t is only in the kidneys
that this causes serious trouble. I have dealt with this question
elsewhere (Haldane, 1954).

In Fanconi’s syndrome (a recessive abnormality of childhood)
the urine contains not only cystine, arginine and lysine, bhut
Uncle Tom Cobley and all, that is to say most of the amino-
acids, glucose, and extra phosphate. The rickets which are its
nost sexious symptom seem to be due to phosphate loss.

Dent and Harrs described a pedigree of this syndrome which
only appeared in adult bife. The condition is probably recessive.
Qne patient was bedridden with ‘th ic pains’, 5p

2 Jerns (1953) r&.;‘,‘,;i no phenylnlamr;: oxidase at awtop sy 1n the hness of two

three cantrols, Probably, therefore,
Fis erzyme 13 produced by a gene present n normal human bemgy, but not
phenyiketonurics
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who was heterozygous knew the fact, one intended marriage in
10,000 would be contra-indicated. If a hundred such conditions
could be detected, t per cent of marriages would be contra-
indicated. I do not believe that it would even be necessary to
prohibit them legally. No ane wants defective children, and
provided the carrying of such genes was regarded as a family
joke like having a picbald uncle, rather than a guilty secret like
having an uncle in Dartmoor, I think the possession of a com-
mon recessive wonld come out long before a couple fell deeply
in love. In fact I can imagine a swain of A.D. 2054 telling his
dancing partner “By the way, I'm heterozygous for infantile
amaurotic idiocy and porphyria: ¥ hope you aren’t’, and getting
his face smacked for sauciness.

This may sound ridiculous. But a physician of 1854 would
have found at least equally ridiculous the notion that everyone
should know the blood group of which they are a member,
which, I think it will be agreed, is advisable. I must apologize if
I have been too speculative. But if a Iayman is asked to address
a medical audi it must be expected that he will hesitate to
speak on what is immediately practicable, but will attempt to
speculate on how his work can be applied to medicine in the
future.
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ings in photographs and drawings made, with exemplary
paticnce, from fixed preparations collected at regular intervals
after wounding by accident in human beings or deliberately,
for experimental purposes, in animals. The introduction of the
Clark-Sandison chamber technique now allows this process to
be watched and photographed on cine films hour by hour for
weeks on end. Fibroblasts can be traced to pre-existing tissue,
and are seen to grow at the rate of about 0 2 mm. a day into the
blood clot of the chamber, lagging behind the macrophages
and at about the same time as the new blood vessels. In about
six days the first fibres appear around fibroblasts close to the
periphery of the chamber and they can be traced towards the
centre at about the same raté as the fibroblasts. In due course
there is formed a mature fibrous tissue of good quality, in which
cells are not so numerous as formerly, have the characteristics
of P e s T .
or

satisfactorily in the living preparation and we must return to
fixed preparations for the details, Fortunately we have ways of
speeding up fibril formation by making animals, especially
guinea-pigs, scorbutic and then supplying them with vitamin C.
In scurvy the manufacture of interceliular materials is held up,
but after the administration of antiscorbutics, appreciable
amounts of intercellular substance are formed within 24 hours
and 1n a few days this material is completely differentiated. We
owe to Professor S. B. Wolbach (1933) of Harvard an excellent
account of this process of repair, the injury taking the form of 2
haematoma produced in scorbutic guinea-pigs by excision of
small pieces of extensor muscle. Repair begins at once by the
mugration of fibroblasts from adjacent tissues into the clotted
haematoma and these cells continue to divide as they invade.
But they form no fibrils and they remam separated from each
other, retaiming their embryonic shape. Capillaries, too, do not
penetrate the h for any iderable di and
often they persist as closed columns of endothelial cells. Soon a
curious vacuolar material appears between the fibroblasts which
isdelicately acidophilic and often granular. The vacuoles appar-
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Tissue Repair

G. R. CAMERON

discussing the healing of skin wounds and, indeed, there can

be no better mode of setting the scene, complex though the
action be. I shall follow the time-honoured precedent by re-
minding you of the essential features of healing by first intention
and by granulation and pass rapidly to some of the lessons we
have learned 1n this way.

IT is customary to introduce the study of regeneration by

SxIN Wounbps

‘When an aseptic incision is made through the skin and sub-
cutaneous tissue as in the course of a surgical operation, many
cells along the planc of cutting are damaged ot killed and many
vessels are severed. From this injury comes, as the result of
liberation of histarmine, peptides and perhaps other irritant
chemicals, a plastic inflammation which gives oedema and fib-
rin formation across the cut plane with leukocytic and macro-
phage migration from adjacent vessels to the vicinity of dead
tissue, We believe that this inflammatory reaction to the severed
tissue serves the purpose of removing dead material and blood
clot as a preliminary to repair.

Within 24 hours of injury, normal connective tissue cells
alongside the incision swell up, assume round or oval shapes and
divide to give new generations of young connective tissue cells
or fibroblasts. These in turn may divide again and again by
mitosis but sooner or later become quiescent, elongate, take on
spindle shapes and now are scen to be the centre of fibril forma-
tion. For many years histologists have depicted these happen-
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cess I shall have more to say when discussing tendon repair and
the second process will be encountered again in the more
appropriate place of liver regeneration.

While the fibrous tissue cells are going through their cycles
of division and fibrillation, new blood vessels are being modelled
from solid endothelial buds with fine terminal prolongations
which grow out from pre-existing vessels. The modern investi-
gations of the Clarks (1932, 1933, 1936) and of Florey and his
co-workers (Ebert and Florey, 1939; Ebert e¢ al., 1940) with the
Clark-Sandison chamber inserted in rabbits’ ears and more
recently of Algire (1943) using a transparent chamber attached
to the mouse’s abdominal wall, and.of Speidel with his ingeni-
ous technique for the tadpole’s tail (see 1948) have confirmed
the original discoveries of Thoma (Cameron 1952, for discus-
sion) and taught us something about factors therein concerned.
New blood vessels grow in the Clark-Sandison chamber at the
rate of 0-2-0 6 mm. a day; rate of growth can be modified by
temperature and the obstacles to be overcome, especially the
consistency of blood clot which may lie in the way of the grow-
ing buds. Nuclei 1ncrease by mtetic division, blood flows into
the lumina that soon form, sprouts join up to form at first loops
and later complicated plexuses, while differentiation into
B T A U PR

the loops from parent vessels or quite likely they represent
modified fibroblasts. Equally puzzling are the factors that bring
about the orientation of these cells 1n the vessel walls and attract
adventitial cells of reticulo-endothelial origin to the outer limits
of the differentiating vessels. And here, too, we encounter forces
by which the vasculature may be modelled and remodelled. The
lumina of many of the capillaries can be obliterated, the solid
cord of endothelium thus produced dividing and the ends
retracting to the level of the next patent vessel. In other words,
reversibility 15 a property assocrated both with the production
of fibrils and new blood vessels.

Lymphatics grow 1n much the same way as the blood capil-
laries, emerging as solid sprouts from pre-existing lymphatics
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ently are filled with fluid and some can be traced to fibroblasts
as if they had been discharged from these cells. Wolbach main-
taing that this is not oedema because the vacuoles occur in con-
nection with cells remote from blood vessels, More likely, they
are cellular in origin, either degenerative or secretory. I would
like to suggest that they come from mitochondria, but for this
view there is no evidence as yet.

Now, if orange juice rich in vitamin C be administered daily
to these guinea-pigs, startling changes set in with great rapidity.
Around the fibroblasts that arc remote from pre-existing normal
tissue appear fibrils which at first are delicate and then sturdy
in build. The former are demonstrable as fine black lines if the
tissue be treated with sijver salts for they reduce the salts to
silver deposit. They are the familiar reticulin or argyrophilic
fibrils, now believed to be the precursors of the coarser collagen
fibrils that appear a httle later (Dublin, 1946, review), Collagen
is found only in immediate contact with cells as a deposit or
procollagen, whose outline is determined by the shape of the cell
and proximity to other cells. Even far within the haematoma jt
develops from outlying and often isolated fibroblasts, spreading
outwards along the cell fibroglial processes, often lying in close
apposition with strands of fibrin. One gets the impression that
collagen is solely a matter of fibroblastic actvity; certainly it
carries with it no suspicion of an origin from fibrin as Baitsell
would have us believe, It passes through a stage wherein ,it is
P PR I SR RO T At

collagen fibrils identical with reticulum except in the property
of reducing silver salts. Fusion of fine fibrils or perhaps a kind
of fibrllar growth leads to the production of coarse, fully
formed collagen with remarkable tensile strength and we now
notice a shrinkage and elongation of the fibroblasts which
eventually culmunates in mature connective tissue. The subse-
quent history of fibrogenesis is dominated by two mysteriotts
phenomena: (1) orientation to give the pecuhlar tissue pattern,
and (2} reduction in the amount of collagen. About the first pro-
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cess I shall have more to say when discussing tendon repair and
the second process will be encountered again in the more
appropriate place of liver regeneration.

While the fibrous tissue cells are going through their cycles
of division and fibrillation, new blood vessels are being modelled
from solid endothelial buds with fine terminal prolongations
which grow out from pre-existing vessels. The modern investi-
gations of the Clarks (1932, 1933, 1936) and of Florey and his
co-workers {(Ebert and Florey, 1939; Ebert ¢t al., 1940) with the
Clark-Sandison chamber inserted in rabbits’ ears and more
recently of Algire (1943) using a transparent chamber attached
to the mouse’s abdominal wall, and.of Speidel with his ingeni-
ous technique for the tadpole’s tail (see 1948) have confirmed
the original discoveries of Thoma (Cameron 1952, for discus-
sion) and taught us something about factors therein concerned.
New blood vessels grow in the Clark-Sandison chamber at the
rate of 0 2~0 6 mm, a day; rate of growth can be modified by
temperature and the obstacles to be overcome, especially the
consistency of blood clot which may lie in the way of the grow-
ing buds. Nuclei increase by mitotic division, blood flows into
the lumina that soon form, sprouts join up to form at first loops
and later complicated plexuses, while differentiation into
venules and arterioles follows in certain places by the alignment
of fibrous tissue and muscle cells along endothelum. Where the
muscle cells come from is still uncertamn. They may grow along
the loops from parent vessels or quite likely they represent
modified fibroblasts. Equally puzzling are the factors that bring
about the orientation of these cells in the vessel walls and attract
adventitia] cells of reticulo-endothehal origin to the outer hmts
of the differentiating vessels. And here, too, we encounter forces
by which the vasculature may be modelled and remodelled. The
lurmuna of many of the capillaries can be obliterated, the solid
cord of endothelum thus produced dividing and the ends
retracting to the level of the next patent vessel. In other words,
reversibility 15 a property associated both with the production
of fibrids and new blood vessels.

Lymphatics grow 1n much the same way as the blood capil-
laries, emerging as solid sprouts from pre-existing lymphatics
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(Pullingerand Florey, 1937). Endothelialccllsdivideand migrate,
growing ends anastomose from time to time with one another and
even with mature lymphatics, and 2 lumen is hollowed out along
which the lymph soon flows sluggishly. The walls of the lymph-
atics persist as endothelium without any supporting cells.

Finally, vasomotor nerves can be traced to the vessels in close
association with muscle cells and their growth coincides with
the assumption of active contraction by the vessels. The earliest
contractions were scen by Florey and Ebert in a vessel that had
been an endothelial tube 10 days previously, the latest in an
arteriole that first contracted 7} months after its formation.

In healing by first intention the break in the surfice epi-
thelium is minute and it is quickly repaired. Should approxima-
tion of the edges of a wound not be possible then a much more
extensive surface remains to be covered over by epithelium.

The precursory inflammation, often enough complicated by
infection, is more severe and leads to the outpouring of exudate
with the formation of a surface covering or scab compounded of
fibrin, red and white corpuscles and remnants of dead epi-
thelium, Two to three days later, the base of the wound is red
and subsequently becomes granular. Each granule represents 2
newly formed capillary loop surrounded by macrophages, fibro-
blasts and other inflammatory cells. This young reparative
tissue, appropriately labelled granulation tissue, grows into the
wound gap, forms fibrils in the manner already described and
repairs the lost tissue. Maturation of the fibrous tissue goes on
for a long time, and many months may elapse before a tough
scar 1s formed. Even then repair may not be quite perfect for
the new tissue shows pecuharities in behaviour on the part of its
vessels. Most of us are familiar with the hvidity of old scars in
cold weather, or their failure to respond to emouon. Surely
these 1diosyncrasies reflect an unstable vasomotor control. So,
too, the embarrassing attribute of scar tissue of grossly contract-
ing, with disfigurement and distortion, indicates ymperfection
in the control of recovery.

With eprthelial repair, however, proliferation and replace-
ment go on rapidly and successfully and the outcorme, in most
instances, is free from worry. Basal cells from the wound edge
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slide across the bare surface and flatten out to cover the gap.
Mitotic division also involves the cells some little distance
hehind the growing edge after the first day or two and this
makes available fresh epithelium to bridge the denuded regions.
1 shall say more about this process when I consider regeneration
in the trachea. Then follows more division of cells in their new
locations, while differentiation takes place until the original
complex cellular covering is restored. At this time or perhaps 2
little earlier the scab falls off, reparation of the underlying con-
nective tissue ceases and so the wound is repaired, economically
and almost completely. Appendages of skin such as hair, sweat
and sebaceous glands are not renewed nor arc the normal papil-
lae reconstructed. Restoration of the elasticity of the scar is also
slow for the making of elastic fibres, whose origin is still un-
certain, is one of the last of the differentiations.

CoRrneA

For an instance of regeneration under simpler conditions we
turn to the cornea. Despite the numerous studies on this subject
few surpass the well-planned experiments of Senftleben pubs
lished in 1878. The modern investigations of Beatrice Pullinger
and Ida Mann (1943) are equally illuminating and worthy to
stand with those of Senftlehen. For those of you anxious to pur-
sue the subject further I recommend the authoritative mono-
graph of von Hippel (1937).

Senftleben gently flushed the centre of a rabbit’s cornea with
a strong solution of zinc chloride so that the epithehal covering
is injured without rupture of the outer layers of corneal tissue,
Twenty-four hours later destruction of the epithelium and of
corneal connective tissue cells has occurred immediately
beneath the cauterized area; this 15 surrounded by a zone of
swollen, very distinct corneal corpuscles. Healing then goes on
by mitotic division of healthy cells at the penphcry of the
m]ury, both the epithelial and corneal fibrous tissue cells par-
ticipating in division and spreading to cover in the gap left
behind as the cauterized cells are discharged. There is no
eukoeytic migration, no vascular Teachion and Yinle cedema.
Necrosis is thus followed by repair of the simplest kind.
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If mare severe injury be produced by decper cauterization so
as to give a break in the surface or by removing a little of the
corneal tissue, oedema soon leads to opacity of the underlying
cornea, leukocytes migrate from the conjunctiva and comeal
spaces to the immediate neighbourhood of the injury and this is
followed by repair as in the previous instance, Here again no
vascular reactions are apparent and the injury can be repaired
without the intervention of new vesse} ingrowth from the con-
Junetiva,

In their beautiful work on healing in the cornea Beatrice
Pullinger and Ida Mann (1943) applied minute drops of liquid
mustard gas (dichlorodiethylsulphide) to the cornea of rabbits
and found that spontaneous avascular healing invariably fol-
lowed when the centre of the cornea alone was damaged and
the corneo-seleral junction was kept uninjured and free from
oedema. The initial damage in these lesions entails destruc-
tion of epithelium over an area slightly larger than that covered
by the application of the liquid. The surface epithelium is
quickly wrecked by this highly irritant fluid and corneal cor-
puscles are destroyed 1 its pathway as it soaks through the sub-
stantia propria into the anterior chamber of the cye. The slit
lamp was used to follow changes in the living anjmals side by
side with histological observations at various stages of healing.

Rabbits with a pigmented corneo-scleral junction provide a
fascinating demonstration of the shding or mgration of epi-
thelium over the denuded corneal patch, for the pigmented ring,
when mvolved 1 the leston, is seen to break, shp in the form of
two curving limbs and then scatter over the bare surface. Micro-
scopical examination confirms that this is indeed the result of
mgration of melanin-containing epithelial cells sliding over the
area of damage prior to scttling down there to form a surface
cover. At the same time the epithelial layer which Initiates
migration is inundated wath inter- and intracellular flmd which
can actually be picked up mn the slit lamp beam. Puilinger and
Mann suggest that this hydropic change may possibly facilitate
the slide of epithelial cells.

Meanwhile repair goes on in the substantia propria, preceded
by extensive polymorphenuclear cell migration towards the sur-
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face of the cornea containing fragments of destroyed corneal
corpuscles. This migration is independent of infection and con-
tinues for a week or more, the characteristic appearance of the
polymorphs giving place to a streamlined arrangement with the
cells advancing in Indian file, as if directed or attracted. At the
end of a week or ten days, the critical oedema clears away and
as the cornea again becomes transparent the normal bright
speckled pattern of corneal corpuscles disclosed by the slit lamp
beam is replaced by fine white swirling strands resembling floss
silk. This represents a second cellular invasion, this time by
wandering cells, which starts within 48 hours of injury. Vital
staining with Pontamine sky blue allows these wandering cells
to be traced from ordinary macrophages concentrated outside
the conjunctival vessels. In corneal lesions in which no vascu-
larization takes place the polymorphs and the wandering cells
are the only two types that invade the cornea but when blood
vessels grow into the cornea they are accompanied by lympho-
cytes and fibroblasts and other cells of debatable nature and
origin called keratoblasts and large hypertrophic cells, Fibrils of
collagen are laid down around them and with restoration of the
endothelium of Descemet’s membrane healing is complete.
Opaque white scars, avascular or vascular, sometimes persist for
long periods of time according to the severity of the initial
destruction.
Tenvox

Our next example is regeneration in tendon, a subject that has
interested Dr. R. C. Buck of the University of Western Ontario
during his recent stay in my department. Buck (1953) followed
the changes that occur when the rat’s Achilles tendon is divided
between its origin and imsertion with one stroke of a sharp razor
blade and the cut ends are allowed to retract without being
sutured. Very quickly the space so formed between the stumps
15 filled with a fibrinous coagulum in which the fibrin strands lie
parallel to the long axis of the defect. During the first 3 days the
surrounding connective tissue prolferates to form fibroblasts
which infiltrate the fibrin coagulum from without inwards.
These young cells soon take on a filamentous appearance and
Lie with their long axes parallel to the fibrin strands as if they
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were apposed to these structures. Within a week or two a band
of mature fibrous tissue has filled in the gap of division and is
indistinguishable from normal tendon, Where the stumps join
this new tissue, fibrous tissue cells are irregularly arranged but
are frequently parallel to the cut ends of the tendon. Reticulum
and collagen appear about the fourth day and they, too, run in
longitudinal parallel lines through the main part of the sub-
stitute tendon. They are irregular, transverse or whorled at the
stump junctions. After the first fortnight reticulum no longer
exists as such but appears to have been converted into collagen.
The latter goes on thickening and is very coarse until at least
the fourth month after tenotomy,

A metachromatic material, well demonstrated by toluidine
blue staining, can be found without much difficulty betwecn the
cells and fibres of the paratenon immediately after operation.
Buck thinks it represents the normal synovial fluid found in
this location. However, in about 4 days a metachromatic
ground substance appears between the cells and young fibres of
the new tissue and blends with that of the original paratenon.
It goes on increasing throughout the new tendon for many
months and may be demonstrated even after r2 months,

Fibroblasts appear within the retracted tendon stumps after
the sth day and gradually extend from near the point of section
until almost the whole of the tendon, to where it divides into
septa at the muscle, is heavily involved. New fibres arc formed
from these cells and lie between them and the original tendon
fibres. They jomn up with the fibres in the gap of division thereby
effecting union between the old stumps and the new tendon.
TFibrillar repair seems to go on here for quite a long time since
the old stumps remain cellular up to the fourth month.

Blood vessels arsing from those of the vascular sheath around
the tendon can also be traced into the new tissue about the fifth
day and continue to increase over the next 1o days. Simul-
taneously vascularization is seen in the old stumps and joins the
new vessels in the reparative region with those in the muscle
tendon junction, In general, vessels grow paraliel to the long
axis of the tendon but numerous oblique twigs link together the
longitudinal tubes. At the site of union with the stumps, vessels
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form 2 plexus and run in all directions, By the end of the third
weck, a perceptible decrease in the number of vessels is appar-
ent and in later stages only a few lie in the looser parts of the
new tendon between condensed bands of collagen. At this time
a fibrous sheath forms about the new tendon in which course
many vessels. Eventually the regenerated Achilles tendon
comes to be composed of a number of large, almost avascular
bands separated by generous amounts of loose vascular con-
nective tissue. Buck has shown that the rat is unique in its
powers of differentiating cartilage and true bone at the points
of junction with the old stumps. Other animals pass through
much the same stages of repair as those described by Buck in the
rat, but, as far as we can tell from the literature, they show no
tendency to develop cartilage and bone.

Many workers have studied tendon regeneration and with
few exceptions they have attributed the elongation of the new
tendon cells to stretching by the tensional force of muscle pull.
Their argument seemed to gain strength from the observation
that the earliest fibroblasts are not arranged longitudinally but
are disorderly. It was only with resumption of function by the
tendon that the cells became elongated. Buck’s experience,
however, is different. He notes that even the first fibroblasts are
somewhat attenuated and thay onentation in the plane of the
long tendon axis is clear enough. Buck accepts the view of Weiss
(1933) who places the main emphasis on itial onientation of
fibrin filaments and subsequent spread of cells in close contact
with these filaments. Buck maintains that the fibrin in the ten-
don defect is “spun out’ from blood or exuded plasma under the
influence of muscle pull. Along this orientated fibrin scaffolding
extend the fibroblasts and they 1n turn lay down collagen which
will therefore be arranged longitudinally. The orientation which
the reparative cells and fibrils thus assume is largely determined
in the early stages of regeneration and the initial shape of the
cells merely reflects their conformity to existing surfaces. Later
there 15 some ‘functional adaptation’ of cell shape to the mech-
anical force but even so, Buck remunds us, 1t is unlikely that the
cell is drawn out by tension; rather 1t is compressed into spaces
between the tense fibres.
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Finally, Buck confirms the old observation of Lange (1929)
that paralysis of the nerve to the muscle whose tendon has been
cut favours the production of a tendon-like structure which,
however, is much thinner than that formed when the tendon
alone is severed. Removal of the bones of the leg at the time of
tenotomy leads to a similar result. Under reduced tension the
tissue that forms is always as well organized as that which
develops under greater tension but there is less of it. Buck sug-
gests that since the new tendon is of smaller diameter, the
amount of tension carried by it in proportion to its cross-sec-
tional area is comparable to that of the thicker tendon under
greater tension, Whatever may be the explanation of these
astonishing variations, clearly it may be concluded that the
amount of reparative tissue whick develops is proportional to the func-
tional demand. T would remind you that quantitative studies of
hypertrophy have brought to light an identical rule. I see no
reason for separating these two processes for both entail the
production of new protoplasm under compulsion.

TRACHEA
An interesting study of epithelial regeneration has recently been
carried out in my department by Dr. D. L. Wilhelm, and as
it illustrates very clearly the chief features of restoration of sur-
face epithelium after denudation I shall describe it in some
detail,

Wilhelm (1953) has worked out a method for curetting strips
of mucous membrane from the trachea of rats using a small
aural spoon curette introduced endotracheally without opening
that organ. With practice, breaching of the elastic lamina of the
basal layer of the mucosa can be avoided and the injury is thent
truly superficial. Regeneration proceeds in four stages. First of
all an aseptic inflammation develops in the tracheal wall
beneath the injury, reaching its peak in 24-36 hours, becoming
insignificant in 5~6 days and resolving withm ro days. A surface
clot of loose fibrin, effused blood and Jeukocytes forms over the
exposed surface, fluid is exuded from the congested vessels of the
submucosa and neutrophil leukocytes migrate from these vessels
to the site of mjury. The fibrin clot gencrally breaks away at
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36-48 hours when regenerating cpithelium undermines it, but
when the elastic Iamina is breached final separation may be
delayed to g6 hours.

The second stage of regeneration overfaps the first stage, for
it sets in between 2 and 8 hours after injury. Intact epithelial
cells at the margins of the wound flatten out, lose their cilia and
spread laterally over the raw surface in close association with the
elastic }amina. Distances of about 200p may be covered in 8
hours by these migrating cells. As they clamber along they
appear to be preceded by a narsos clear zone in the fibrin they
are undermining, as if they were producing a fibrinolytic fer-
ment which clears the way for their progress. Cells also migrate
from the necks of curetted submucosal glands. At 24 hours, a
sudden wave of mitosis commences near to the junction with the
spreading cells and extends along the old epithelium for a con-
siderable distance. Both aliated columnar and basal cells are
concerned in mitosts. The wave has passed over by 48 hours and
affects the spreading cells very slightly.

The third stage of repair leads to simple stratification of the
new eprthelinm by mitotic activity of the recently formed cells.
After g6 hours, the fourth stage is entered upon when the simple
stratified epithelum now arranges itself into a Iayer of low
cuboidal cells with an underlying basal zone of fattened cells,
By the end of 5 days re-differentiation is well established and
within 6 or 7 days low colummar types are often seen. Small
intracellular droplets of mucin form in cubordal cells after 5 or
6 days and conststute well-formed goblet cells after 12-14 days.
Ciliated cuboidal or low columnar cells often appear between
10 and 14 days after curettage and are constant after 19-21
days, In 6 weeks re-differentiation is complete, but st may be
delayed by severe submucosal inflammation such as results
from stubborn infection.

‘Wilhelm thus lays emphasis on three factors 1n the eprthelial
repatr of x tracheal defect:

1. Migration of undifferentiated non-ciliated flattened cells
derived from the marginal cilated columnar cells. This wonld
appear to be an example of thigmotaxis, the property wherehy
the cells, while retamung connexion with one another by their
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. . 7 'hemselves as closely as possible to
937).

. flattened migrating cells to the
surface so that the number required to bridge the defect is
reduced.

3. Mitotic division in the sheets of spreading cells and in the
cells at and beyond the edges of the wound,

These factors clearly are similar to those encountercd in the
healing of skin wounds, They were first stated with precision by
Loeb and his colleagues (Locb, 1897; 1919-20) in their papers
on regeneration of squamous epithelum and have been con-
firmed many times since. You will find comprehensive accounts
of all such work in the reviews by Marchand (1go1), Arcy
(1936) and Cameron (1952).

T would like to say, in conclusion, that I regard Wilhelm's
method as one of great promise for the study of factors that may
influence epithelial repair. In support of this opinion Dr. Wil-
helm allows me to mention his recent demonstration that the
metaplastic tracheal epithelium, of vitamin A deficiency, repaits
a defect in the same fashion as the corresponding normal tissue,
a result suggesting that metaplasia does not modify the under-
lying controlling mechanism of regeneration.

Liver
My last example of regeneration comes from the liver, whose
power of recovery from gross injury has been the subject of
observation and experimental study for many years. In 1893,
Bluck removed up to two-thirds of the rabbit’s liver and proved
that regeneration is possible, but it is to Panfick (188, 1890,
1895) that we owe the proof by measurement that the liver can
restore large quantities of lost tissue. In planning his experiment
Ponfick first of all found out how much of the organ can be
removed with safety. This proved to be no more than four-fifths
of the total mass. Three or even four of the major lobes, equi-
valent to 75 per cent, can be safely taken from both rabbits and
dogs. A threefold increase of liver tissue ensued during the next
5-8 weeks which Ponfick attributed to functional stimulation
from physiclogical lack. The newly formed tissue functioned
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nomm!ly, so Ponfick thought, because it arose from an entirely
fore e Mnnast with thc scarr:d soil in which

*avad in hy
CONGESUBIL wrix srean T
second day onward. The reg:neratmn freld 15 10t Winvans, -

ever, but is at first dotted with pairs of new cells which even- _
tually become so numerous that they form islands penetrating
the original tissue in an harmonious sequence, The vascular
system regenerates rapidly though the radial arrangement of
vessels is often supplanted by a cavernous type. Epithelium of
the coarser bile ducts proliferates, producing an unevenness tiot
unlike the ruffles of a callar by the third day. Mitoses appear in
the proliferating epithehal cells but no sprouting of ducts is
observed. Ponfick placed most emphasis on proliferation of
hepatic cells, He noted that the ground plan remained un-
changed, since regeneration occurred through interposition.
The hypertrophy was built on the framework and foundations
of the old lobules and trabeculae. Lobules lost their former
regularity and increased in all dimensions. At first growth was
slow but after two days it accelerated and this phase extended
over 3 or 4 weeks. Ponfick thus was aware of most of the im-
portant features of regeneration.

The American embryologist and histologist, F. P. Mall
' +tav i~ mndel of elarity and 2 rich source of

Tae a€

. “
lobules of normal size, iegLuceen .
Pphery of the lobules around what Mall termed the nodal pous,
which correspond to the centres of the portal units. It is at these
points that growth takes place normally and new lobules are
added like leaves to a branch. Qunte recently Harkness (1g52)
has described periportal mutosis duning the first day after
removal of two-thirds of the rat’s liver, an observation that
agrees with the views of Mall,

Many fine studies of hiver regeneration have been made with
human material (Muwir, 1908, Herxheimer and Gerlach, 1921)
and on animals (Whipple and Sperry, 1909; Fishback, 1920)

¥
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which have put the relationship between liver cells and bile
ducts in their true perspective. Few observers now doubt that
regeneration is mainly the outcome of mitotic division of liver
cells, preceded by a latent period of a day or so in which the cetls
increase only in size but not in number (Brues ¢ af,, 1936;
Stowell and Lee, 1950; Drochmans, 1950; Harkness, 1951;
Yokoyama ef al., 1953}, The carcful analyses of Harkness show
that the different components of regenerating hver grow at

_ different rates. Alwost every chemical constituent of liver, ex-
cept glycogen, increases more rapidly than the number of
parenchymal cell nuclei. Phospholipid and xibonucleic acid show
an carly increase which may indicate corresponding increase in
the submicroscopic particles of the cells. Harkness has demon-
strated, in the rat, delay 1 the increase of vascular space of the
regencrating liver and he suggests that ‘growth and division of
hepatic cells is a separate process which precedes in time the re-
organization of the vascular channel of the liver’. Similar
chermcal changes are recorded by Stowell and Lee in the regen-
erating liver of the mouse followmg poisoning with carben
tetrachloride. They also give information about the behaviour
of vanous enzyme systems such as alkaline phosphatase, and
nuclec acids at different stages of early regeneration, but it is
dhifficult at present to fit these facts together into a coherent
story. Finally, we are beginng to learn something about the
behaviour of organelles during regeneration of Jiver cells for
methods are now beng perfected by which the mitochondria
and other granular bodses can be solated from their cells and
their number counted. The mutochondrial populanon of the
average normal adult rat cell 1 approzmately 2,500 (Altard ¢
al., 1952) with 118120 x 10° per gm hver ussuc mn rats fed 3
basal dict (Stricbach ¢t ef,, 1958). During regeneration after
removal of two-thirds of the rat’s hver, it scems that the miton
chondra markedly decrease in each celt (Allard ot af., 1953). A
simalar decrense 18 met with m rat hepatomas. What this may
mean we cannot say at present but 1 view of the importance of
mitochondria as cell dynamos we must anticipate a hscovery of
profound sigmficance to cell physiology, provided, of course,
that these very recent obscrvations are confirmed.
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There is no gainsaying the extraordinary success of liver re-
storation after the most diverse insults to the organ. With
remarhable promptitude regencration is set going within a few
hours, rapidly reaches a climax which is reflected in the plateau
of the curve of regencration, and in a few weeks, sometimes less,
restores the organ to its previous quantitative and qualitative
state, Nevertheless, things go wrong with this dehicately balanced
mechanism from time to time and repair may be inhibited or
suppressed, [ shall return to this matter a little [ater on.

Discussion

These five examples must suffice as ilustrations of the mechan-
ism of regeneration and I am sure you will agree that there is a
remarkable similarity between them., Reduced to its simplest
terms repair consists in the replacement of destroyed tissue by
new cells—fibrablasts, epithelium of all sorts, endothelium, ner-
vous and related cells—ground substance and fibrils. Indivi-
dual rules govern the behaviour of each of these elements and so
definite are they that we can predict wath great accuracy what
will happen under most varicties of disturbance. But when we
ash what it is that scts going these responses or decides the code
of behaviour we quickly find ourselves in difficultics. Even more
puzzling is the emgma of control and suspension of repair,
questions intimately bound up with many fundamentals of
pathology, not the least being neoplasia.

For many years now, biologists have intuitively accepted the
idea that damaged or dead tissue furrushes something that
stimulates living tissue to replace that which was lost. It is to
this bclxef that { \Vlsh to devote the remamnder of my lecture.
Sucl th ion hormones, wound
hormoncs, lrcphoncs have been postulated by Marchand
(rgo1}, Bier (1917), Haberlandt (1921}, Carrel (1924) and many
others, often, I fear, from insufficient evidence. The most care-
ful study in recent years of the healing of experimental wounds
has been made by Young et al, (1941) and this work ments
descraption,

By means of special trephines, 12-16 mm. diameter, standard
wounds were made in the depilated, stenlized skin of sabbts by
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removing discs of skin and subcutancous tissue, clipping away
thf: arcolar tissue from the underlying aponeurosis and trim-
ming thf: margins of the wound to eliminate shelving.

Bleeding was controlled and the wounds were allowed to heal
under a scab, in most cases without any dressing. Sepsis seldom
occurred. Tracings of the wounds were made and their areas
measured from day to day on cellophane until every granulat-
ing point had been covered with epithelium and healing was
complete. Large numbers of animals were used and the results
were analysed by the late Dr. Matthew Young, a statistician of
reat exoerience. The main aim was to find out whether the rate

© 7 == by the presence of another

ngle wounds, others paired,

triple and quadrupie prinaiy waw ccondary wounds, the latter

or test wounds being made at an interval of 10 or 12 days after

the primary wounds. Due allowance was made for the well-

established fact that large wounds heal at a greater rate than

smaller wounds and that, as a rule, the rate of closure is directly
proportional to the area of the wound.

The results were definite encugh. Secondary wounds closed
at a greater rate than primary wounds and in seven out of the
ten size-groups—the heterogeneous series of primary and secor-
dary wounds had to be classified as groups—the difference in
rate was statistically significant. Hence it was concluded that
some kind of accessory accelerating factor must operate in the
healing of secondary wounds which is lacking in relation to
primary wounds. With admirable caution Young ¢t al. discuss
the nature of this factor but they cannot decide whether it is
truly a growth-p ng hb d by the primary
wounds, a by-product of immunity, or some other principle.
They feel certain, however, that this accessory factor i3 less
potent than the size factor.

So far as I know, this is the first properly conducted quanti-
tative study of growth-promoting factors in wound healing.

“anch tn 1t 15 seen in the experiments of
- ' eatinn

wounds Increased fuguie
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described analogous results with hiver regeneration and New-
man ¢! al. (1949) also claim that regeneration is more rapid in
rats fed on powdered whole liver or freshly cooked whole pig’s
liver, than with other, non-specific proteins, Teir ¢ al, (1951)
recently have shown that the intraperitoneal injection into rats,
every other day, of a skin extract accelerates healing of a stan+
dard skin defect as compared with untreated controls. Teir and
Ravanti (1953) also show that suspension of fresh liver injected
intraperi lly into rats stimulates mitosis in the liver. These
observations are suggestive and full of interest, but many more
of the same sort of experiments are needed before we can draw
widesweeping conclusions,

Brief mention may be made of a number of other factors
which influence healing before we tumn to the discussion of cellu-
lar behaviour. Age plays an important part in repair of human
and animal wounds (du Nouy, 1916; Howes and Harvey, 1932),
for wounds heal with greater rapidity in the young than in
adults. The following summary of work by Bourliére (1940)
shows this very neatly (Table 1). The standard skin wounds in
their experiments were made on the posterior body wall over
the midline of female rats. Dict and temperature were carefully
controlled throughout the experiments.

Taptel
Age Number Mean Meaninitial  Mean tume
Growp 1 of weight, surfaceof  of healing
months rats grams wound, em.? 1 days
1 3-7 23 134426 248+£033 178116
2 10-14 19 163£30 255+£030 21031
3 18-30 22 189 £23 270 £045 21626

Healing was significantly more rapid in young animals than in
adults, but old animals did not differ from adults in their capa-
city to heal A similar law holds for regeneration in the liver
after its partial removal. 1 found this to be the case with rabbits
in experiments performed 20 years ago, but never published.
More recently, Norris ¢ af. (1942) tetmoved 65 per cent of the
liver from rats and showed that young animals are better at
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removing discs of skin and subcutaneous tissue, clipping away
the areolar tissue from the underlying aponeurosis and trim-
ming the margins of the wound to eliminate shelving.

Bleeding was controlled and the wounds were allowed to heal
under a scab, in most cases without any dressing. Sepsis seldom
occurred. Tracings of the wounds were made and their areas
measured from day to day on cellophane until every granulat-
ing point had been covered with epithelium and healing was
complete. Large numbers of animals were used and the results
were analysed by the late Dr, Matthew Young, a statistician of
great experience. The main aim was to find out whether the rate
of healing of a wound is influenced by the presence of another
wound. Some of the rabbits bore single wounds, others paired,
triple and quadruple primary and secondary wounds, the latter
or test wounds bemng made at an interval of 10 or 12 days after
the primary wounds. Due allowance was made for the well-
established fact that large wounds heal at a greater rate than
smaller wounds and that, as a rule, the rate of closure is directly
proportional to the area of the wound.

The results were definite enough. Secondary wounds closed
at a greater rate than primary wounds and 1 seven out of the
ten size-groups—the heterogeneous series of primary and secoit~
dary wounds had to be classified as groups—the difference in
rate was statistically significant. Hence it was concluded that
some kind of accessory accelerating factor must operate in the
healing of secondary wounds which is Jacking in relation to
primary wounds. With admirable caution Young et al. discuss
the nature of this factor but they cannot decide whether it is
truly a growth-promoting substance liberated by the primary
wounds, a by-product of immunity, or some other principle.
They feel certain, however, that this accessory factor is less
potent than the size factor. A

So far as 1 know, this is the first properly conducted quanti-
tative study of growth-promoting factors in wound healing.
Perhaps the nearest approach to 1t is seen in the exper;xt{enlf of
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The role of ritamin A for cpithchal regencration and differ-
entiation is well established in skin and mucous membranes, but
little is known about its role elsewhere. However, Wilhelm has
recently shown that deficiency of vitamin A does not retard
repair of the tracheal epithelium, On the other hand, Sabella et
al. (1951) state that the local application of vitamin A to the
skin of rats induces cpidermal thickening to twice normal. The
stratum granulosum increases in size but keratin is formed more
slowly.

The necessity for a proper blood supply during regeneration
needs no emphasis. Wounds that are poorly nounshed heal
slowly and imperfectly, are often oedematous and of lowered
tensile strength. Morcover they easily become the site of infec-
tion which not only throws back healing but adds its own
special problems, For quantitative investigations of the part
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Magath, 1922; Stephenson, 1932; Higgns ¢t ol., 1932; Mann,
1944; Grindley and Bollman, 1g52).

I pass on rapidly over the problematical factors of nerve
supply, temperature and ultra-violet light, despite their interest-
ing imphications, and conclude by referring to meckanical influences.
The studies on wounds and tendon that I have described to you
show how necessary 1t 1s to remove obstacles 1n the way of the
regenerating tissue. Surely the intense phagocytic and enzy-
matic activaty panying repair is designed to cope with
this task. Even more remarkable instances are to be seen m
the regeneration of muscle and nerve fibres, where the success
of the process may be completely interrupted by imperfectly
prepared pathways along which the new muscle cells or nerve
fibres should grow. Indeed, regeneration may be held up com-
pletely, or diverted t¢ unwonted and harmful directions. The
need for suitable surfaces along which epithelium can grow s
shown very beautifullyin Wilhelm’s experiments on the trachea.
I suspect that in the liver, too, architectural factors are of wital
wmportance. The arrangement of liver cells is so complex and
the ease with which the lobular architecture may be distorted so
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restoring their liver mass and forming new liver celis than adults,
Old rats equalled adults in ability to restore the liver mass but
lagged behind somewhat in ceil production. Bucher and Glinos
{1950) have demonstrated identical rules in a most careful study
of regencration in rats. We have no idea what is the real nature
of this age difference; it seems to be part of a general growth
phenomenon in which far-reaching influences are involved.

Another factor of great importance in regeneration is food
supply. A certain amount of latitude seems to be allowed for
some animals, ¢,g. rats and certain invertebrates, which can still
regenerate normally when starved for short periods. With pro-
longed starvation, however, repair is inhibited and may even
stop. 1 have discussed the rather scanty and conflicting informa-
tion about this topic elscwhere (Cameron, 1952) and will con-
tent myself by mentioning a careful study by Morris ¢f al.
(1944-5). These workers have shown that a diet with a high
Pprotein content increases the rate of cpithelialization of a skin
wound in rats. This mncrease is attained even when the animals
have been fed a low protein diet provided they are placed on the
high protemn diet at the time of wounding. Obviously the fed
protemn can be made use of at once in repair. The addition of the
armno acids valime, tryptophane and lysine to the low protein
diet does not appreciably affect retarded epithelialization.
Attention may also be drawn to the claim of Clark (1919) that
diet moderates only the latent period of wound healing in dogs.
A high protein diet seems to elimnate the latent period com-
pletely, a high fat diet prolongs it. This seems to be a profitable
field of mvestigation.

The importance of titamin C has been stressed m describing
the formation of collagen and ample confirmation of this refa-
tionship has come from many careful studies of repair (Cam-
eron, 1952)-

The rate of regeneration of wounds in corneal epithelium or
of eprthelram of gum, thigh or car pinna of the guinea-pig is 1ot
retarded by lack of vitamn C But the slow formation of
collagen in the healmng wound when ascorbic acid is deficient
delays cpithelialization and retards wound healing as a whole
(Galloway ¢f al., 1948-9).
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results, this time based on estimations of wet weight and number
of liver cells, have been recorded by Wenncker and Sussman
(1051). Whether this is a specific phenomenon or not we do not
Lnow. Expcnmcnls carried out by Marshak and Walker (1945)
show that mitosis in regenerating liver is increased if the animals
are given intravenous injection of small amounts of chromatin
which rather suggests a non-specific action.

The old work of Wells (1go6) which was confirmed in unpub-
lished experiments by Oakley and myself points to a product of
autolysing tissue as a growth-sumulator of connective tissue cells
and vascular endothelium. If a piece of liver be implanted in
the peritoneal cavity or omentum of the same animal it auto-
lyses and induces around it a pronounced reparative reaction in
which fibrous tissue and blood vessels develop within a few
weeks. By coagulating the liver fragment before implantation,
autolysis is largely prevented, and now the reparative reaction
is delayed often for many weeks or months. Clearly a product of
autolyss is responsible for the new formation of fibroblasts and
endothelium 1n the first instance, which is followed by their
differentiation into mature scar tisue. The experiment works
with all sorts of tissues. I would suggest, therefore, that the
reparative mechanism consists in the production, by enzyme
action, of one or more chemical compounds winch promote the
duvision of parenchymal as well as stromal cells and thus bring
about balanced replacement of lost tissue. I would like to em-
phasize that this suggestion is well-mgh pure hypothesis but 1
believe 1t to be a useful suggestion for further work. A similar
suggestion has been made about the proliferation of Schwann
cells preliminary to nerve regeneration by Abercrombie and
Johnson (1942), And this also may be said in its support, that we
are at last becoming familiar with a vanety of agents that
influence the mutotic actwvity of cells 1 oo as well as i vitro
(Bullough 1949; 1950). Some stimulate division, others inhibit.
Sexh d thyroid extract are
cxamplcs of the first group, adrenal cortical hormones, especi-
ally cortisone, are inhibitors. And that brings me to a consider-
ation of hormones on other activities of cells concerned in
regeneration.
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apparent that I can well believe that newly formed cells may
find great difficulty in retreading the old and proper pathways
to restore the Jost Iobules, The liver seems to have got over this
difficulty by forming new cells in all sorts of places, particularly
at nodal points where growth normally goes on and where there
is ample room for the laying down of nes Iobules to replace
thase lost.

This survey of the main factors influencing repair of tissues
now encourages me to attempt the final aralysis of the segenera
tive responses of cells and their derivatives, Onge again I must
warn you that information is scrappy and often woefully defi-
clent but surely that should not deter us from making the
attempt to see ahead a little further.

1 have already mentioned the demonstration by McJunkin
and Breubaus that liver growth may be stimulated by feeding
rats with fresh Iver. These workers based their conclusions on
the finding of many more mitotic figures within liver cells of
experimental animals than of control animals and this would
seem to suggest that such cells were in fact proliferating, More
satisfactory grounds for the belief that something is produced
after injury of hver cells that stimulates healthy cells to divide
comes from the ingenious experiments of Aub and his colleagues
(Bucher ¢t al., 1950, 1951). One partner of each of a number of
pairs of parabiotic Wistar rats was partially hepatectomized and
the livers of the non-hepatectomized partners scrutinized
after g or 3 days for evidence of growth by counting mitoses.
Sure enough a higher mutotic rate was found in the liver of the
non-hepatectomized animals than m the liver fragments re-
maved from the other partner at the time of excision. The con-
clusion seems justsfied that mitotic activity during regeneration,
at any rate in the liver, 15 initiated by alteration tn the chemical
composition of the blood and that probably a stimulating agent
is produced because of injury. If this be the case, the agent must
surely be very powerful for partial hepatectomy when carefully
perfarmed leaves behind refatively httle dead or damaged
tissue. Of course such a propesty is an essential requurement for
any hypotheucal growth-stimulator if it is to be Fﬂ'ccu‘e after
the extremes of injury that are encountered in animals. Siular
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in various argans as the result of & pathological process can also
be removed in part or completely. Some years ago Professor
W. A. E. Karunaratne and I (Cameron and Karunaratne,
1936} showed that reticulin and collagen scars can disappear
from the livers of rats in which we had produced cirrhosis by
the prolonged administration of carbon tetrachloride. Orr
{1940} and Morrione (1947} have confirmed our results, the
latter using methods for the estimation of collagen in organs.
Here is a summary of his results.

Tante 2. Reversal of Carbon Tetrachloride Cirrhons i Rats, as shown by
Estimation of Lner Collagen (after Morrione)

No. Ratweight Liver waght Hepatic collagen  Total hepatie
£

ofrats {g.} g.) waght (per cent)  collagen (mg.)
Cirrhosis (inkalation of carbon tetracklonde 3 or 4 tumes XL‘MUJ Jor 3t mmuhs)
25 1816 86 101201 86~
Recersal {carbon tetrachlonde discontinued for 5 month)
10 2345 104 069 017 737
Reversal (carbon tetracklonde discontinued for 2 months)
12 2238 99 061015 596
Recersal (rarbon tetrachlonde discontinued for 3 months)
9 207 124 051 =001 630

Again we are in the presence of 2 mystery which may eventually
be resalved m terms of some of the suggestive facts T have
already put before you. When we know the answer we shall be
on the threshold of a profound advance in biological theory and,

I fancy also, of a move towards the cure of many chronic
diseases.
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Space daes not permit of a full discussion of this important
topic, nor, indeed, are we all too sure of our facts. This much
may be claimed at present, that fibrous tissue production is
stimulated by desoxycorticosterone, thyroxine and piusitary
growth hormone and inhibited by cortisone, testosterane and
oestradiol {references in Cameron and Spector, 1954). Cortisone
depresses fibroblastic and angioblastic activity and reduces the
amount of ground substance by infubiting, amongst ather things,
the synthesis of chondroitin sulph Desoxycorti
stimulates fibroblastic function and encourages coflagen forma-
tion. In this way it resembles ascorbic acid. Even the ground
substance or cementing material of tissues seems to come under
the control of hormones, for its water-binding properties can be
increased by testosterone and decreased by some female sex
hormones. I shall not attempt to discuss the position of the
hyaluronidases for the matter appears to be i atter confusion.
Finally we have a luttle evidence of similar processes at work
with epithehal cells, espectally i the relationship on the one
hand between thyroad, pituitary and perhaps adrenal cortical
hormones, and the liver on the other band, But contradictions
are all too numerous and the separation of general growth
¢ffects from speaific regencerative activity is so uncertajn that we
shall do well to await further mfarmation before adopting a set
hypothesis.

In conclusion I would remind you that the business of regen-
eration, so far as we understand 1t in animals, is not a fixed,
unalterable mode of procedure, adjusted to a rigid pattern with
faws of qualitative and quantrtative behaviour. For a long time
we have been famittar with the workings of two antithetical
biological processes, atrophy and hypertrophy, whereby tissue
bulk can be reduced or increased according to the requirements
of the animal. Experience 1s teaching us that either may be
reversed provided it has not gone too far and indeed one may be
converted mto the other, almost at will. And this is so with
regeneration. A wound in healing often produces a great deal
more reparative tissue than st apparently requires, for much pf
the connective tissue and many of the blood vessels may dis-
appear in time. There 1s reason to beheve that scars laid down
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intercellular substances, so that exploration of their possible
biological functions has become a practical proposition and the
hypothesis that their derangement may give rise to a variety of
diseases can now be tested. This field of study is still very new so
that no authoritative answers can be given, but it may be
profitable to discuss some of the recent work and to see whether
it provides a useful approach to the study of the many diseases in
which ¢ ive tissuc ck figure prominently.

Tue UNiTy oF THE SYSTEM
Before discussing the various components of connective tissue, it
may be as well to consider the supporting system as a whole lest
we lose sight of the wood through preoccupation with the trees.”
Qur supporting framework would seem to be made of diverse
structures such as bone, tendon, cartilage; fascia and synovium;
the dermis of the skin, the sclera and cornea in the eye, heart
valves and the walls of blood vessels and the reticulum of the
more cellular organs; but there is an essential unity between all
these structures since they are all connective tissues, derived
from the same mesenchymal cells which persist throughout hfe
in the granulation tissue that follows njury of any kind. These
structures are also composed of similar mucoid and fibrous
intercellular material; the apparent differences between one
structure and another being largely the result of differing pro-
portions and modes of organization of these materials. Thus
mformation derived from a study of the cornea may have a
bearing on the problems of articular cartilage and vice versa,
and an understanding of disorders of ligament or dermis may
throw hght on disorders of the heart valves Certamly the
clinician who interests himself 1n diseases involving connective
tissue cannot help being struck by the frequency with which
these duseases involve many structures such as the skin and eye
as well as the cardiovascular system and the bones, joints and
tendons, and I beheve that if we develop the habat of looking at
the supporting system as a whole it may lead to a useful syn-
thesis of much scattered and apparently unrelated information.
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The Supporting System and its Disorders
J- B. KELLGREN

Historigar

rTER the introduction of the cell doctrine by Schwans in
Ax839 it became customary to think of the human body 23
a mass of living cells. Though there is much truth in this
conecept, it is only half the truth since more than half the body i
compased of extracedlular material, Part of this material be-
tsveen cells is flurd and 1s concerned with internal transport and
homeostasis, but much of it consists of fibres, mucoid and
cement, forming the supporting framework which gives our
badies cohesion and form, and a system of rigid levers with

which mechameal forces can be applied and resisted.

Although collagen and elastic fibres were characterized his:
tologically and to some extent chemically during the ni t
century {Rollett, 1871), the personality of Virchow and his dic-
tum ‘Omnis cellula et cellula’ remained dominant, and the
extracellular framework was regarded as so much mert stuffing
that could have bitie bearing upon the problems of health and
disease. It was not until 1933, when Klinge showed that altera-
tions in the intercellular substances were the most striking
feature of certain rheumatic diseases, that interest in these
substances was reawakened, and since then the concept of
collagen diseases (Klemperer, 1950}, or connective tissue
diseases {Kellgren, 1952) has received mereasing attention and
it has even been suggested that the state of the extracellular
ground substance may control cellular activity (Gersh, 1950}.

Recent developments in biophysics and biochemistry have
provided new methods for studying the somewhat complex
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of the ground substance as in cartilage. It is mainly polysac-
charide but with a small protein fraction. The cement is the
material that binds the fibrils into fibres and forms non-
fibrillar structures like basement membrane; though it has not
been fully characterized, it is probably mucoprotein in nature,
that is mainly protein but with a large carbohydrate com-
ponent,

The fibre system provides strength and rigidity, particularly
when impregnated with mineral salts as in bone, while the
mucoid provides lubrication and a certain elasticity and resili-
ence to the fibre systems. Both mucoid and cement also appear
to be i important stabilizers of the fibre system and to be con-
cerned with tissue permeability and possxbly ion exchange and

i of t

olhcr and a p membrane is
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in which of course the supporting system is mcsodcrma.l in

matrix which may become more fixed and rigid by a process of
quinone tanning or by impregnation with mineral salts,
although calcium carbonate in the form of calcite is then the
main component instead of calcium phosphate in the form of
apatite as in vertebrates.

Tyres oF Fizres
Returning to man, we find three main types of connective
tissue fibres, collagenous, reticular and elastic. Collagen is the
mam component of whate fibrous tissue; under the light micro-
scope this appears as wavy unbranched longitudinally striated
fibres of differmg thickness, which are birefringent and there-
fore beautifully displayed by polarized light. They stain charac-
terstically red with Van Gieson’s picro-fuchsin. The electron
microscope reveals unbranched and cross-banded fibrls of vary-
ing thickness and with varyig sp b the cross-band
G
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Tre Ces
Although the connective tissue cells presumably play an impor-
tant role in the formation and mai nee of the supposting

system, surprisingly little is known about their activities. In
bone the dominant part played by osteoblasts and osteoclasts
scems well established but no such remodelling cells have been
described in other tissues. It is however known that collagen
fibres can be produced by fibroblasts in tissue culture (Doljanski
and Roulet, 1933; Porter and Vanamee, 1945) and that the
matrix surrounding cartilage cells will disappear if the tissue i
grown in a medium containing excess of vitamin A (Felf and
Mellanby, 1952), and that fibre formation is defective in the
absence of ascorbic acid (Wolbach, 1933); but virtually nothing
+is known about the enzyme systems by which the connective
tissue cells affect the surrounding matrix. On the other hand the
supporting system as a whole is very responsive to mechanical
forces. Thus shearing strains will produce a synovial cavity,
compression stimulates bone formation {Charnley, 1953), and
distraction favours the formation of fibrous tissue; while the
absence of alt mechanical stimub leads to rapid atrophy. In
articular cartilage intermuttent compression appears to condi-
tion the degree of hydration (Ekholm and Norbick, 1951) and
the chondroitin content (Matthews, 1g52) as well as the rate of
flow of colloxd partcles from the epiphyseal capillaries through
the cartilage into the joint cavity {Inglemark, 1g50}. But to
what extent these changes are produced by the direct action of
mechanical forces upon the interceflular substances or are
mediated through cellular mechanisms remains to be deter-
mined.
Tue FRANEWORK

The intercellular portion of the supporting system has three
main components fibres, mucoid and cement. The ﬁlfrous
material is composed of rather stable, insoluble proteins wuh'a
very small carbohydrate fraction and they are arranged in
differcnt ways: as pasallel bundles of fibres as in tendon, or as 2
crissecross Iattice as sn cartilage and skin, or as lamellae as in
bone and arterial walls, The mucowd is either a viscous lu!)ricn-
ting solution asin synovial flud or it may be the main constituent
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of the ground substance as in cartilage. It is mainly polysac-
charide but with a small protein fraction. The cement is the
material that binds the fibrils into fibres and forms non-
fibrillar structures like basement membrane; though it has not
been fully characterized, it is probably mucoprotein in nature,
that is mainly protein but with a large carbohydrate com-
pouent.

The fibre system provides strength and rigidity, particularly
when impregnated with mineral salts as in bone, while the
mucoid provides lubrication and a certain elasticity and resili-
ence to the fibre systems. Both mucoid and cement also appear
to be important stabilizers of the fibre system and to be con-
cerned with tissue permeability and possibly ion exchange and
other funcuons, and a component of basement membrane is

in which of course the supporting system is mesodermal in
origin, but it is interesting to note that in arthropods (Richards,
1951), in which the supporting system is cuticular and therefore
ectodermal in origin, the insoluble fibre system is formed by the
polysaccharide chitin which is set in 2 more soluble protein
matrix which may become more fixed and rigid by a process of
quinone tanning or by impregnation with mineral salts,
although calcium carbonate in the form of calcite 15 then the
main component instead of calcium phosphate in the form of
apatite asin vertebrates.

‘Types oF FIBRES
Returning to man, we find three main types of connective
tissue fibres, collagenous, reticular and elastic. Collagen 15 the
man component of white fibrous tissue; under the hight micro-
eommn thin nmonses an - ees csben e s - gitudinally striated
fringent and there-
They stain charac-
chsin, The electron
mxcroscope reveals unbranched and cross-banded fibrils of vary-
ing thickness and with varying spacings between the cross-bands
[
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up to 650 A, depending upon the anatomical site and the
maturity of the tissue examined (Randall ef al., 1952). X-ray
diffraction at high angles gives a characteristic pattern with a
meridional arc at 2:86 A and equatorial spots at 10 ta 15 4, the
Iatter being influenced by the degree of hydration. At low angles
longer spacings corresponding to the cross-bands revealed by
the clectron microscope are obtained (Bear, 1952). On boiling,
collagen goes nto solution forming gelatin, Thus there ace wany
possible methods of defining ‘collagen’ and serious semantic
difficulties arise from the fact that these are not all co-extensive,

Reticulin forms the reticulum of the celfular organs. Under
the light microscope it appears as fine branched anastomosing
fibres that are not birefringent, and which characteristically
staip black with sifver. The electron microscope reveals cross-
banded fibrils simiar to those of collagen but set in amorphous
sheets or membranes. X-ray diffraction gives the pattern of dis-
oriented collagen. On boiling, the fibrillar portion of reticulin
goes 1nta solution but does not form a gel, while the amorphous
portion remains as a precipstate {Kramer and Little, 1953}
Rather similar argyrophil fibres may be seen throughout young
growing fibrous nssue, and in regions of fibrous tissus break-
down, but this material seems to be very closely related to
collagen and may not be identical with the reticulum of cellular
organs.

Elastin is the mam component of the yellow elastic tissue
found 1 certawn spinal higaments and i artertal walls though
some elastin is scattered throughout wmost of the connective
tissues,

Under the light micrescope it appears as smooth branching
refractile fibres as in the ligaments or connetive tissues or 85
fenestrated membranes as in artertal wails. It stains darhly with
orcein or resorcin-fuchsin. The electron mucroscope reveals
smooth branching fibrils and elastin appears to be completely
unaffected by boiling.

Collagen, €lastin and reticulin may also be defined m terms of
their anuno-acid content (Bowes and Kenten, 1949; Lans:fzg,
1951). Al three com:xip large amounts f‘f the non-pofar amino
acids glycine and alanine and substantial amounts of prohine.



‘THE SUPPORTING SYSTEM AND ITS DISORDERS 83

Collagen contains very few aromatic residues and is the only
protein with a substantial content of hydroxyproline so that the
collagen content of tissues may be estimated in terms of
hydroxyproline. But reticulin also has a high content of
hydroxyproline (Kramer and Little, 1933} and although the
amino-acid composition of reticulin has been less fully worked
out it appears to be very similar to that of collagen, Further-
more, reticulin resembles collagen in that it is digested by
collagenase and pepsin while being resistant to trypsin and also
elastase which selectively digests elastin.

Thus collagen and reticulin are similar in many respects
whereas elastin would appear to be something quite distinct.

Mucom
‘The mucoid is not readily seen in ordinary histological prepara-
tions but it is revealed by special stamning techniques, showing
1

ia with toluidine blue and staining deeply with the
Hale :md periodic-acid Schiff tcchmques Itis largely composed
of p harides such as hyal ic acid and chondroitin sul-

phate The former seems to be mainly a lubricant and is
readily obtained from synovial fluid while the latter is mainly
obtained from the matrix of cartilage, and appears to be more
of a stabilizer of the fibrous Iattice. There may also be other
polysaccharides, notably in subcutaneous ussue (Consden e? af.,
1953) and in cornea (Woodin, 1952), which have not yet been
fully characterized.

The polysacchandes are generally described as long-chain
polymers of disaccharides composed of glucuronic acid and
various hexosamines (Meyer, 1950), and tissue polysaccharide
is often estimated 1n terms of hexosarmne content. The capacity
of polysaccharides to form viscous lubricating fluids, or a
stabihzing tissue matrix, depends upon their degree of polymeri-
zation rather than the total content which 15 important. Though
certain testicular and bacterial extracts depolymerize poly-
saccharides, and these enzymes have been used to facilitate the
spread of fluid through connective tissues, such enzymes have
not yet been extracted from connective tissue cells.
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up o 650 A, depending upon the anatomical site and the
maturity of the tissue examined (Randadt ¢t al,, 1g52). X-ray
diffraction at high angles gives a characteristic pattern with 2
mesidional arc at 2-86 A and equatorial spats at 1o to 15 A, the
latter being influenced by the degree of hiydration. Atlow angles
Innger spacings corresponding to the crows-bands revealed
the clectron microscope are obtained (Bear, 1g52). On boiling,
collagen goces into solution forming gelatin, Thus therc are many
possible methods of defining “collagen’ and serious i
difficulties arise from the fact that these are not ol eo-extensive,

Reticulin forms the reticulum of the cellular organy. Under
the light micrascope it appears as fine branched anastomosing
fibres that are not birefringent, and which characterisieally
stain black with silver. The clectron microscope reveals csoss
banded fibrily similar to those of collagen but set in amorphous
sheets or membranes. ¥-ray diffraction gives the pattern of dis-
oriented collagen. On boiling, the fibrillar portion of reticulin
goes into solution but does not form a gel, while the amorphous
portion remains as a precipitate {Kramer and Linde, 1953%
Rather similar argyrophil fibres may be seen throughout young
growing fibrous tissue, and in regions of fibrous tissuc break-
down, but this material seems to be very closely related to
collagen and may not be identical with the reticulum of ceflufar
(lrgaf“.

Elastin iy the main component of the yellow elastic tissue
found in certain spinal figaments and in arterial walls though
some clastin is scattered throughout most of the connective
thysues,

Usnder the Bight microscope it appears as smooth branching
refractile fibres as in the ligaments or connetiive tissucs or a3
fonestrated membranes as in artenal walls, It stains darkly with
arcein or resranfuchen The electron misroseope seveals
smooth branching fibrils and elastin appears to be completely
unaffected by boihing.

Collagen, clastin and reticubin may also be defined in terms of
their amina-acd content {(Bowes and Keoten, 1550, Laning:
sg31). All three contan farge amounts 9((1:5 non-polar amino
acids glycine and alusune and substantial amounts of proline.
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of mature tissues is really 2 complex of a more soluble type of
collagen plus a small fraction of chondroitin ar ather poly-
saccharide and a tyrosine-containing protein or polypeptide,
the latter fractions being possibly combined into a mucoprotein
cement substance.

It has been suggested that elastic fibres also have a dual com-
position, being farmed of linear aggregates of a corpuscular
protein held together by a cement substance which contains
both polysaccharide and sulphuric acid (Hall et al., 1g52).

FiBrINOID

Fibrinoid connective tissue was first described by Neumana
(1880), and when Klinge demonstrated its widespread occur-
rence in many rheumatic discases the nature of this material
became of general interest. In rheumatoid disease fibrinoid
occurs in minute spots scattered sparsely throughout the affected
tissues, but on the elbows and elsewhere sizeable aggregates may
form which, with their surrounding zones of fibrous and
inflammatory tissue, constitute the classical nodules.

Fibrinoid areas can often be seen with the naked eye as yellow-
ish opaque spots in the semi-translucent conncctw: tissue but
thr:y can more certamly be d logicali g
tion, when they are dist ished by the following ch istics.

Xn a fibrinoid arca connective tissue cells are fcw or altogcthcr
absent, ond the fibre pattern of normal connective tissue is

- replaced by a disorderly mess of indstinetly fibnllar or alto-
gether amorphous matenal which stains more intensely with
eosin than the surrounding connective tissue. In a structure like
tendon a whole tendon bundle may be replaced by such
granular amorphous material.

In sections treated by Lillie’s reticulin method and Van
Gieson’s stain the edge of a fibrinoid area shows normat red
collagen fibres passing 1nto fine black argyrophil reticulin fibres,
There is also an increase of amorphous yellow-staining material
which may altogether replace the fibre pattern Those parts
that contain silver-staining fibres also stain deeply with the
penodic-acid Schuff technique, but the totally amorphous
material staans less strongly by this method,
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CEMENT

The supporting framework also contains a small quantity of
material which the older histologists described as cement and
basement membrane, The exact nature of this material is not
known thongh from its staining properties it may be expected to
contain a substantial carbohydrate fraction; though it may be
related to the amorphous component of reticulin, in chemical
fractionations of connective tissue a residue is obtained which is
mainly protein in nature, and 1 t fal quantities of
tyrosine, little if any hydroxyproline and much hexosamine
(Consden ef al, 1953). No accurate histologico-chemical
correlation has yet been completed but there does appear to be
2 small mucoprotein or glycoprotein component in connective
tissue which may be bielogically interesting; especially since
this fraction may he increased in rheumatic disease.

Tue Tissue Comprex
Although these various components can be extracted from con-
nective tussues, the tissue itself is really a complex the properties
of which are determined by the interaction of these various com-
ponents. Thus, if cartilage is treated by CaCl, which extracts
the chondroitin matrix (Partridge, 1948) some collagen also
goes into solution, If the small chondroitin component of tendon
is removed by treatment with hyaturonidase the tendon collagen
becomes more soluble and its shrinkage temperature, which is 2
useful index of fibre stability, becomes much reduced; and in
zitro chondroitin-precipitated collagen js more stable than salt-
precipitated collagen (Jackson, 1953). The treatment of hide by
alkali also renders the hide collagen more soluble and this
treatment removes some material with a high tyrosine content
as well as polysaccharide. Furthermore, a more soluble form of
collagen can be extracted from the tissues of young growing
animals by citrate buffers and this citrate-extracted collagen
has a lower hexosamine content, a lower content of tyrosine,
histidine, lysine and proline and a higher content of hydroxy-
proline, alanine and serine than ordinary collagen fibres

{Bovwes et al., 1953)-

These various findings suggest that the stable collagen fibre



THE SUPPORTING SYSTEM AND ITs DISORDERS 87

MeTavoLisy
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in rats ave of great interest. These studies of collagen metabo-
Tism using 1C-labelled glycine have shown that the main mass
of collagen in adult animals is very inert but that in young
actively growing animals there is a small metabolic tamover
(Neuberger, Perrone and Slack, 1951; Neuberger and Slack,
1953). Furthermore it has been shown that this turnaver is
largely confined to the small fractions of more soluble collagen
that can be extracted from growing connective tissues (Harkness
etal., 1953),
The
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ofcl itin sulphate has beeniny
with 33S-abelled sulphate (Bostrom, 1952, 1953) and the
results suggest that both in costal cartilage and in shin there is
considerable metabotic activity in this fraction, the chon-
droitin having a half-life of about two weehs

Under conditions of limb atrophy (Slack, 1954) the uptake
affabelled glycine by collagen 15 not reduced and is, if anything,
greater than in normal limbs, which suggests that local atraphy
of the fibrous framework is not due to a cessation of synthesis in
a metabolic system of slow turnover but to some other mecha~
nism, which presumably involves active removal,

Ace CraxcEs
Granulation tissue and the connective tissues of the young grow-
ing animal are relatively rich in polysaccharide, and contain a
high proportion of argyrophil fibres; but with advancing years
the proportion of polysaccharide becomes fess and argyrophil
fibres tend to hie replaced by collagen fibres, so that the collagen
polysaccharide ratio rises with advancing age (Sobel etal , 1953;
Malmgren and Sylvén, 1952). As a result the connective tissues
become less hydrated, fess elastic and less resilient and therefore
less able to resist mechanical forces; which is another way of
saying that as old age creeps upon us we become shrivetled up

and stringy and our limbs become stiff and readily damaged by
trivial mjurses.
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Histologically defined fibrinoid has been investigated by
X-ray diffraction and electron microscopy. As in all such
studies the first requisite is an ad e\ pli hniq
but good correlation between histological appearances and bio-
physical findings has been achieved (Kellgren ¢ al., 1951). The
results of these studies show that the parts of a rheumatoid
nodule which show the histological appearances of normal
collagen give an X-ray diagram of more or less disoriented
collagen, and show plenty of normal collagen fibrils under the
electron microscope, In the parts that on histological examina-
tion show advanced fibrinoid change the X-ray dimgram
typical of collagen may be entirely absent and is replaced by 2
diffuse ring with a spacing of about 4-8 A. Material from such
a spot, when examined under the electron microscope, may
show only amorphous material and no collagen fibrils at all
Intermediate areas showing varying mixtures of normal
collagen and abnormal material were found by all techniques,
and in such intermediate zones the electron microscope
revealed broken and disintegrated collagen fibrils as well as
increasing amounts of amorphous material. It is interesting to
note that all collagen fibrils seen during these electron micro-
scope studies had the usual spacing of about 640 A,

The precise chemical characterization of fibrinoid has not yet
been achieved and indeed it may be very complex since the
totally amorphous matenial is likely to differ from that which
contains silver-staining fibres; but 1t is generally agreed thata
fibrinoid area contains much matenal that resists boiling and
has a low hydroxyproline (Z1ff et al., 1953) and a high tyrosine
and hexosamine content and it scems likely that fibsinoid is
related to the cement substance of normal connective tissue.
The susceptibility of fibrinoid to various enzymes has also been
studied (Glynn and Loew, 1952) Some of this work and much
of the chemical studies (Consden et al,, 1953) has been done on
fibrinod from patients with rtheumatic fever, and it is not ¢cer-
tain that this theumatic fever fibnnoid is identical with the
fibringid of theumatord disease, Nevertheless these studies ilus-
trate the diverse ways in which an interesting connective tissue
component can be investigated.
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which accompanies experimentally induced hypertension (Wil
son and Byrom, 1439) is possibly an example of this mechanism
in subacute form. Conversely inadequate mechanical stimula~
tion is associated with rapid deterioration and atrophy of the
framework, so that an optimum play of mechanical force is
required to keep the system in good condmon and the practice

PN SO TN LIV S5 BUUSOC I TOUUIE DA T PSP

received very little attention but there is o whole group of
rheumatic diseases which are characterized by disintegration of
the supporting framework and the formation of fibrinoid in the
connective tissues, Local disi: ation of the fx ork also
accompanies inflammation and is seen in its extreme form in
pus-formation, but it is not certain that the disintegration which
occurs in the rheumatic disease is always the result of inflamma-
tion. Various mechanisms rught lead 10 reduced stabifity. Thus

a stabilizer such as chondroitin sulphate might be degraded by

enzymes such as hyaluronidase. Alternatively some antigenic

cement might be destroyed by an antigen antibody reaction, or

the protein component of the fibres might become degraded by

enzymes like collagenase, but these are only hypothetical work-

ing models and the whole field of connective tissue stability in

disease remains to be explorcd

[ IR S EIE S e Uy ORI E A S RICRNIEE SN Y

do not heal. Thus gross malnutrtion, scurvy and gross cortisone
overdosage may be cited but, apart from this, failure of wound-
healing is usually due to local causes such as defective blood
supply or infection The question of an overactive removal
mechanism 15 another possibility which is completely un-
explored.

Then there may be failures of organization in which normal
supporting material is laid down but in excessive or inadequate
amounts; an example of the former would be keloid and of the
latter osteogenesis imperfecta n which the whole supporting
system, and not merely the bone, is inadequate. Faulty re-
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The character of elastin also changes with advancing age
(Lansing, 1951). It acquires a substantial content of calcium
and phosphorus and an altered amino-acid composition. There
is also a tendency for calcium to be deposited in tissues such as
cartilage and tendon. Thus the various forms of dystrophic
calcification may be exaggerated examples of the ageing pro-
cess of either elastin or the collagen polysaccharide complex.

Lastly, the connective tissues are intimately involved in the
processes of inflammation, but that is a whole subject on its own
which was most admirably reviewed by a previous and more
distinguished lecturer in this series (Cameron, 1952).

THE SYsTEM IN SUMMARY

In summary, the supporting system may be defined as the extra-
cellular framework of the organism which in vertebrates is com-
posed of a complex and varying arrangement of fibres which arc
largely protein but partly polysaccharide, set in 2 matrix which
is largely polysaccharide but partly protein in nature, To per-
form its supporting and lubricating functions this system requires
maximal physical stability and minimal metabolic activity. But
it must be able to revert locally to a state of high metabolic
activity in order to repair any damage caused by the aperation
of excessive mechanical forces. The cells of this system are
presumably largely responsible for the inmtial production of the
framework and for controlling its maintenance, remodelling and
removal, but little is as yet known about the enzyme systems or
other mechanisms by which these changes are achieved.

DisORDERS
Having defined the supporting system in this way, let us con-
sider how it may fail to perform 1ts functions.

Tirstly the supporting framework may be broken down by the
operation of excessive mechameal forces In a severe acute form
this produces wounds, sprains and fractures in which as a rule
the system is sufficiently reawakened to effect some degree. of
repair. In a less severe and more chromc form excessive
mechanical stresses produce gradual disintegration resulting in
disorders like degenerative joint disease. The arterial necrosis
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modelling as in experimental hypervitaminosis A (Mellanby,
1947} would fall in this category and many ohscure dystrophies
of bones and joints may be of this nature,

We should also consider alterations in connective tissue come
ponents, as for example dystrophic calcification or the Ehlers.
Danlos syndrome in which collagen is replaced by elastin.
Recent work has however shown that many of the so-called
clastoses are not of this nature but result from alterations in
coffagen which enable it to accept stains which are only
accepted by elastic fibres in normal tissues (Tunbridge ¢ dl.,
1952},

Lastly connective tissuc components may be affected by the
products of metabolic disorders in other systems. The ochrono-
sis of alkaptonuria and the arthritis of gout are”obvious
examples; while the disorders of bone which result from distus-
bances of body electrofytes would also come in this category.

Caneruston

These examples suffice to illustrate the method of approach
and need not be multiplied, especially since 1 have already
indulged in more speculation than might seem proper in 2
lecture devoted to the scientific basis of medicine, but it has
often heen said that the most important step in scicr_mﬁc
research 15 to ask the right question, and my purpose is 10
suggest that the development of new techniques makes it now
profitable to pose a number of interesting questions about the
biological properties and posuble disorders of the supporting
system,



VI

Hemispherectomy and the Localization
of Function

E. ARNOLD CARMICHAEL

tion has been built up regarding localization of function.

To this physiologists, psychologi Iogists and
neurosurgeons have all contributed, and one might have ex-
pected that over so many years unanimity of opinion would
have been reached as to the function of various parts of the
human brain. It is true that there may be little conflict of
opinion over the function of certain areas of the human brain—
but one has only to turn to recent neurological literature to
appreciate that divergence of opinion still remains, It is my
purpose to present some observations which have been made
during a study of patients who, suffering from a hemiplegia of

Dmuxc the last hundred or more years a store of informa-~

carly onset, have had the d d cerebral hemispt
ved as a therapentic measure designed to alleviate fits and
behavi disord i of the hemiplegia. T will refer

to observations made in association with Dr. Bates and to work
cartied out by Mr. McKissock and others. I readily and grate-
fully acknowledge their hindness 1 permitting me to avail
myself of therr material.

The observations may be grauped under several headings:
first, the d t es of lting from the primary
lesion to the bramn and how such movements are affected by
removal of the damaged hemisphere. secondly, the results of
electrical sumulation of the brain carried out by Dr, Bates
during the surgical removal of the hemisphere; thirdly the
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repeated focal fits ushers in a complete hemiplegia, from which
only partial recovery may take place. In this last group, the
cwdcncc available suggests that the pathological process is

1in one h phere, but there are grounds
for believing that in many the other hemisphere may be
affected, only to a much less degree.

Moror Funcrions
I will now consider the defects of movement which may be ob-
served in these subjects. In those children with a prenatal
vascular abnormality of greater severity in the occipital lobe
than in the parietal or frontal lobes, the parents have stated
that, though the facial naevus has been obvious at birth, no
defect has been noted in the movements of the limbs of the two
sides up to the age of three months, At this age the child com-
mences to move the imbs of one side, that opposite to the facial
naevus, rather less than the other. It may be that no defect is
noted till a later age—nine months—at about the time the
child attempts to support itself or move about in the cot. Tt is
clear that though the pathological lesion is a congenital one the
defect, if any, 1n movement is not readily observed till the child
is three months old; the defect then observed is a deficiency in
movement—not a total loss. In patients with a lesion limited to
the territory supplied by the middle cerebral artery—and here
I would offer reminder that the area includes the lower half or
two-thirds of the precentral and postcentral gyri, as well as the
msula and upper temporal gyrus—the time at which a motor
deficit has been observed has varied from patient to patient,
The common story 1s that no inequality in amount, or difference
in character of movement of the limbs on the two sides has been
noted tili the third or fourth month of hife; sometimes, however,
the parents have observed nothing abnormal till the child

reached six or nine months We ourselves observed one mfam
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of the hmbs of one side has followed upon an episode of status
epilepticus at an age of one or more years, up till when develop~



94 E. ARNOLD CARMICHAEL

effect of hemispherectomy on sensory functions; and lastly, the
pattern of the epileptic attacks before and after operation. At
this operation Mr. McKissock removes the frontal, parietal and
occipital lobes: only a small portion of the hippocampal gyrus
is left after the removal of the temporal lobe. A part of the
globus pallidus with putamen, external capsule and insula is
removed. The thalamus, however, is left intact. All that remains
to fill the cavity is the stump of the basal ganglia with 2 small
portion of the hippocampal gyrus. In the twenty-five patients
who have undergone this operation, three types of lesion have
been found: firsta condition, probably congenital, in which on¢
hemisphere is involved by a vascular abnormality associated
with calcification affecting the cortical grey matter, most
extensively in the occipital region, but spreading forward into
the parietal and temporal lobes and sometimes into the frontal
lobes; an ipsilateral facial naevus is also present at birth. There
is the second group, in which the territory of the brain supplied
by the middle cerebral artery is replaced by a cyst commonly
communicating with the ventricle; this lesion, probably an
occlusive one of the artery, occurs as far as is known at or about
the time of birth. 1 have been privileged, through the kindvess
of Professor Linnell of Toronto, to see the bramn of an infant who
died in the first two days of life; a very recent embolus bloclfcd
one middle cerebral artery. Our patients with a ‘cystic’ lesion
have suffered from disturbance of respiration at birth, though
commonly nothing abnormal has been noted until the third o1
fourth month of life. In one child, aged four months and not
using the right arm and leg as much as the left Limbs, an aif-
encephalogram taken within a few days of this observation
showed cystic formation of the brain in the distribution of the
1eft middle cerebral artery. Such cysts are known to take several
weeks to develop; accordingly the infarction in this infant must
have occurred some time before the poverty of movement Flad
been noted. So far as can be demonstrated by clinical investiga-
tion, air-encephalography and arteriography, the lesi(?n in these
two groups 1s limited to one hemisphere, There 1s a third group,
called *diffuse’, in which after a period of normal development
over pne, TWo Or TMOXC years, & sudden episode characterized by
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impressed on the affected limbs, with coincident restriction of
movement, probably arises as a result of the maturation of
structures in the brain-stem. I have been fortunate, through the
kindness of Dr. Gooddy, to see a boy aged three years, who until
three months old appeared to develop as a perfectly healthy
child. The mother then noticed that the child regressed—
movements became less and it was established that the child was
failing to react to visual stimuli, Gradually the child developed
a posture in which both upper limbs were flexed with the legs
extended. When the child died at the age of three years, it was
found to have a cerebral mantle with the configuration of a
foetus aged six months—the cortico-spinal tracts were not
myelinated yet the hypothalamus, brain-stem and cerebellum
all appeared normal. At the sixth month of pregnancy the
mother of this child had a ruptured ovarian cyst removed. In
this child, in whom the cerebral cortex had not developed be-
yond that of a six months foetus, but in whom the brain-stem
had, an abnormal and limited pattern of limb movement was
noted only when the child reached its third month of life. If we
accept the inference from the second case that the developing
brain-stem in the absence of maturing cercbral hemispheres
imposes a posture with consequent degradation of movement, it
would appear reasonable to suggest that the increasing poverty
of movement seen to develop in a child with a damaged cerebral
hemisphere is the expression of the function of a maturing
brain-stem.

Infants with damage to the region supplied by the middle
cerebral artery arc never able as they develop to carry out those
movements which permit the use of the affected imbs in any
skilled activity There 1s poverty of movement of the affected
limbs, a deficiency which 1s greater in the digits. It is seldom
that an entire absence of movement of the digits is observed;
commonly the digits move in unison, though movement of an
individual digit alone may occasionally be seen. There is, in
other words, no absolute paralysis.

In all three types of lesion there are areas within the damaged
hemisphere which on histological examination appear to have a
cellular configuration within normal limits; Nissl stamning

H
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ment has been normal. After the episode, 2 complete motor
paralysis of the limbs of one side has been noted, which over
weceks or months has shown some recovery.

Why is it that a prenatal lesion, and one occurring at about
the time of birth, shows little or no manifestation of its presence
until about the third month of life? What part, if any, 15 played
by the cerebral hemisphere in the production of movement
observed during the earliest weeks of Life? Through the kindness
of Dr. Martin and Dr. Bodian I have seen a film of a child aged
a few weeks in which the infant moved both legs and arms and
took nourishment from a bottle. A few days after this film had
been taken the child died, and Dr. Bodian found post-mortem
an absence of the cerebral mantle; above the tentorium only
the stumps of the basal ganglia and a small part of the temporal
lobes were present, This is no isolated case, for scattered
throughout neurological literature similar cases are reported. It
is difficult to escape the conclusion that the movements to be
observed in an infant at birth and for some weeks after are
possible without a cerebral cortex, An occlusive lesion at about
the time of birth involving the middle cerebral artery and
causing damage to the so-called motor cortex need not be
assoctated with poverty of movement during the first few weehs
of life. The pattern of movement scen in the early weeks of hfe
is thus apparently largely determined by the function of levels
lower than those of the cerebral cortex. Indeed it may be
essentially a spinal and primitive brain-stem pattern.

Concurrent with the increase in range and dexterity of move-
ment of an infant’s limbs and especially of the hand, there is 2
progressive development of the cerebral hemispheres. I need
only call to mind the steady process of myelination and the
changes 1n the distribution and character of the cortical nerve
cells. These changes of maturation take place not only in the
cerebral hemisphere but also in the brain-stem, It is of interest
that in infants with a natal hemispheric lesion, as the healthy
limbs show an increase in range and skill of movement, the
affected limbs show a progressive depletion of movement
associated with the adoption of a posture, flexion of the arm and

fingers with extension of the leg. This posture, which is being
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bute significantly to the pattern of movement observed in either
the upper or lower limb,

An important function in which motor elements play a con-
siderable part is speech, Qur scries is too small to permit of any
useful analysis. It may, however, be of interest to note that
removal of the right or left hemisphere has not added to any
defect of speech which may have been previously present,
except in one patient. In this patient, with a Jeslon of the left
hemisphere occurring during the first two years of life and in
whom speech was possible before the operation, speech has
ceased since the left hemisphere has been removed. There are
on the other hand o number of patients who, following the
removal of the hemisphere, have exhibited an improvement in
the capacity to speak.

Sensory Funerions
Let me now pass to some observations in the field of sensory
function, The ready distractability exhibited by so many of
these patients has meant that elaborate, careful and repeated
testing has had to be limited to only a few. There have been
four patients, each of sufficient mntellectual capacity and age to
appreciate the care and attention needed, and on whom satis-
factary observations have been possible, Three suffered from an
occlusive lesion of the middle cerebral artery at or about the
time of birth, and the remaimng one had an acute episode at
one year, followmg which she developed a hemuplegia. Three
have had a left hemiplegia and one a right hemiplegia, The
resuits of our observations have been essentially the same in all
four patients The threshold for light touch has been slightly
ransed on the hemiplegic side, especially on the Jips and fingers,
while the quality of sensation experienced during stroking the
affected side with a wisp of wool has lacked the usual tickling
element The threshold to pinprick has been the same on both

sides, but there has been frequently a hesitancy before replying
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shows normal lamination with apparently healthy cells, and
myelin stains show apparently healthy nerve fibres. In occlusive
lesions of the middle cercbral artery the structures in the upper
third of the precentral and postcentral gyri are apparently
histologically healthy. Has this apparently undamaged tissue
any obvious function? Bates and McKissock (1951) have shown
that electrical stimulation of this apparently healthy cortex may
result in movement of the contralateral limbs. The movement
following stimulation closely resembles in pattern that move-
ment observed during the clinical examination of the patient.
Recently Bates (1953b) has reported that electrical shmulation
of the exposed internal capsule after the pathological hemi-
sphere hasbeen removed results in a similar pattern of movement
in the affected limbs to that obtained from stimulation of the
cortex. His evidence is that this apparently healthy cortical
tissue has a functional connection with spinal levels.

Does removal of this remaining and apparently healthy tissue,
which on stimulation results in movement of the contralateral
and affected limbs, add in any way to the motor deficit already
observed in these patients, or change the pattern of movement?
Dr. Bates and I have sought diligently for evidence indicating
an increased impoverishment of movement., In those whose
ablated hemispheres have had small scattered lesions through-
out them we have detected an increase in the deficit of move-
ment. In the cystic group, however, we have seldom observed
any addition to the disability; in fact, the pattern of movement
of the fingers has remained unaltered following hemispherec-
tomy, and in some the usefulness of the hand as an instrument
for holding objects such as a fork or spoon has even improved
In nearly all, movement of the hemiplegic leg has improved
and our records contain frequent reference to ‘bemng able to
walk better’, to ‘now being able to dance’ and to a reduction in
the wearing down of the shoe of the hemiplegic limb. It is thus
clear that removal of further and apparently healthy portions
of the so-called motor cortex is not necessarily associated with an
increased deficit of movement of the hand; in some it may be
accompanied by an impro in the useful of the leg.
The remaimng undamaged cortex does not apparently contri-
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though mavement of the hand was possible. The stimulus of
putting something into the right hand did not cause a motor
response. When last scen many weeks following the hemi-
spherectomy, it was clear that this had changed and the affected
hand was now being used to hold objects. In the infant who had
no cercbral hemispheres, touching its arms caused th? child to
ccrcbral hcmlsphcrcs had (hc conﬁgurnuon of & six months
foetus, sensory stimulation provoked movement—pinprick was
succeeded by movement of the limbs stimulated. The compli-
cated movements of chewing followed the inhalation of odours,
and if moved or disturbed displeasure was indicated by crying;
sensory stimulation thus provoked quite complex movements.
Movement of a complex nature may thercfore be provoked
when spino-cortical or !ha\nmo-cortxca\ proJccmms arc defec-
tive In pati with an infantil pleg both before and
after hcmldccomcauon, the sensory defect is essentially a failure
of the discriminating sensory functions. ‘Shilled’ sensation is as
defective as is ‘skilled” movement.

Tue REMAINING HEMISPIIERE

The disturbances of function discussed so far were determmed
by comparing the efliciency of the affected half of the body with
the apparently healthy half. By using this technique of com-
parison, we have assumed that the functions of the healthy half
are unaffected by damage to or removal of the cercbral hemi-
sphere on the same side. Is there any reason to believe that there
may be some functional defect of the ipsilateral limbs? It 1s
known from the work of Penfield and Welch (1g51) that cortical
sumulation may provoke bilateral sensation and movement.

Bates (1953a) has shown lhat electrical stimulation of the mesial
surface of the r 1 after hemispherectomy
produces movements of the 1psxlatcml limbs as well as of the
contralateral limbs. Aware of this, both Dr. Bates and myself
have been on the constant look-out for any evidence of a deficit
of motor or scnsory function on the good half of the body.
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when the stimulus was applied to the affected half of the body.
Sense of movement at a joint has been only slightly impaired
though the patient may be quite unable to detect the direction
of mavement at a finger or toe joint of the affected limbs, Dis-
crimination between one and two points has been defective
over the affected half of the body, most marked on the lips and
fingers. Recognition of objects in the affected hand has ahvays
been very poor. Location of the affected limb in space is never
aceurate. Again, location of a stimulus applied to the hand or
forearm is at fault, being frequently displaced proximall
Hemispherectomy has caused little or no change in these sensory
disturbances. In two patients the threshold for a painful stimu-
tus has been definitely raised. Careful questioning has never
clicrted the expression that exther before or after the removal of
the hermsphere has the patient been unaware of the affected
limbs.

While such detated observations were possible in the more
co~operative and older patients, 1t was noted in the younger
children, especially those under the age of ten, that the awareness
of stimuli applied to the affected hmb seemed less acute. Fre-
quently it has been possible to touch the hemiplegic arm with-
out the child giving any indication that anything had occurred
~—yet a suntlar sumulus to the healthy hmb provohed an
aggressive gesture. After removal of the hemisphere when the
child moved about the ward it behaved as if unaware of the
affected limbs, The child would walk into the room, thrusting
the good limbs forward with the body rotated so that the
affected hmbs were always behind the good limbs. the affected
arm or hand mght become cntangled in the clothes duning
dressing, but no attempt would be made to disengage it Iflh.c
child was mvited to throw a box placed m both 1ts hands, it
would often st notice that the release of the box was hindered
by the affected hand sull retamning at. Qver weeks, many of these
signs would disappear, so that eventually the child’s state was
back to its pre-hemisphesectomized level. In the youngest nfant
whose hermusphere was removed at the age of nineteen months,
the right and affected arm was never used immediately follow-
ing the operaton to take hold of toys placed in that hand,
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have been noted to occur. It has been established from cinema-
tograph records that the first movement may occur in the
affected limb, when the cortico-spinal pathway from the oppo~
site hemisphere to that limb has been divided in the region of
the internal capsule, 4nd the cortical cells of origin of that path-
way entirely removed. Though Bates (1g53a) has reported that
following electrical stimulation of the mesial surface of one
hemisphere, after the other hemispherce had been completely re-
moved, movements accurred in the ipsilateral and hemiplegic
Timbs, as well as in the contralateral and sound limbs, T hesitate to
belitve that these epileptic movements in the hemiplegic limbs
are the direct result of a discharging leston on the mesial surface
of the good hemisphere.

Suvmary
T have drawn attention to the site of the lesion for which the
operation of hemispherectomy has been carried out and shown
you that it has involved the so-called motor and sensory cortex.,
The lesion may occur during the period of development of the
cerebral hemisphere, and affects function which may be ex-
pressed in terms of poverty of movement. There has also been 2
Ioss of sense of direction of and of discrimi
ab\h\y, and I have dared to call the sensory deficit that of
‘skitled’ sensauon 'I'hcsc functions of discrimination and skilled

dependent upon the full development
of the cercbral hem\sphtn: after birth. A movement of skill is
essentially a sensory-motor function dependent on the full
integraty of the cercbral hemispheres. The pattern of a skilled
movement is 1mposed upon the pattern of movement originally
set by spinal and primitive brain-stem structures. Evidence has
been provided which may be taken ns wndicating that one
cerebral hemisphere may be concerned, not only with move-
ment of the hmbs of the opposite side of the body, but also,

though 1o a Jesser extent, with movements of the kirbs on the
same side of the bady.
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Jeither following early damage to the one hemisphere nor aftes
the removal of that hemisphere have we been able 1o satisfy
ourselves that disturbance of function oceurs on the ipsiateral
Talf of the body. It may be that our tests have not been appro-
priately designed to determine dysfunction, but dysfunction ve
have not detected.

Firs

One of the purposes of the operation has been to stop the fits and
in this it has been remarkably suceessful in the majority of the
patients. There have been, however, a few patients who have
continued to have fits, The character of the fits subsequent f0
the removal of the hemisphere provides interest. Tn twosubjects,
the fits of which they originally made complaint were ushered
in by a sensory expertence. In one the first indication of a fitwas
2 sensation of ‘something running vp the veins’ of the affected
forearm, which was foltowed by a loss of consciousness and
movements of all four mbs. Since the damaged hemisphere bas
been removed the patient has had eight attacks 12 each of whic!

she has experienced for a few seconds only an exactly simular
sensation in the affected arm followed by a slight disturbance of
fall awareness but not by anconsciousness nor by movement.
In the other patient an ndescribable sensation tocated in the
weak forearm and passing up o the shoulder—almost & pain’—
preceded the loss of consciousness and the moto? clement of the
fit. Swnce the operation he has on several oceasions experence

the sensation 1 the weak imb and has called the nursing staff,
beheving he might be going to have 2 fit—yet no loss of con-
sciousness nor movement of any b has occurred. In botht tixese
patients, an apparently stnctly locahzed momentary and sub-
jective sensory phenomenon has oceurred m the weak arm afte
the oppesite ‘erebral hermsphere has been removed. One car
only conjeciure a8 to the site of the discharging lesion rcs?cnslblc
for such sensations. The thalamus remains Could the dlsd}a{gt
occur wathin 1ts terntory, or has it taken place the remaining
hemisphere of even at a lower Jevel? We have ne means Of
determining this In other subjects, fits have been observed afm{
the opcmtion; and in these, definste movements m all four fimbs
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Anticholinesterases

W. D. M. PATON

taking into consideration the properties and the distri-

bution of the cholinesterase enzymes as well as of the
drugs which inhit them. This immediately leads us into
ground so complicated that one is in danger of losing the origi-
nal and rather straightforward background to these agents. It
is therefore worth while to outline this basic story and to con-
sider the later developments as elaborations or divergencies
from it.

The preliminary rumblings are heard in Fraser’s study of the
toxicity of the esere bean in 1860-70, and of the antagonism of
atropine to 1t; we now know that the Calabar natives in their
choice of an ordeal poison had anticipated modern chemical
warfare by many years. Then comes the observation by Dale in
1914 of the brevity of the action of acetylcholine, prompting his
suggestion that an enzyme exists in the body able to destroy
acetylcholine, Loewi and Navratil {1926) showed that ‘Vagus-
stoff” (later to be identified as acetylcholine) could be rapidly
. v 1 cmanDe Yoein  ta .

Mlwda il

! NY account of the anticholinesterase drugs must begin by

his colleagues, amongst them neostigmine. It 1s interesting that
they were developed primarily as miotics and were only later
recogmized as antichol ases. From 1934 ds came the
fundamental experiments of chemical transmission. These elu-
cidated how eserine produces 1ts typical effects, by preserving
acetylcholine released at nerve-endings, so favouring trans-
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that they named it *true’ cholinesterase, while the second was
only apparently concerned with this and hence was named
‘pseudo’-cholinesterase, They further showed that one could

the true choli ina tissue or extract by the rate
of hydralysis of acetyl-g-methyl-choline (a substance chemically
very like acetylcholine), and the pscudo-chelinesterase by the
rate of hydrolysis of benzoylcholine {a rather different com-
pound). This christening was soon challenged, partly because
words like “true’ and 'pscudo’ had an awr of moral Judgement,
and partly because it was found that some cholinesterases
existed whose properties diverged from those haid down. But
these names reflect a usefusl physiological approach, and though
they may be criticized, their use is convenient, nearly self
explanatory and not fundamentally misleading, since the con-
ception implied has been generally accepted, even if the names
have not,

Other workers found that the “true’ cholinesterases could
hydrolyse a number of substances possessing acetyl groups but
not choline groups, so that they thought that a betier name for
the true enzyme would be ‘acetylase’, A third group of workers
analysed the knetics and specificity of the enzymes, stresstng
(1) the Iugh rate of reaction of the true enzyme with acetyl-
choline, (2) the fact that it seemed designed to work most
efficiently m low dilution, and (3) the fact that it seemed to be
fairly particutar about the rosemblance of its substrates 1o
acetylcholine They painted a picture whereby true cholinester-
ase seemed to bear a highly specific relationstup to acetylchohne
whle the pseudo-enzyme was not speerfically concerned with it;
hence the names ‘specsfic’ and ‘non-specific” cholinesterase, A
fourth approach arase from expeniments varying the aliphatic
cham n acetylcholne This revealed that ‘trae’ spht acetyt
esters move rapidly than any other ester, while the ‘pseudo’ spht
butyric esters much better. Hence the mames ‘aceto-cholin.
esterases’ and ‘butyTo-chohnesterasey’, A fifth approach is to
abanden attempts to give an sxplanatory name and simply
refer to them as ‘Group ¥ and ‘Group 1’ enzymes, ar ‘5 and
g’ enzymes, names which could obviously be retamed whatever
properties were revealed about the enzymes, Another approach
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mission, unless the accumulation of transmitter went to excess
and began itself to cause synaptic block.

Given these facts of cholinergic transmission and apprecia-
ting the importance of an enzyme for destroying acetylcholine
once released (to allow independent repeated shocks, and to
prevent block by accumulation) then one might expect to
describe the situation in the following simple terms:

(1) there would be a single enzyme whose action is specific
to acetylcholine and which acts on acetylcholine with great
rapidity and in high dilution;

(2) this enzyme would be localized at the sites of acetyl:
choline action only:

(3) the enzyme would be specifically antagonized by a num-
ber of inhibitors which resemble the transmitter chemically;

(4) the effect of these inhibitors of the enzyme would all be
due to the accumulation of unhydrolysed acetylcholine and
the intensity of their effects would be in proportion to the degree
of enzyme inhibition.

As a framework for the discussion we shall take each of these
stmple statements in turn, and see how far they have come 10
need expansion or qualification.

‘Tue ENzyMEs DESTROYING ACETYLCHOLINE ) .
It was quite early recognized that more than one enzyme I the
body could destroy acctylcholine. Since these observations were
made, a considerable litcrature has grown up, a good deal of
which is concerned with what the enzymes should be called (for
reviews sec Augustinsson (1942) and Whittaker (195{) ). This
has tended to make the subject rather confusing, but it can be
simplified somewhat 1f one relates each proposed nomenclature
to the particular pomt of nterest of the mvestigator concerned.
First was Mendel and Rudney, who studied two crude enzymes
both of which could at first split aliphatic esters as well as
choline esters. When they purified these prcparations., hO\y-
ever, they found that one ceased to hydrolyse the :'Alxphah.u
esters, while the other continued to do so. On the basis of this
and other evidence they concluded that the first enzyme was
really and truly concerned with hydrolysmg acetylcholine s0
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also be identified in the cholinergic electric organ of Electro-
phorus, in cholinergic nerves, in ic ganglia (chiefly but
not only localized in the preganglionic nerve terminals), in the
adrenal medulla, in the central nervous system (particularly the
basal nuclei) as well as in ganglia in the intestine, These sites are
reasonable; within nervous tissue, particularly in the brain, its
presence can be taken as a sign {along with choline-acetylase
activity, and the presence of acetylcholine itself) of cholinergic
activity by the nerves in which 1t 1s found. But it is less easy to
understand why an enzyme conforming accurately to true
cholinesterase should also exist in two nerve-free tissues, the
placenta and the red cell, aswell as in such unexpected materials
as cobra venom (Koelle, 1951; Whittaker, 1951).

Pseudo-cholinesterase has a wider, indeed almost universal,
distribution.

Our simple picture of an enzyme being localized only at the
sites of acetylcholine released must therefore he modified; and
we have instead to think of ‘true’ cholinesterase bemng localized
at cholinergic synapses in the way expected, but also of true
cholinesterase also occurring in other places, and of pseudo-
cholinesterase being distributed very widely indeed (for reasons
still not understood). A number of suggestions about the role of
the latter can be made, 1if, as Professor Burn has suggested,
acetylcholine is concerned 1n spontaneous rhythmic activity of
tissues such as heart muscle, then pseudo-cholinesterase might
have some important non-synaptic role there, Or secondly, 1t
may be that pseudo-cholmesterase ‘backs up’ the true enzyme,
particularly if (as Koelle (1953) pownts out) 1t can help the
latter when high concentrations of acetylcholine occur. But it
1s much too early to discuss this in detail.

THE INHIBITORS OF CHOLINESTERASE
A useful way of summarizing these 1s to relate pharmacological
action to their structural resemblance to acetylcholine (Fig. 1).
It is now believed (largely from Nachmanssohn, Wilson and
Bergmann's work on Electrophorus esterase) that the molecule of
acetylchohine reacts with the enzyme at least at two sites* an
anonic site, negatively charged, which associates with the
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of the same sort was simply to state where the enzyme came
from or at least where the prototype enzyme came from. Thus
the “truc’ enzyme was called ‘E-cholinesterase’ for erythrocyte
cholinesterase and the ‘pseudo® was called ‘S-cholinesterase' for
serum cholinesterase.

One is reminded of the White Knight in Through the Looking
Glass (Carroll, 1878), where he cxplains to Alice that the song
he is about to sing has a name called ‘Haddocks Eyes’, although
its name really is “The Aged, Aged Man’, but the song is called
‘Ways and Means’ and the song really is ‘Sitting on a Gate’. The
names given to the enzymes splitting cholinesterase could well
be regarded in the same light.

Significant points from all this work could be summarized as
follows. First, there is one enzyme (or possibly 2 group of very
closely related enzymes) which (a) acts only on esters closely
related to acetylcholine such as acetyl-B-methyl-choline; (6} acts
very rapidly on acetylcholine; and (¢) is favoured over an
important range of concentration by dilution of acetylcholine
(so that it actually comes to work less effectively when the
concentration of acetylcholine rises). Sccond, there is also
another and rather more puzzling family of pscudo-cholin-
esterases which split acetylcholine less rapidly, do it more
efficiently the more concentrated the acetylcholine (thus
working relatively inefficiently at low dilutions), and typically
hydralyse benzylcholine and butyric esters, although different
members of the family differ somewhat in their favourite food.
These facts do not matter much clinically, but they are funda-
mental in many investigations when one 1s trying to find out
on what enzyme an inhibttor is acting, when it produces its
characteristic effects.

Tue DisTrRIBUTION OF CHOLINESTERASES
Until recently acetylcholine’s function in the body was viz.:w.:d
as being concerned solely with the transmission of activity
across the various synapses, where, m fact, cholinesterase can be
found. The most beautiful example 1s that of cholinesterase at
the motor endplate, where 1t has been shown by a number of
histochemical procedures (Koclle, 1951; Denz, 1953)- It can
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by possessing a quaternary head. Here we must recall that this
head seems to confer an ability to stimulate the endplate (seen
outstandingly in decamethonium and succinylcholine) or some-
times to paralyse it. Therefore we are not surprised to find that
it is a powerful antiesterase, but that it can also exert a deca-
methonium-like and, perhaps, with long-continued dosage, a
curare-like action at the endplate, Notice also that it is quater-
nary; this means that it cannot cross the blood-brain barrier
easily and so is relatively free of the central effects exerted by
eserine on the one hand and fluorophosphates on the other,

Third is Tensilon; this looks definitely inferior so far as equip-
ment for esteratic competition goes: and in fact it is not a highly
active anticholinesterase. It has, as you would expect, some
muscle stimulant action, and some curare action under big
doses and the right conditions. But a new element appears here
—that of sensitization of the endplate independent of anti-
esterase action: for instance, it favours decamethomum action
quite strongly (Paton, 1951). As a consequence, its anticurare
action is out of all proportion to its anticholinesterase action.
Both Pelikan, Smith and Unna (1954) and Hobbiger (1g52)
maintain, however, that its antiesterase action accounts fully for
its anticurare action: perhaps one had better suspend judge-
ment on this particular point at present. Be that as it may,
Tensilon differs in having even more of a direct muscular action
than neostigmine, and m having 2 notably quicker and more
transient action (perhaps because 1t is a smaller molecule), but
it resembles neostigmine in being free of central action.

An amazing product 1s the latest compound, 3113CT, which
conststs of two neostigmune molecules linked by an aliphatic
cham (Funke, Depterre and Krucker, 1g52). It can inhibit
dog’s red-cell cholinesterase at concentrations of 10-¢ to 10~1%
{compared to esermne 10~%), and 15 able to produce muscarimc
signs of chohnesterase mhibiion with a dose of a few micro-
grams per kilo. It wall be fascinating to see what develops from
this

Now all the compounds so far described are nitrogenous
bases, competing reversibly with acetylcholine. The last cate-
gory, developed partly for military purposes, partly as insecti-
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quaternary head, and an esteratic site, at which the split takes
place, with an affinity for the ester arrangement of atoms.

If we consider eserine first, we see that it fits fairly well inte
both sites, while not having identity with acetylcholine at exther
position, It 1s therefore well-equipped to compete with acetyl
chohne for the receptor sttes, and (incidentally) also to be stsell

slowly hydrolysed by the enzyme. .
J\'(Z;tigmme is in one structural respect closer to acetyleholine,
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doses of the other. Returning to our carlier metaphor, one can
say that an esteratic flirtation will protect against a fatal
passion!

The phosphorus inhibitors vary, of course, among themselves
in several respects. First, their lipoid solubility; this is greatest
for DFP, then paraoxon, then TEPP and eserine, then OMPA
and neostigmine. This corresponds roughly to their liability to
cause central effects (Burgen and Chipman, 1952). Secondly,
their duration of action: some data on the duration of metosis
after application to the eye serve to illustrate this: the effects of
DFP lasted 450 hours, TEPP 1go, eserine 80, neostigmine 0.
Thirdly, some of them proved to be much less active in
witro than in vive. This is because such compounds are meta-
bolized in the liver to a more active (although less stable) pro-~
duct; this has now been shown for Parathion (Aldridge and
Davison, 1952), and OMPA (Dubois e al., 1951; Gardiner
and Kilby, 1g52). It has even been shown that removing
the liver can protect an animal against several lethal doses
of OMPA (Cheng, 1951). The others, such as DFP, TEPP,
and the bases, have roughly proportionate actions under
all conditions. Fourthly, different inhibitors vary somewhat n
their proportionate antagonism to true and pseudo-esterases.
DFP for instance can inhibit particular pseudo-esterases in
about 200 tumes smaller concentration than that needed to in-
hibit a true enzyme (v. Austin and Berry, 1953). Thus is often
helpful 1n studying the enzymes, and it explains, or helps to
explain, why DFP sometimes is less active than expected; one
can suppose that it is first taken up and fixed by the plasma
enzyme, without having a chance to get at true enzyme local-
1zed at more strategic points. There is, unfortunately, no great
regularity of behaviour in these proportionate antagonisms, and
sometimes the discrimination between pseudo and true is much
slighter, Conversely, some compounds interfere with true
cholinesterase rather more readily, particularly the quaternary
salts 284C51, and Nu 1250 (Austin and Berry, 1953); in fact
decamethonium has some action of this sort (Paton and Zaims,
1949) It may be possible, ultimately, to exploit these differ-
ences: but of course quaternary salts tend to have a good many

H
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cides, a very wide one which is condensed enormously in the
table, is of quite a different kind usually termed “rrevessible’,
They are all compounds of organic phosphorus, and are believed

to act by splitting off phosphonium jon (O=P<§l) which

then phosphorylatesthe esteraticsite. One canrepresent the site.
ation by comparing cholinesterase to an atractive girl at a
dance who usually breaks (hydrolyses) all hearts. Then one
evening she finds a partner with a great mutual affinity (say
eserine) who temporarily stops her multiple flirtations, by
dancing with her all evening (his own heart being only broken
a little bit); but when the dance 1s over, they separate and go
home—the inhuibition was reversible. With the phosphorus
compounds 1t is quite different, and more dramatic, 2 suicide
pact, in which both the partners are destroyed for ever. With
DEP for instance, it seems that the enzyme has to be regener-
ated before activity returns, although with some of 1ts relatives,
such as TEPP and Paraoxon, the affar is reversible in its early
stages.

"This tendency to irreversibility is the first charactensstic of the
phospharus compounds—brimging with it, of course, 2 much
longer duration of action. But we can also predict (as is the case)
that these drugs will be free from direct muscular actions—
because they lack a quaternary group entirely, Further, since
they tack the hughly soluble mrogenous group, they are liable
to be fat soluble, sometimes actually volatle, and hence well
absorbed mto the lungs or from the skin, the gut, the eyes, and
able to penetrate into and be taken up in the brain. Thr:)j ten:
also to be ‘fixed’ in the tissues- for mstance neostigmine mjected
into an arm exerts systemic effects, but DFP, in a comparable
or larger dose, does not (Harvey et al., 1947). There 1s on€ last
important point: one might ask what happens when you com-
bine the two types of antichohmesterase. If you give & phos-
phorus compound, then eserine or neostigmine subseqncnglv
simply adds on to it a httle. But if you give eserine of neostig-
mine first, it scems to prevent the uptake of the irreversible in-
Tubitor; and one gets the interesting situation that 2 smal} dose
of reversible mbsbstor will actually protect against soveral fethal
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doses of the other. Returning to our carlier metaphor, one can
say that an esteratic flirtation will protect against a fatal
passion!

The phosphorus inhibitors vary, of course, among themselves
in several respects. First, their lipoid solubility; this is greatest
for DFP, then paraoxon, then TEPP and eserine, then OMPA
and neostigmine. This corresponds roughly to their liability to
cause central effects (Burgen and Chipman, 1952). Secondly,
their duration of action: some data on the duration of meiosis
after application to the eye serve to illustrate this: the effects of
DFP lasted 450 hours, TEPP 190, eserine 80, neostigmine 30.
Thirdly, some of them proved to be much less active in
vitro than in vire. This is because such compounds are meta-
bolized in the liver to a more active (although less stable) pro-
duct; this has now been shown for Parathion (Aldridge and
Davsson, 1g52), and OMPA (Dubois e al,, 1951; Gardiner
and Kilby, 1952). It has even been shown that removing
the liver can protect an animal against several lethal doses
of OMPA (Cheng, rgs51). The others, such as DFP, TEPP,
and the bases, have roughly proportionate actions under
all conditions. Fourthly, different inhibitors vary somewhat in
their proportionate antagomism to true and pseudo-esterases.
DFP for instance can inhibit particular pseudo-esterases in
about 200 tumes smaller concentration than that needed to m-
hibit a true enzyme (v. Austin and Berry, 1g953). This 1s often
helpful in studying the enzymes, and it explains, or helps to
explain, why DFP sometimes is less active than expected; one
can suppose that it 15 first taken up and fixed by the plasma
enzyme, without having a chance to get at true enzyme local-
ized at more strategic points. There is, unfortunately, no great
regularity of behaviour in these proportionate antagonisms, and
sometimes the discrimnation between pseudo and true is much
shghter. Conversely, some compounds interfere with true
cholinesterase rather more readily, particularly the quaternary
salts 284C51, and Nu 1250 {Austin and Berry, 1953); in fact
decamethonium has some action of this sort (Paton and Zaims,
1949). It may be possible, ultimately, to exploit these differ-
ences: but of course quaternary salts tend to have a good many

1
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other actions in addition to antiesterase effects, which have
complicated this sort of progress. Fifth, it must be mentioned
that the phosphorus compounds do not only inhibit cholin-
esterases but also some other enzymes, the so-called aliesterase,
the proteolytic enzyme chymotrypsin, and the Butype esterase
of mammalian sera {Mendel, Myers, et al., 1953).

Our simple picture, therefore, of reversible specific inhibitors
chemically refated to acetylcholine can well be retained, pro~
vided we remember the two types of attachment to the enzyme,
and allow for a combination of inhibitor with receptor which is
at least so slowly reversible as to be, for practical purposes,
permancnt. There are, however, important complications:
most inhibitors are pretty active against both enzymes, a few
much more against ene than the other; and cholinesterase is
not the only type of enzyme inhibited,

There is one mhibnor of cholinesterase particularly Active
against pseuda-esterase, which comes m a category by itself, viz.
trioxthocresylphesphate (TOCP). This has been known for some
years to praduce a central nervous paralysis; 1t was later found
to be an whibitor of cholinesterase and lacer stilt found to be
particularly active aganst pseudo-cholinesterase in the brain
(Earl and Thompson, 1952). The interest in it arises from the
fact that 1t produces central nervous system lesions of a kind also
seen wath two of the anticholinesterases, which will be discussed
later.

EFFCGTS OPF INHIBITION OF CHOLINESTERASE

1t is fairly straightforward to interpret most of the effects seen
m the terms of our origmal sumple picture as being due to accu-
mulauon of acetylcholine, so that the results of inhibiting
cholmesterases 1 the body pravide a concise excrcise in the
anatomy of chelinergic nerves. The careful studies by Harvey
and his colleagues on the effect of DFP on man, still provide one
of the best descriptions of these effects. (Table 1) The most
prominent effects are the muscarinie ones. OF the nicotime
actions of acetylcholme only that on stnated muscle reveals
itself at all obviously, Remauung is a group of central nervous
system actions, some of a quite remarkﬁblg kind.

There has been a good deal of discussion as to whether the
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the Daily lar Admini
of DFP

(From D, Crob, J. L. Lilienthal, A. M, Harvey and B F. Jones (1047)
Bull, Johns Hopk, Hosp. 81, 21744 )

Effector organ

No. of subjects
Symptor (Total: 50 normal
and 10 myasthenic)

1. Muscarinic
{a) Gastro-ntestinal

(4) Sweat glands

(c) Lacrymal glands
(d) Salvary glands
(<) Pupils

() Ciliary body

(g) Lungs

() Bladder
(1) Heart

2. Nicotinic
Skeletal muscles

3. Central nervous system

4. Skin

5. Nosymptoms

1. anorexia-nausca

2. abdominal cramps

3. vomiting

4. diarrhoea

5. cardiospasm

6. nausea after smoking

increased swcating

increased lacrymation

increased sahivation

slight miosis

datficulty of distant vision

respiratory difficulty, suggestive of broncho-
constriction

urinary frequen:

shght bradycardia with premature contrace
tions

excessive dreaming
insommnia

tteriness, restlessness, increased tension,
emotional labihty, tremulousness

nightmares, frequently with tallung in sleep

headache

ncreased Libido

giddiness

drowsiness

paresthesias

mental confusion

visuat hallueinations

tremor

pannlegs, sciatic distnbution

urticaria (may have been sensitive to peanut
oil)
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other actions in addition to antiesterase effects, which have
complicated this sort of progress. Fif¥h, it must be mentioned
that the phosphorus compounds do not only inhibit cholin-
esterases but also some other enzymes, the so-called aliesterase,
the proteolytic enzyme chymotrypsin, and the B-type esterase
of mammalian sera (Mendel, Myers, et al., 1953).

Our simple picture, therefore, of reversible specific inhibitors
chemically related to acetylcholine can well be retained, pro-
vided we remember the two types of attachment to the enzyme,
and allow for a combination of inhibitor with receptor which is
at least so slowly reversible as to be, for practical purposes,
permanent. There are, however, important complications:
most nhibitors are pretty active against both enzymes, a few
much more against one than the other; and cholmesterase is
not the only type of enzyme inhibited.

There is one inhibitor of cholinesterase particularly active
against pseudo-esterase, which comes m a category by itself, viz.
triorthocresylphosphate (TOCP). This has been known for some
years to produce a central nervous paralysis; it was later found
to be an inhibitor of cholmesterase and later still found to be
particularly acttve against pseudo-cholinesterase in the brain
(Earl and Thompson, 1952). The 1nterest in it arises from the
fact that it produces central nervous system lesions of a kind also
seen with two of the antichohinesterases, which will be discussed
later.

EFrrecTs OF INHIBITION OF CHOLINESTERASE

1t is fairly straightforward to interpret most of the effects seen
in the terms of our origmal simple picture as being due to accu-
mulation of acetylcholine, so that the results of inhibiting
cholinesterases m the body provide a concise exercise 1 the
anatomy of cholinergic nerves. The careful studies by Harvey
and his colleagues on the effect of DFP on man, still provide one
of the best descriptions of these effects. (Table 1.) The most
prominent effects are the muscarinic ones. Of the nicotinic
actions of acetylcholine only that on strated muscle reveals
itself at all obviously. Remaining 1s a group of central nervous
system actions, some of a quite remarkable kind.

There has been a good deal of discussion as to whether the
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brain or red-cell true cholinesterase (Frawley ¢f al., 1932). But
it needs only a little reflection to see how hard it is to test such
a correlation fairly: one needs to know the degree of inhibition
of the cholinesterase at the particular site of mnterest, for it is
known that it may vary considerably from tissue to tissue.
‘The most detailed attempts, by Riker and Wescoe (1949) on the
salivary gland, and by Koelle and colleagues (Koelle ¢f al.,
1950; Kamijo and Koelle, 1952) on the ganglion and small
intestine, have been more encouraging. It is disappointing
that we cannot judge cholinesterase concentrations in the
recesses of the brain or the muscles from assays on readily
accessible serum or red cells, but it was rather optimistic to .
expect it.

On the whole, then, one can retain the belief that most of the
actions are due to acctylcholine accumulation, and look to
further work to establish the parallelism of inhibition and effect.

There is one result of giving cholinesterase inhibitors of a
different kind, with some potential clinical importance, Serum
cholinesterase can hydrolyse, quite rapidly, two other sub-
stances, succinylcholine, and local anaesthetics, especially pro-
caine. After the administration of an inhibitor, it would be quate
wrong to expect succinylcholine still to be transient in action,
or to suppose that it will be possible to inject such large amounts
of procamne into tissues (for local anaesthetic purposes) as one
can normally do without producing systemic effects.

DEMYELINATION BY ANTICHOLINESTERASES
It was, as described above, at first believed that chronic ad-
minsstration of anticholinesterases produced (except for a hypo-
plasia of spleen and thymus) no morphological effects other than
those due to the usual ac lation of acetylchol This is
sull, generally speaking, true. But as a result of exposure to
certam insecticides a number of cases of curious paralysis have
been described which have led to the discovery that at least
two of the newer antichohnesterases are able 1o produce, 1
animals, a demyelnation of parts of the nervous system. These
are DFP and Mupafox. The lesion is the same as was seen some
years ago when TOCP was drunk in a ginger wine in the States;
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phospharus inhibitors exert a direct action, as well as causing
acetyleholine to accumulate. Douglas and Paton {1g54) went
into this in some detail with TEPP so far as the neuromuscular
Jjunction is concerned, and failed to find any evidence for this;
but some interesting points in the progression of TEPP poison-
ing emerged, Suppose you record the electric potential along a
muscle fibre; normally it is the same all the way along. But if
you give a drug such as decamethonium or acetylcholine, then
the endplate regions become depolarized (i.e. negative to the
rest of the fibre),

If TEPP is given, there develops a similar depolarization, but
it is subject to an irregular waxing and waning depending on
the amount of activity in the motor nerve. We know from the
analysis of the effects of such depolarization that they will cause
muscle fibres at first to contract, and later become inexcitable if
it persists: so that you will get with such a fluctuation the sort
of mixture of fascicutation and neur lar block which you
see clinically. With a ngger dose a much larger, more prompt,
and more persistent effect is seen. Repetitive stimulation of a
given motor nerve produces a big increase in the depolarization:
all these effects can be attributed to preservation of acetyl-
choline released at motor-nerve endings. Novw, if the muscle is
denervated, the depolarization produced by TEPP is not com-
pletely abohshed. But this is not due to a direct action by TEPP,
since if you now take blood from the animal, there is acetyl-
choline in it, enough to produce the effect recorded, and run-
ning a similar time course, In poisoning by TEPP, therefore,
one’s muscles are paralysed first by the acetylcholine r:!casyd
by the activity in one’s own motor nerves, and secondly (with
much deeper poisonmg) by acetylcholine accurnulating in the
blood {from the portal system and elsewhere},

Although qualitatively one can account for the actions of
inhibitors, there is often a farlure to relate symptomatology quan-
titatively to the degree of chohnesterase inlubition. One can
find abundant evidence, for mstance, that the serum c)ml_lm
esterases can be almost completely intubited without producing

Agam, m animals, there 15 1o, or only a poor, cor-
ms and the reduction of

symptoms. i
relation between intensity of sympto
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and tightness in the chest and ptosis (rather than the abdominal
symptoms of the first case). This progressed to severe weakness
and hypotonia but was successfully treated in the acute stage
with atropine, the patient being discharged about a fortnight
later. About a week after discharge, however, he noticed cramp-
ke pains in the calves and feet when riding a bicycle and began
to get rather weak in his legs. In hospital he was found to have
a partial motor paralysis with tender muscles but was electro-
myographically fairly normal. With lapse of time some recovery
took place but he remained easily tired for a considerable time.

In animals it is known that a good many other potent anti-
cholinesterases cannot produce this lesion. Nevertheless the fact
that three agents, TOCP, Mipafox and DFP, of this group can
do so, means that it has to be taken into serious consideration as
a possible result of any cholinesterase action. Two rather differ-
ent questions arise here. Taking the experimental demyelina-
tion first, ts 1t due o cholinesterase inkibition?

The argument for it 1s that all the agents producing it are
cholinesterase inhibitors; and indeed, because TOCP is parti-
cularly an inhibitor of pseudo-cholinesterase in the central
nervous system 1t has been suggested that the demyelination is
particularly due to mterference with this enzyme, supposing it
to have some special relationship to the nutnition of nervous
nissue. But agamst this supposition are three points: (a) that
there are at least six other anticholmesterases which do not
induce demyelination; (8) that there is no parallel between the
itensity and course m time of the effect of the inhibttor on the
tissue cholinesterases and the actual appearance of the demyeli-
nation; (¢) TOCP, although it is an anticholmesterase, does not,
when given in doses which produce this paralysis, elicit any of
the usual cholinergtc symptoms. One is left suspecting therefore
that the demyelation 1s not due to cholinesterase inhibitton
but rather to the inhibition of some other enzyme by these par-
ticular compounds. Remembering that they are not entirely
spectfic, this 1s not unhikely

Secondly, mn the clinical cases, is the motor paralysis due to in-
habution of cholinesterase? It seems reasonably clear that the mnitial
weakness could be attributed to 1t, since 1t was known that the
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and the analogy became still more striking when it was found
that TOGP was a powerful inhibitor of pseudo-cholinesterase,
particularly of the white matter of the brain. It is seen particu-
larly clearly in hens in which lesions, chiefly of the spino-
cerebellar tract but also of other fibre groups and of sciatic
nerve, have been produced ; demyelination of the sciatic nerves
of rats and rabbits has also been shown. This lesion does not
come on for something like one or two weeks; so that in the hen
after DFP there is a characteristic progression from the typical
poisoning in a hen due to an acetylcholine-like action, with
paralysis and stiffly extended limbs, moving on later to ataxia
and an incomplete motor palsy quite unlike the initial picture
(Barncs and Denz, 1952).
The human cases after Mipafox followed a course rather like
the hen (Bidstrup, Bonnell and Beckett, 1953). After the ex-
posure to the insecticide the subjects complained of vomiting
and diarrhoea and nausea; thew pupils were tightly constricted
and conjunctivae flushed; their muscles, particularly in the face
and neck, were twitching and the whole musculature was weak.
They were treated with atropine, 1/50th of a grain roughly
every two hours which relieved the muscarinic symptoms but
did not influence the muscular weakness and general hypo-
tonia. Then about 15 days after the original exposure an ataxia
was noticed. This slowly developed, producing a considerable
weakness in the legs and a development of weakness in the
hands and arms. Clmically there was a flaccid paralysis of the
fegs, the muscles were tender, there were twitchings in many
muscles. Sensation was normal, tone considerably reduced. At
this point there were no fibrillation potentials and the clgctro-
myagrapher thought the condition was compatible with a
depolarization neuromuscular block. A particularly interesting
point was that an attempt at physiotherapy, the usual treatment
adopted for such cases, led to a very severe deterioration with
increased paralysis, generalized twitchings and clonic spasms.
Later there was an obvious atrophy of some of the muscles, par-
ticularly small muscles of the hnnd,l but eventually recovery
nd has progressed continuously. i
bcfxa:eiond Cafc f:d a slightly different onset with wheezing
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central nervous system. With OMPA, in a proportion of cases at
least, 2 smooth and effective control can sometimes be estab-
lished. Whether the extra trouble in controlling the dosage of a
drug with such prolonged action and consequent danger of
accumulation is worth while, when successful therapy with
neostigmine can be achieved fairly easily, is uncertain. But what
1 wish to mention here is a very instructive instance of how con-
fusing neuromuscular paralysis may be.

‘This can be NHustrated with a case from America (Wilson of
al., 1952) of a man not responding very well to neostigmine, so
tﬁat at was decided to try him on OMPA. He was started on
7 mgm. OMPA twice a day orally together with a neostigmine

) 1 mgm. y 4-hourly intramuscularly.
Tn about a week his serum cholinesterase was down to 1g per
cent of normal and red-cell cholinesterase to 10 per cent of
normal, The control was still not adequate and the OMPA was
increased to 14 mgm. twice a day, atropine was given to control
salivation and ncostigmine was slowly stopped. Sa far all was
well. Then the patient began to get weaker again and neostig-
mine was gwen promptly intramuscularly to overcome what
was thought might be a ‘myasthenic cnsis’, A few hours later the
patient was weaker sull, and the doctor in charge, now con-
vinced that this was a true “myasthenic crisis’, gave yet more
neostigmine intramuscularly. The patient now became weaker
still, unable to swallow the saliva wiich was pouring from his
mouth faster than it could be sucked out and sweating so hard
that the bed linen was wninging wet. Fortunately, a consultation
now took place and the diagnosis was made of a ‘cholinergic
crisi’. Admmistration of antichol ases was immediately
stopped; 1/50th of a gram of atropine was given intravenously;
and the patient was put in an oxygen tent. The atcopine was
repeated every 4 hours and in 36 hours he had greatly im-
proved. Eventually he was returned to a mamtenance dose of
10 mgm. of OMPA night and mormng.

There are three interesting potnts here. Firsl, that the onset
of p ing by an hol ase can occur in a myasthenic
patient, and appears superficially as an intensification of the
myasthenic process. Secandly, it was noted that there was no use-
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blood cholinesterase was reduced, that there were often fasci-
culations and cramps, and that the condition worsened with
muscular activity. But it is difficult to see how cholinesterase
inhibition by itself, at the motor endplates, can account for a
sequence of events whereby the initial muscular weakness vir-
tually passes off and is then re-established again accompanied
by wasting of muscles and ultimately muscular fibrillations,
without any signs of cholinesterase inhibition anywhere else in
the body. The whole picture suggests, in short, that for the first
week or two there is a true antiesterase neuromuscular block
but that this slowly moves over into a paralysis due to a partial
denervation possibly produced by a destruction of nerve trunks
remote from the muscle.

Whatever may be the truth of these speculations, two prac-
tical points arise: first, that every case of anticholinesterase
poisoning should be followed for one or two months after the
acute stage has been resolved; and second that if a paralysis does
develop, 3t should be treated rather cautiously and without the
vigorous physiotherapy so useful in other lower motor neurone
{esfons.

TREATMENT OF MyASTHENIA GRAVIS
The basis of therapy of myasthenia gravis by antiesterases is
fairly well agreed. Until recently neostigmine was virtually the
only drug of importance, being much superior to eserine because
of its greater proportionate effects on muscles. Its derivative—
tensilon—has not really supplanted it, despite some attractive
features, because it tends to be too transient in action. A weak~
ness of neostigmine therapy, however, is that the patient is con-
demned to continual ups and downs in his muscular strength,
beeause of the fairly short duration of action of the drug. When
the irreversible mhibitors appeared, therefore, it was hoped that
these might allow a smoother, more continuous control, DFP,
the first one used, was reasonably effective and gave a more
sustained action than neostigmine; but 1t did not produce as
good a result as neostigmine at the peak of its action, and fn
addition exerted the somewhat unpleasant central effects pre-
viously mentioned. More promusmg has been the use of OMPA
which, because of its low fat solubility, does not penetrate the



ANTICHOLINESTERASES 123

and respiratory effects rather than to the muscarinic actions,
and so far as broncho-spasm or fall in blood pressure contribute
to the lethal process, it may not be much reduced.

ANnTAGONISTS TO THE EFFECT OF CHOLINESTERASE INHIBITORS
Cases of poisoning by anticholi ases may occur during
the use of insecticides in agriculture, during treatment of myas-
thenia, during surgical anaesthesia and (perhaps) in wartime,
so that the importance of treatment of such poisoning needs no
emphasis, There is some debate whether death, when it occurs,
is due to central respiratory depression, peripheral neuro-
lar block, host circulatory failure, or pulmon-
ary oedema, or to an assortment of these. But this is a somewhat
academic debate, since cases vary so much that one must clearly
be ready for all the important manifestations of the poisoning.
The pre-eminent remedy is atropine, principally for the mus-
carinic actions {cf. Grob, 1950). It has repeatedly proved itself
able to relieve or abolish these and relatively large doses can be
given. The usual advice is to give 1/50th of a grain intravenously
if necessary, perhaps every 15 minutes if poisoning is severe, until
there are clear signs of atropimzation, such as dilation of the
pupil. Atropine has httle effect on the neuromuscular block but
it 1s claimed that it can relieve the depressant effect of anti-
cholinesterases on the central nervous system (Douglas and
Matthews, 1952). Whether this is important chnically is not
established, but 1t 1s certainly not an undesirable effect.
The treatment of neuromuscular paralysis s distinctly harder.
It is known that d-tubocurarine can prevent many of the effects
of 1nhibitors at the neur lar junction; but for practical
purposes the obvious difficulty occurs that st itself produces
neuromuscular block, so that although the inhibitor has been
antagomzed, the patient is hittle better off. Parkes and Sacra
(1954) have shown that hexamethonium can increase the pro-
tection given by atropine (normally about two-fold) to as much
as ten-fold, and that 1t confers considerable protection by itself
(this may well be due to its feeble neuromuscular action which
forms the basis for its original suggested antagonism to deca-
methomum). The protection by atropine and hexamethonum
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ful warning change in the cholinesterases values of serum and
blood cell, These remained at more or less the same rather low
levels both before and during the crisis. Third, atropine appears
to have been an excellent antidote and fully justified its univer-
sal recommendation. There are indications that similar crises
occur when over-enthusiastic attempts are made to antagonize
the effects of curarizing compounds given during surgical
anaesthesia.

ACCOMMODATION TO ANTICHOLINESTERASES
It must not be assumed that the body accepts the insults of anti-
choli ase administration completely passively. There are
two interesting bits of evidence pointing to the contrary. First,
it has been found that after the administration of a number of
these inhibitors, the depression of cholinesterase activity may be
succeeded by a rise in cholinesterase activity of a tissue. The
conditions governing this seem still somewhat obscure but it is
) o e Y. f -t -----tthata
seur in
a . N ©or 1g52).
A better established observation with a number of inhibitors
is that, if an animal can be tided over the first exposure, he
may become relatively resistant to a subsequent one. For in-
stance, Barnes has shown (1933) that if artificial respiration was
given after a normally Jethal dose of paraoxone, recovery takes
place in approximately 25 minutes, If now the dose is repeated
half an hour or an hour later, there is less muscuiar fasciculation
and collapse and the depression of the breathing is slower and
less intense. Corresponding to this is an observation made by
Douglas and Paton (1954) that the depolanization of the mator
endplate produced by large doses of TEPP tends to wane with
successive administrations. This is not because the amount of
acetylcholine accumulating 1 the blood changes, for one can
find just as high levels after subsequent doses as after the first
one. There scems to be some real accommodation by the end-
plate to acetylcholine of the same sort as Burns and Pa!o_n
(1951) observed with decamethonium at the endplate. This
accommodation seems to be restricted to the neuromuscufar
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and respiratory effects rather than to the muscarinic actions,
and so far as broncho-spasm or fall in blood pressure contribute
to the Iethal process, it may not be much reduced.

ANTAGONISTS TO THE LFFFCT OF CHOLINESTERASE INITIBITORS
Cases of poisoning by anticholi 1ses may occur during
the use of insecticides in agriculture, during treatment of myas-
thenia, during surgical anacsthesia and (perhaps) in wartime,
so that the importance of treatment of such poisoning needs no
emphasis, There is some debate whether death, when it occurs,
is due to central respiratory depression, peripheral neuro-
muscular block, bronchospasm, circulatory failure, or pulmon-
ary oedema, or to an assortment of these. But this is a somewhat
academic debate, since cases vary so much that one must clearly
be ready for all the important manifestations of the poisonng.
'l.'hc pre-eminent remedy is atropine, principally for the mus-
carinic actions (cf. Grob, 1950). It has repeatedly proved itsell
a\?le to relieve or abolish these and relatively large doses can be
given. The usual advice is to give 1/50th of 2 grain mntravenously
fnecessary, perhaps every 15 minutes if poisoning is severe, untit
there are clear signs of atropinization, such as dilation of the
Pu.pil. Atropine has hittle effect on the neuromuscular block but
1tis climed that it can relieve the depressant effect of anti-
cholinesterases on the central nervous system {Douglas and
Matthews, 1952). Whether this is important clmically is not
established, but it is certainly not an undesirable effect.
he treatment of neuromuscular paralysisis distinctly harder.
known that d-tubocurarine can prevent many of the effects
hibitors at the neur lar junction; but for practical
Purposes the obvious difficulty occurs that it itself produces
Reuromuscular block, so that although the inhibitor has been
antagonized, the patient is little better off. Parkes and Sacra
1954) have shown that hexamethonium can mcrease the pro-
tection given by atropine (normally about two-fold) to as much
2 ten-fold, and that it confers considerable protection by 1tself
(this may well be due to its feeble neuromuscular action which
Orms the basis for jts original suggested antagonism to deca-
Methonium), The protection by atropine and hexamethonum

Ttis
of s
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together can thus be a notable one, although it is less striking
when given therapeutically,

A number of other compounds have been suggested as
antagonists. Nikethamide, for instance, although itself useless
as a protective agent, when given to rats together with atropine
(on the theory that it would diminish the central depressant
effects) was found to increase atropine’s protective effect by
eight-fold in female rats and two-fold in male rats (DiStefano et
al., 1951). Similarly Heymans (1950) has claimed that Diparcol
and some of the other nicotinolytic drugs can confer a useful
protection. Other analeptics, such as metrazol, benzedrine,
picrotoxin or caffeine, are all believed to increase mortality.

The general conclusion is that atropine is outstanding as a
therapeutic agent, that hexamethonium might be tried
cautiously where there is confidence that neuromuscular
block is an important element in the poisoning, but that the
use of other agents should be deferred until more work has been
done. It is, of course, a truism, but one worth repeating, that
other measures in the treatment of a patient should not be
forgotten: (1) Artificial respiration with oxygen to counter the
effects of respiratory paralysis, bronchospasm (cf. Holmstedt,
1951), or pulmonary oedema; (2) appropriate measures for
raising the blood pressure if this sinks very low and cannot be
controlled by atropme (although this seems very rare); and
(3) care that the patient s not getting cold; this may easily
happen with profuse sweating, and perhaps some peripheral
cutaneous vasodilation.

One may conclude, perhaps, by summarizing the possible
ways of protection available at present against such ‘nerve
gases’ in this way. Let us suppose that you are a sufferer from
Parkinson’s discase (therefore taking diparcol), a severe hyper-
tensive {therefore on hexamethonium), a myasthenic (therefore
taking neostigmine and atropine), and with cirrhosis of the
hver (and therefore unable to activate Parathion or OMPA);
then you may well feel proud, for if there 1s another war, your
extraordinary resistance to these war posons will ensure your
early despatch not to hospital, but to the 1st Commando

regiment.
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VIII

Acetylcholine and the Maintenance
of the Cardiac Rhythm

J. H. BURN

contractions of the heart are initiated by the local forma-

leholi hali

THE general hypothesis which is to be discussed is that the

tion of acety , and that acetyl is concerned
in the conduction of the impulse from the pacemaker to the ven-
tricles. Inskeletal muscle we know that the nerve impulse is trans-
mitted by the liberation of acetylcholine from the nerve-ending;
the hypothesis suggests that in cardiac muscle acetylcholine
plays 2 similar role but that the acetylcholine is formed locally.
In 1946 Dawes published a paper on substitutes for quinidine
in which he pointed out that quinidine is a substance which
izes the action of acetylcholine in all forms of muscle.
Thus in the presence of quinidine the stimulant action of
acetylcholine on the frog’s rectus abdominis and on the isolated
intgstine of the rabbit is reduced; similarly, in the presence of
quinidine the inhibitory action of acetylcholine on the auricles
of the rabbit heart is reduced. These observations led to the
idea that perhaps the use of quinidine to suppress auricular
fibrillation depended on the power of quinidine to antagonize
acetylcholine, and that despite all appearance to the contrary,
acetylcholine was responsible for the mat of cardiac
contractions. The appearances are indeed very much against
such a view, for the ordinary effect of acetylcholine on heart
muscle 1s to inhibat it; to suggest that acetylcholine maintains
the cardiac contractions is like suggesting that the brake on the
wheel is the mechamsm which drives the motor-car.
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become feebler and then stop. The addition of acetylcholine to
the bath then causes the beat to begin again. Further additions
of acetylcholine augment the rate and amplitude of the con-
tractions, but a peint is reached when the inhibitory eflect
returns, This stimulant action of acetylcholine was originally
observed in fourteen out of twenty-two preparations, and has
been often confirmed since.

The demonstration of the stimulant action when the auricles
had ceased to beat suggested that the choline acetylase mecha-
nism was then failing, and that contractions were absent
because insufficient acetylcholine was synthesized to initiate a
propagated disturbance in the heart muscle. We tested this
suggestion by determining the choline acetylase activity (1) ofa
series of freshly excised auricles, (2) of a series of auricles which
had ceased to beat after being 24—-30 hours in the bath, and (3) of
aseries of auricles which, having stopped, had then resumed their
contractions on the addition of acetylcholine, We found (Bul-
bring and Burn, 1949) that the mean choline acetylase activity
in the fresh auricles was 46 pg./g./hr., in the stopped auricles was
9 pg.jg /hr. and in the restarted auricles was 37 pg./g./hr. To
observe that choline acetylase activity was very low in the
auricles which had ceased to beat was not surprising, but to find
that when the beat began again the choline acetylase actwvity
was soon restored to a figure approaching normal was to
obtain striking support for the view that the maintenance of the
heart beat was closely connected with, and perhaps dependent
on, the synthes:s of acetylcholine.

A further correlation between the activity of the auricles and
acetylcholine synthesis was obtained when we studied the effect
of acetylcholne 1tself. When added to the bath, acetylcholifie
causes a dechine in the rate and amplitude of the beat; when
added to the tube in which the auricle powder was incubated
with cholie, acetylcholine was found to depress the rate of
synthesis

ActioN oF ESERINE ON THE HEART RATL
Evidence was thus obtained that the choline acetylase system
was related to cardrac activity, and we then wished to discover
if the same was true for the cholmnesterase system. For if this
K
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The experiments to be described have been carried out for
the most part on the isolated auricles of the rabbit heart. These
when dissected from the freshly excised heart were suspended in
a well-oxygenated bath of Locke’s solution at 29°C. Under these
conditions they maintain spontancous contractions for as long
as thirty hours,

Acetylcholine is present in the auricles. This can be verified
by grinding them up in acid saline containing eserine, or in acid
alcohol. When suitably treated the extract can be shown to con-
tain an acetylcholine-like substance by biological tests.

Acetylcholine is formed in the body by an enzyme choline
acetylase which can attach an acetyl group to choline, choline
being itself an almost inactive substance. Choline acetylase is
present in the auricles as was shown by Comline (1946}, and its
activity can be measured by the method described by Feldberg
and Mann (1946). The method consists in extracting the
ground-up auricles with acetone, and using the dry powder left
behind for incubation together with choline, adenosinetriphos-
phate (to supply energy) and sodium citrate (to supply acetyl
groups), The enzyme present in the powder then synthesizes an
amount of acetylcholine which is measured. The choline acety-
lase activity of the powder prepared from the auricles can then
be expressed as the number of microgrammes of acetylcholine
synthesized per gramme of powder per hour.

Acetylcholine is destroyed in the body by cholinesterase, and
its presence in the auricles of the rat was shown by Ord and
Thompson (1950). Cholinesterase is present in the auricles of
the rabbit in both of the two forms ‘true’ and ‘pseudo’. The
hypothesis that the heart beat is maintained by acetylcholine

could not be maintained if acetylcholine were not present, or if
either of the enzymes choline acetylase and cholinesterase were
absent; in fact all three are there,

STIMULANT ACTION OF ACETYLCHOLINE
Under certain circumstances the usual inhibitory action of
acetylcholine on the spontaneously beating auricles is reversed.
My colleague, Dr. Edith Bulbring, observed that when the

auricles are left in the bath for 24-30 hours, the contractions



ACETYLCHOLINE AND THE CARDIAC RHUYTHM 131

Eserine was observed to cause slowing of the rate as the mean
effect in several auricles when it was allowed to act for 30
minutes in concentrations ranging from 10~? g.fml to ro~¢
g.fml., the slawing of the rate being progressively greater as the
concentration of eserine was increased. When the concentration
was raised further to 10% g./ml, after 5-15 minutes the
contractions stopped abruptly. On the amplitude of the con-
tractions the effect was different, since it was found that
concentrations of eserine up to 10-4 g./ml. caused the amplitude
to increase. Above this concentration, however, the araplitude
was reduced. A similar effect on the heart rate, though not on
the amplitude, was observed when di-isopropylfluorophosphon-
ate (D.F.P.) was used instcad of eserine. In a certain proportion
of trials when eserine was tested on the auricles, the rate was
accelerated. This occurred in 10 out of 45 trials, when the con-
centrations of eserine varied from 10~7 to 10~% g./ml, When a
concentration such as 10-* was found to increase the rate, a
higher concentration reduced it.

Action oF EsEriNE oN THE Froa Heart
A similar variation occurred in the action of eserine in concen-
trations 10-? ¢ /m! and 10-¢ g./ml. when perfused through the
isolated frog heart. The usual effect, however, was an increase
in the heart rate scen in the first 5-10 minutes of the perfusion.
With continued perfusion the rate fell, sometimes to a point
below the initial rate, with a return to the initial rate when the
perfusion with eserine was stopped at the end of 50 minutes. In
some experiments the effect of eserine was to cause a rise in the
rate throughout the period of perfusion, and in others to cause a.
all,

These different effects were significant. The fact that eserine
slowed the rate in the heart-lung preparation indicated that
acetylcholine was being formed in the heart, but it did not
indicate at what point. The point could have been the pace-
maker itself, or it could have been at a point outside the
pacemaker. If the pacemaker itself imtiated the beat with-
out the aid of the hypothetical acetylcholine mechanism,
the effect of acetylcholine arriving at the pacemaker would be
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system was responsible for destroying the acetylcholine formed,
it shoulc} be possible to modify cardiac function by inhibiting
the cholinesterase. A study was therefore made by Dr. J. M.
Walker and mysell in the heart-lung preparation of the dog
prepared as described by Starling. Since the central nervous
system is excluded from the circulation, the heart rate and the
force are independent of external control; in addition the vagi
are cut. The heart pumps the blood through an artificial resis-
tance, which can be set at will at any height, into a reservoir
from which it returns to the superior vena cava.

In @ series of experiments in which the preparation was ob-
served from 20-30 minutes to ensure that the heart rate was
steady, eserine sulphate was added to the blood in a concentra-
tion of 10~¢ g./fml. The heart rate then fell in the course of the
next 5~10 minutes to a mean figure of 62 per cent of the
initial rate. The heart continued to beat at the slower rate, until
a small amount, 10 pg., of atropine sulphate was injected into
the blood going to the heart, when the rate rose rapidly to its
previous value. A similar result was obtained when other anti-
cholinesterases were used, such as neostigmine. The slowing of
the rate by the eserine was taken to indicate that acetylcholine
was being steadily produced in the heart, and that when its
destruction was delayed, the heart rate fell in consequence, It
was conceivable that this acetylcholine might come from the
vagus nerve-endings in the form of a slight leak continuing after
section of the vagi. This point was tested 1n a series of prepara-
tions in which the vagi were cut four days earhier; in these
preparations eserine caused a similar fall in rate. We were fur-
ther able to show that in preparations in which hexamethonium
was injected so that the strongest stimulation of the peripheral
end of the vagus had no effect on the heart rate, the injection
of eserine still caused the usuat fall. We therefore concluded
that the formation of acetylcholine taking place in the heart was
not due to the extrinsic nerves.

AcTioN oF EstriNe oN AuricLEy
Observations of the action of anticholinesterases were also made
on the isolated rabbit auricles (Burn and Kottegoda, 1953)-
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beat stopped. When acetylcholine was added to the bath (the
quinidine being still present) the beats began again. A variant
of this was the addition of acetylcholine when, under the in-
fluence of quinidine, the rate of beating had become very slow.
The immediate effect of the acetylcholine was to cause a further
slowing of the rate, but this was transient and both rate and
amplitude soon became greatly accelerated. The results could
be explained by the hypothesis that the contractions were
initiated by the formation of acetylcholine within the tissue
of the auricles, and that quinidine steadily reduced the action of
this intrinsic acetylcholine by occupying the receptors on which
it acted. When the action of quinidine had proceeded to arrest
of the contractions, these began again as soon as the acetylcho-
line concentration was raised by the addition of more to the
bath. Itis important to point out that when the auricles had not
completely stopped, the usual inhibitory action of acetylcholine
was observed as a transient effect before the stimulant action on
rate and amplitude was seen.

RESEMBLANCE oF QUINIDINE TO ESERINE

The findings with quinidine led to the idea that the arrest of the
auricles by a high concentration of eserine which was described
above might have a similar expl i For if quinidi
caused arrest of the auricles by occupying receptors on which
acetylcholine acted, then other substances which possessed an
affinity for these receptors would have the same action. Since
cholinesterase combines with both acetylcholine and with
eserine, eserine would be expected to occupy receptors on which
acetylcholine acts We therefore exposed auricles to 2 high con-
centration of eserine until the contractions stopped, and we then
added acetylcholine to see if the contractions would start again,
We found that provided the ation of acetylcholi
added was not too great, the contractions were resumed. This
result appeared to us to provide considerable support for the
general hypothesis put forward, for the result did not seem
otherwse exphicable.

Further evidence that the action of eserine in high concentra-
tion resembled that of quinidine was provided by the observa-
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expected always to be a slowing of the rate, as was observed.
Now in the isolated auricles, beating in a bath of Locke’s solu-
tion at 29°C., and in the fog heart perfused with Ringer's
solution, eserinc caused not only slowing of the rate, but also
aceeleration. Such an acceleration could not have been pro-
duced by acetylcholine arriving at the pacemaker from a point
external to it, but it could have been produced if the acetylcho-
line sere formed at the pacemaker. It is conceivable that the
conditions provided by the bath for the auricles and by the
perfusion fluid for the frog heart were sometimes suboptimal,
and that the formation of acetylcholine was less rapid than in an
environment of blood. In such circumstances the presence of
escrine, by diminishing the rate of destruction of acetylcholine,
would increase the rate of beating, since it would shorten the
time necessary for a threshold concentration of acetylcholine to
be formed.
The Action or QUINIDINE

A series of obscrvations was then made to investigate the action
of quinidine on the auricles, It has nlready been pointed out that
quinidine reduces the action of acetylcholine in all forms of
muscle, from which it may be concluded that quinidine com-
petes for the receptors on which acetylcholine acts, When a
small amount of acetylcholine is added 1o the bath containing
the auricles, such that the final concentration is 25 X 107*
g./ml,, there 15 a slight inhibition of the amplitude of the con-
tractions. If, } , the same of acetylcholine is
added in the presence of eserine 107¢ g./ml. the beats are
arrested. This observation was made by Webb (1gs0). We
found that when quinidine was added to the bath at this point,
in concentration 10-% g./ml, the beats began again. Before
the quimdine was added, the amount of acetylcholine present
was sufficient to maintain arrest of the beat; when quinidine
was added, the effect of this acetylcholine was reduced, and it
swas no longer able to mamntam arrest of the beat, which there-
fore began again.

A further obscrvation (Briscoe and Burn, 1953) was that when
the actively beating auricles were exposed to ~quuﬁdim: glo"
g-frl) their rate and amplitude gradually d hed until the
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the injection of 4 pg. acetylcholine. In other experiments in the
presence of eserine 10-¢, the injection of 1 pg. and of 2 pg.
acetylcholine caused a regular beat to become temporarily
irregular,

Suaniary
The results described all point in favour of the hypothesis that
the local formation of acetylcholine is responsible for the con-
tractions of the heart. There is reason to suppose that acetyl-
choline is formed at the pacemaker, and that when a certain
concentration is reached a contraction wave is propagated
through the auricles. There is also reason to believe that acetyl-
choline is concerned in the conduction of the wave. Evidence in
support of these conclusions comes from the observation that
auricles which have ceased to beat will start again if acetyl-
choline is added. Also from the observation that the activity of
the choline acetylase system is related to the acuwvity of the
auricles. Thus the choline acetylase system is active in fresh
auricles; is inactive in stopped auricles; is once more active in
auricles restarted by acetylcholine. Evidence also comes from

that of high concentrations of eserine in the isolated auricles.
Evidence finally comes from the effect of eserine in converting
an irregular beat to a regular beat in the isolated auricles, and
to the action of acetylcholine in relation to irregularity in the
heart-lung preparation, Much more work still hies ahead, for
there are many unanswered questions Hitherto, however, there
have been no results which conflict with the hypothesis put
forward.
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tion that the action of the two substances was additive. In the

presence of a concentration of eserine 100 low to cause arrest of

the auricles, the addition of quinidine stopped the auricles

;vithin a minute or two, instead of taking zo-30 minutes to
O $0.

Fawure or Conpuction as CAUSE OF ThHE ARREST

To explain the effects of quinidine and of high concentrations of
eserine in causing arrest of the auricles s difficult without analy-
sis of the electrical changes which take place. Quinidine has
long been known to delay conduction, and the arrest of the beat
may be due to failure of conduction. We observed that auricles
which were arrested by eserine did not respond to electrical
stimulation, that is to say, an electrical stimulus was not con-
ducted, and cserine has heen shown by Rothschuh and Bammer
(1952) to cause delay in conduction in strips of frog ventricle.
These authors also found that neostigmine increased the rae of
conduction in the frog ventricle, and we have observed that
even the highest concentratians of neostigmine did not cause
arrest of the auricles. All these polnts unite to support the view
that quinidine and eserine arrest the auricles by causing failure
of cond and acetylcholine since it imp: conducth
may cause the beats to be resumed by doing so.

ErrECT OF ESERINE ON IRREGULARITY

If the heart beat is due to the local formation of acetylcholine,
irregulanities of the beat might be expected to arise from in-
sufficient or irrcgular formation of acetylcholine. We have
observed that the auricles when suspended in Lockes solution
sometimes beat irregularly, and that the beat became regular
when escrine {e.g. in concentration 10~5 g./ml.) was added. Thc
regularity was i some expertments accompanied by a slowing
of the rate, and in others by a quickening of the rate, the laster
being observed when the irregular rate was very slow.

In the heart-lung preparation we have observed that acetyl-
choline in certain cases corrected wregularity, but in others,
when eserine was present, caused irregularity. In one expen-
ment a persistent 21 ¥ block was converted to normal rhythm by
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The Growth Hormone of the Anterior
Pituitary Gland

F. G. YOUNG

HisTory

tie penesis of our present knowledge of the pitvitary
l growth hormone may be ascribed to the recognition, by
Pierre Marie in 1886, of the syndrome of acromegaly. In
1887 the iation of acr ly with changes in the pituitary
fossa was recorded by Minkowski while already, in 1884, the
observation by M. Loeb, subsequently confirmed by Marie,
Kanthack and others, that diabetes is common in patients with
pituitary tumours presented the first indication of the important
role in carbohydrate metabolism which the pituitary gland is
now known to enjoy. At present 1t is widely accepted that
gigantism and its opposite, dwarfism, often result from dysfunc-
tions of the anterior pituitary gland, although uncomplicated
oversecretion or undersecretion of the anterior pituitary growth
hormone are conditions probably only seldom encountered in

the human being.

The modern era of research on the anterior pituitary gland
may be dated from the perfection by P. E. Smith m the early
1920’s of a method of surgical hypophysectomy in the rat. In his
classical studies Philip Smith described the alterations in many
other endocrine glands which follow removal of the pituitary
gland, and showed how these could be prevented or cured by
the implantation of rat anterior pitwmtary tissue into the
prtuitaryless rat. The most stnking changes of this sort were
found in the thyroid gland, in the adrenal cortex and in the
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to the somewhat crude method ascribed to Archimedes. In an
attempt to determine whereabouts in the body of the rat the
protein was deposited under the influence of growth hormone,
Dr. Greenb and I (Greent and Young, 1950, 1953)
studied the size and protein content of different muscles in the
growth-hormone treated normal rat, and found that under the
influence of growth hormone some muscles grew significantly
faster than the body as a whole, while others tended to lag
behind. The possibility occurred to us that the muscles which
grew most readily under the influence of growth hormone
possessed protein of greater lability than did other tissues, and
we therefore studied the response to starvation for six days of
the muscles of the normal rat. We found that, with the exception
of the masseter muscle, those tissues which gained protein most
rapidly under the influence of growth hormone were those
which lost it most rapidly during starvation, and conversely.
We concluded that our results showed the existence of a group of
muscles with protein of greater lability than that of the rest of
the body tissues, these muscles responding most vigorously to
the deposition of protein during treatment with growth hor-
mone, and suffering most depletion of protein during inanition.
Later studies showed that the composition of such a muscle was,
in the growth-hormone treated rat, not significantly different
from normal (Gray and Young, 1954).

For the assay of growth hormone one does not, of course,
normally analyse the whole body, but one uses simple criteria
of growth such as the increase in weight of the whole body,
either in a growth -hormone treated normal animal or in a
hypophy d one, The widening of the epiphyseal line in
the tibia of the hypophysectomized rat under the influence of
growth hormone has also been utilized, particularly by H M.
Evans and Q. H. Li. A rise in the plasma inorganic phosphate
level has been employed as an indicator of growth hormone
action by some investigators particularly in chnical investiga-
tions (cf Refenstein, Kinsell and Albright, 1946), although
this is of course much more indirect than the other methods
mentioned above
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pancreas,

Previously, in 1gez, H. M. Evans and J. A. Long had des-
cribed the promotion of growth which could be induced by the
intraperitoneal injection of a crude anterior pituitary extract
into normal rats, This observation, together with those of
Philip Smith, confirmed and extended what was already sur-
mised from the early clinical findings and from the experimental
work of Cushing, Aschner and others, namely that the anterior
pituitary gland seeretes o hormone which stimulates the growth
of the body as a whole.

Growr anp Bopy Costposrrion

Growth is of course a complex function, but it is evident that the
deposition of protein must be an essential element in cellular
enlargement and mitosis. In 1936 Lee and Ayres demonstrated
clearly that hypophysectomy in the rat results in a loss of pro-
tein to the body as a whole, with a gain in fat and a rise in the
total amount of energy stored. The experiments of Lee and
Ayres were carefully controlled, particularly with respect to
food intake, because removal of the pitustary gland depresses the
appetite of an animal. Since hypophysectomy diminishes the
1otal amount of protein in the body it is not surprising to find
that treatment with growth hormone, both in the normal and in
the hypophysectomized animal, raises the protein content of the
body (see Young, 19533).

‘When normal rats are treated with growth hormone they may
take on an obese appearance although the fat content of the
hody is in reality diminished. This diminution in fat content,
with an increase in protein, causes a nise in the specific gravity
of the carcass {Young, 1945), and it is surprising that measure-
ments of the specific gravity have not been used more as an
indicatar of the refative protein and fat contents of the body.
The undertaking of such in chnical
might have some difficulties, but nevertheless the specific
of the human being can be measured without recourse

gravity
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dition of diabetes. Subsequently, the administration of a suit-
able crude anterior pituitary extract to intact dogs was found to
produce a diabetic condition which persisted indefinitely after
cessation of the injection of the extract (Young, 1937). The
ability of growth hormone to induce diabetes in some circum-
stances satisfactorily accounts for the recorded frequent occur-
rence of diabetes in acromegaly. Indeed, one may wonder why
diabetes does not occur in every case of this disease, The failure
of diabetes always to develop in acromegaly must, however, be
considered in relationship to the relative sensitivities to hor-
monal influences of the enzyme systems in the tissues under
different conditions, as well as with respect to the different
degrees of hormonal activity that are met with in disease.

How is it that growth hormone can be both diabetes-inducing

which suggests that two or more physiological activities may be
ascribed to a single protein hormone. The number of different
physiological actions attributed to growth hormone has already
reached double figures and is still increasing. It is not, however,
universally accepted that all the effects ascribed at one time or
another to it are indeed the properties of the hormone itself.
In particular, Recant has obtained evidence which suggests
that the R.Q. depressing action of some preparations of growth
hormone is not due to the hormone itself, and it seems possible
that the myoglycostatic and R.Q} depressing factors are identi-
cal. As Reid, Smith and Young (1948) first pointed out, the
diabetogenic agent in crude alkaline ox pituitary extracts (now
realized to be mainly if not entirely growth hormone) is not
dentical with the pitustary factor which, in a limited propor-
tion of instances, 1s found to reversibly inhibit in zatro the activaty
of hexokinase Nevertheless, a substantial number of different
types of physiological activity are at present ascribed by
responstble investigators to growth hormone, and we must in-
quire how far the evidence will allow us to attribute all these
actions to the hormone itself with certainty.

The cniteria of purity of protemns are notoriously unsatisfac-
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Tre NATURE oF GRowTH HORMONE

In 1945 Li, Evans and Simpson succeeded in isolating a
crystalline protein from anterior pituitary tissue, which they
believed to be pure growth hormone. Subsequently Withelmi
and others obtained a similar protein by different methods, and
it appears from the evidence at present available that this pro-
tein has a molecular weight of about 47,000 and an isoelectric
point of 6-85. Since its first isolation a very large number of
different physiological effects have been ascribed to this pro-
tein, some of which are given in Table 1.

Tasre 1. Physiological Actions Ascribed to Growth Hormone

1. Stimulation of growth

P LA

3.

4.

5.

6. Depression of glucose uptake by wolated diaphragm (after parenteral
admimstration)

7. Preservation of muscle glycogen during fasting {(myoglycostatic effect}

8. Depression of R.Q.,

9. Stmulation oir‘ tnsulin seczetion

15, . "
—

Tue Draserocenic Action oF GrowrH HORMONE
The diabetogenic effect of growth hormone, first found by
Cotes, Reid and Young (1949) on the administration of purified
growth hormone to the mntact cat, 1s one that has partiqularly
interested us, since it appears that growth hormone is un-
doubtedly the chief, if not the only, diabetogemc agent respon-
sible for most of the effects first described by Houssay and his
collaborators from 1930 onwards. You will recall that Houssay
and his colleagues showed that hypophysectomy. a.melio.rntcs an
existing pancreatic diabetes and that the administration of a
crude anterior pituitary extract to partially depancreatized or
even intact dogs will, under suitable conditions, produce a con~
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dition of diab Subsequently, the administration of a suit-
able crude anterior pituitary extract to intact dogs was found to
produce a diabetic condition which persisted indefinitely after
cessation of the injection of the extract (Young, 1937). The
abulity of growth hormone to induce diabetes in some circum-
stances satisfactorily accounts for the recorded frequent occur-
rence of diabetes in acromegaly. Indeed, one may wonder why
diabetes docs not occur in every case of this disease. The failure
of diabetes always to develop in acromegaly must, however, be
considered in relationship to the relative sensitivities to hor-
monal influences of the enzyme systems in the tissues under
different conditions, as well as with respect to the different
degrees of hormonal activity that are met with in disease.

How is it that growth hormone can be both diabetes-inducing
B . - B .

whish suggests that two or more physiological activities may be
ascribed to a single protein hormone. The number of different
R ER e D
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another to it are indeed the properties of the hormone itself.
In particular, Recant has obtained evidence which suggests
that the R.Q depressing action of some preparations of growth
hormone is not due to the hormone itself, and 1t seems possible
that the myoglycostatic and R.Q depressing factors are identi-
c?l. As Reid, Smith and Young (1948) first pointed out, the
diabetogenic agent in crude alkaline ox pituitary extracts (now
fealizcd to be mainly if not entirely growth hormone) is not
1(.1entical with the pituitary factor which, 1n a limited propor-
tion of instances, is found to reversibly inhibit n vitro the activity
of hexokinase. Nevertheless, a substantial number of different
types of physiclogical activity are at present ascribed by
responsible investigators to growth hormone, and we must in-
quire how far the evidence will allow us to attribute all these
Actions to the hormone itself with certainty.

The enteria of purity of proteins are notoriously unsatisfac-
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tory, and if we must consider the possible presence of an im-
purity amounting to less than 5 per cent of the protein itself
great caution is needed. The recent history of the pituitary
adrenocorticotropic hormone (ACTH) is a warning in this
connection. The purified protein isolated by Li and His colle-
borators in 1945, and independently by Sayers and his col-
leagues in the same year, and called AGTH {protein hormone
ACTH), obeyed all the criteria that were usually applied to the
homogeneity of proteins. Nevertheless this so-called homo-
geneous protein has more recently been separated into twe
fractions, one more than a hundred times as active as the pro-
tein hormone, and the other consisting principally of protein
almost entirely devoid of AGTH activity. Astwood, Raben and
Payne (1952) have effected such a separation by adsorption of
the active substance on cellulose or oxycellulose with subsequent
elution, while i our Iaboratory we have similarly succeeded by
passing a solution of the protein hormone ACTH through &
column of the ion exchange resin Amberhte IRC-50 {Dixon,
Moore, Stack-Dunne and Young, 1951)- An active fragment
almost certainly pre-exists in preparations of the protein in &
form which is separable from. the protein without hydrolysis,
and the protein hormone probably has no significance, either
biological or chemical. A protein which a few years ago
appeared to be a homogencous simple substance, responsible
for an important hormonal action, has therefore been found not
to be the hormone in question, and recent evidence suggests
¢hat the active matenial is a peptide of molecular weight about
3,000 (see Stack-Dunne and Young, 1954). How far then 8
assumption Justified that growth hormone is itself diabetogenic
Or POSSESSES others of the physiological actions given in Table 1?
May not some or all of these activaties properly be attributed to
putative impurities urking among the molecules of the proteit
itself? Raben and Westermeyer (1g52) clammed that they }gad
differentiated growth hormone from the pituitary factor which
produces Jiabetes, but as the result of an exchange of samples
between Drs. Raben and Westermeyer on the one hand, and
Dr. Reid in my laboratary on the other, it was concluded by
ourselves that Raben and Westermeyer's growth hormone was
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indeed diabetogenic, though less so than ordinary growth hor-
mone; but in our hands it was also less growth-promoting than
other preparations of growth hormone. Some interesting bio-
logical variations associated with differences in the pH of the
administered solution of growth hormone were found in these
experiments, but such effects were in no way peculiar to the
preparation of growth hormone by Raben and Westermeyer
(see Young, 1953a).

Taste 2. Procedures which Partially Inactivate but which Fail to alter
igni the Ratio of Diab Activity {cat) to Growth-promoting
Activaty (rat) for Ox Growth Hormone (Reid, 1952)

Repeated preapitation
Treatment with acid

Treatment with alkal:
Acetylation

Todination

Treatment with B, sublslis enzyme
Treatment with carboxypeptidase
Treatment with thioglycollic acid
Treatment with oxycellulose

In our laboratory we have taken the view that if the.ratio of
the diabetogenic activity to growth-promoting activity of
preparations of growth hormone, subjected to various pro-
cedures which lead to partial inactivation, is always the same,
then support is provided for the assumption that the same sub-
stance and the same active portion (or portions) of the same

b are responsible for both diabetogenic action and
growth-promoting action. Such a finding does not prove
identity, but it at least fails to reveal evidence against identity in

i where such evid might well be revealed. In
the experiments of this sort which Dr. Reid has carried out he
has found that the ratio of diabetogenic activity in the cat to
growth-promoting activity 1n the rat does not vary significantly
from one preparation of growth hormone to another, nor is the
ratio altered significantly by procedures designed to bring
about partial inactivation of the hormone (Table 2). Evidence
of 2 sumilar type was brought forward by Park et al. (1952), to
the effect that the hypoglycaemic action of growth hormone in
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hypophysectomized animals, as well as its anti-insulin effect,
is due to growth hormone itself, but at present there is no
similar evidence of which X am aware to support the view that
the other actions described in Table 1 are indeed due to growth
hormone per se. But equally there is no sound evidence against
the view that some of these actions are properly ascribable to
growth hormone,

Unfortunately, the chemical characterization of growth hor-
mone as 2 protein is not entirely satisfactory. Differences are
occasionally ohserved between the solubilities of different
preparations of the hormone, and even the pH of minimum
solubility is not always constant. The differences in solubility
are not necessarily associated with differences in growth-
promoting activity, and the reasons for them are uncertain,
Reid (1951, 1952) has shown at Cambridge by the technigue of
Sanger that the N-terminal amino-acids in growth hormone
are phenylalanine and alanine, and, in agreement with Li, that
there are only two free «-amino groups per molecule of 47,000,
Since there appear to be only two peptide chains in the molecule,
a dissociation of growth hormone to smaller fragments of the
order of 6,000 molecular weight, comparable with the dissocia-
tion of insulin, appears to be improbable. By the application of
counter-current distribution to growth hormone Pierce (1954
found evidence for only one growth-promoting {raction in a
number of preparations of growth hormone. Reid (1952) has
further shown that partial acetylation such as to bring about
complete acetylation of the free «-amino groups but incomplete
acetylation of the ¢-amino groups of lysine in the polypep-
tide chain, does not result In complete loss of growﬂ}-p{o-
moting action and diabetogenic activities, both these activities
being diminished to the same extent, Furthermore, remaval of
the C-terminal amno-acids under the influence of carboxy-
peptidase does not result in {oss of biological action (Reid, 1952}
Although these fragments of evidcnce might be regarded as
consonant with the view that the large molecule is not t’hc
biologically active material, the simplest assumplion. remains
that growth hormone is indxced a protein, and that this protein
- shi r 1

s resp for multiple bialogical actions. It appears desis-
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able to sustain such a simple view until convincing evidence to
the contrary is forthcoming. N

The diabetogenic action of growth hormone is seen under
somewhat restricted conditions. It is easily elicited in the normal
intact adult dog and cat and less consistently in the rabbit. It
is not seen in the lactating of pregnant adult female cat, nor in
the intact rat. Arguing that diabetes is often a disease of old age
we have administered very large doses of growth hormone to
elderly senile male rats, but have found that they are able to
respond to the growth-promoting action of the growth hormone
without difficulty, and show no diabetes. Nevertheless, if the
rat is partially depancreatized, the amount of pancreas re-
moved being insufficient to produce diabetes of itself, the
animal becomes susceptible to the diabetogenic action of
growth hormone and such a partially depancreatized rat may
respond to the administration of growth hormone by the exhi-
bition of frank diabetes

1t is perhaps of significance that carnivorous animals appear
to be more susceptible to the diabetogenic action of growth hor-
mone than non-carnivorous ones. This is comparable to the
effects of surgical pancreatectomy on carbohydrate metabolism,
where a much more severe diabetes 1s seen in carnivores than in
herbivores., As Lukens has pointed out, the carnivorous animal
is a hunting beast and commonly bolts its food. It is therefore
much more dependent upon the availability of insulin for the
rapid storage of the food which it has hurriedly absorbed than
15 the quietly and continuously feeding herbivorous animal. If
growth hormone is regarded as a substance with an overall
action in some respects antagonistic to that of insulin, it is not
surpnsing that carnivorous animals should be more susceptible
to the diabetogenic action of growth hormone than herbivorous
ones.

ara [RPCTNE T TPV VRSIY SUNSRN B .

College, London, have shown that growth hormone is capable of

antagonizing the hypoglycaemic action of msulin in a patient

with spontaneous hyperinsulinism (Black et al., 1952), and there
L
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is o reason to suppose that under suitable conditions treatment
with growth hormone would not produce diabetes in human
beings. In this respect, man stands somewhere between the
carmvores and herbivores, in a position similar to that which he
assumes with respect to the effects of surgical pancreatectomy
on carbohydrate metabolism.

These differences in responsiveness to the diabetogenic action
of growth hormone might lead us to expect that carnivorous
animals would grow more effectively under treatment with
growth hormone than would herbivores. In a Hmited series of
experiments we have found differences of this sort. Certainly in
some species of animal at any rate, growth is much more pro-
nounced under the influence of growth hormene when the
animal receives a high protein diet than when it receives a diet
rich in carbohydrate, It is also of interest that the dinbetogenic
action of crude growth hormone is more effective in dogs
receiving a high protein {meat) diet than in dogs receiving an
isocalaric lugh carbohydrate diet (Young, 1949}, Here we have
an iateresting parallelism between susceptibility to the growth-
stimulating action of growth hormone and susceptibility to its
diabetogenic action,

Growrn Horatone AND Tie SEcRETION OF Dsynan

Since growth hormone easily and rapidly induces diabetes on
administration to an adult dog and eat it was of interest to
investigate its action in a growing puppy or kitten, The experi-
ments 1 am about to describe have all been carried out with
rather crude preparations of growth hormone and, although it
seems justified at the present tme to ascribe the observed e.ﬂ'ccts
provisianally to growth hormone itself) « complete repetition of
these experiments with the most purified growth hormone
available is needed to be quite certain on this point.

When crude growth hormone was injected into a puppy of &
kiteen, the animal grew and did not become diabenc, even
though the dase used would easily and rapidly produce diabetes
in the adult anunal (Young, 1941). In a proportion of the
puppies which were treated for a long period with growth hor-
mone diabetes did develop afer six months or more, and as the
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remain diabetic, though subscquent trcatmcm with growth
hormone ind without ined growth, If then
growth hormone and insulin were simultaneously administered
to the animals, growth was resumed, but the amount of insulin
required to combat the diabetogenic effect of the growth hor-
mone was very large indeed. In other words, growth hormone
had under these conditions induced an insulin-resistant diabetes
(Young, 1944).

In a large number of experiments with kittens, although
growth in response to the crude growth hormone was good, no
diabetes ultimately developed in any one of the animals which
had attained adulthood, although treatment was continued for
a very long time. In this respect the dog and the cat appear to
differ.

One may now ask whether, during the period of puppyhood
and kittenhood, the pancreas of the animal was secreting
enough insulin to combat the diabetogenic action of growth
hormone, and whether the diabetogenic action of this hormone
developed only when the pancreas was unable, for reasons at
present undetermined, to furnish enough insulin to suppress the
diabetes-inducing action of the hormone. I do not think 1t safe
to assume that these growth-hormone treated young animals
were indeed secreting such large amounts of insulin as are
found to be y to hize the diab ic effect of
the growth hormone when the animal had become adult, I
should here like to recall that Langfeldt (1g20) found that no
diabetes developed in partially depancreatized puppies from
which a sufficient proportion of the pancreas had been removed
to induce severe diabetes in an adult dog. In one instance an
enhanced sugar-tolerance was found as a result of removal of
much of the pancreas from the puppy. After a time, however,
the animals grew a severe and ultimately fatal diabetes
dcvcloped We unfortunately know very little about the changes
in enzyme pattern which occur with normal growth, and it
would be unwise to make any assumption about the constancy
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of the sensitivity of the enzyme systems in the tissues to the
action of growth hormone or other hormones during the period
of growth. Nevertheless, the balance of evidence suggests that
the secretion of endogenous insulin appears to be an important
factor in the induction of growth under the influence of growth
hormone. When the demands for the secretion of insulin
exceed the capacity of the pancreas to respond, diabetes may
develop in response to the administration of growth hormone.

1 wish to refer to two recent pieces of evidence which agree
with this view. In 1g51, Milman, De Moor and Lukens (1951}
showed that growth hormone was unable to induce nitrogen
retention in the hypophysectomized depancreatized cat, and
the same was true for the cat from which the pancreas alone had
been removed. When growth hormone was given to a depan-
creatized cat maintained on a constant dosage of insulin some
nitrogen retention was found under the influence of growth
hormone, but maximum nitrogen retention, that is the nitrogen
retention seen when the growth hormone was administered to 2
normal animal, was observed in the insulin-treated depan-
creatized cat only if the dosage of insulin administered was
raised at the time the growth hormone was administered. Mil-
man, De Moor and Lukens infer that the nitrogen-retaining
action of growth hormone is normally dependent upon the
provision of an adequate supply of insulin by the pancreas.
More recently, Salter and Best (1953) have succeeded in
inducing the hypophysectomized rat to grow substantially by
treatment with insulin, Although the food intake was not con-
trolled 1n these experiments a widening of the epiphyseal line
was seen, and one must accept the conclusion of these au!!wﬁ
that true growth had been induced in the hypopt 2 d
animal by insulin alone. We therefore have the p:xmdoxxca!
situation that growth hormone cannot induce growth in the
absence of insulin, while insulin can nevertheless induce
growth in the absence of growth hormone. R K

If growth hormone depends for its growth-promoting action
on the secretion of insulin from the pancreas, then it is likely
that the administration of growth hormone will be followed by 2
rise in the rate of secrenon of insulin from the pancreas. In
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an attempt to reveal such a rise, if it exists, by direct means,
Bomstcm, chd :md myself (x95x) used alloxan-diabetic hypo-
phy rats (ADHA rats) for the
detection in msulm in the portal blood of growth-hormone
treated cats. In these experiments we were unable to demon-
strate the presence of a hypoglycaemic substance in the portal
blood of the growth-hormone treated animal because such
blood was found to exhibit a hyperglycaemic effect which, we
inferred, was probably due to the presence of glucagon,
secreted from the a-cells under the influence of growth hormone
(see Table 1}, More recently Dr. P. J. Randle and I, in unpub-
lished investigations, have returned to the problem of the
insulin content of the portal blood of the cat which has been
treated with growth hormone, using the isolated diaphragm as
the test-object, since the isolated diaphragm appears to be
largely insensitive to any anti-insulin action of glucagon. We
have so far failed to find unequivocal evidence for a rise in the
insulin content of the portal blood as a result of growth hormone
treatment, although these experiments are as yet far from com-
plete and difficult to control. Dr. Randle (1g954a, b) has also
investigated the insulin activity, as assessed by the rat dia-
phragm method, of the blood of acromegalic patients and of
patients with Simmonds’ disease, finding that 1n acromegaly the
insulin-like activity of the plasma is sometimes ten to fifteen
times that of the normal person, while in some cases of Sim-
monds® disease 1t is about one-tenth of the normal value. Ifit is
msubn alone which is being assayed by the 1solated diaphragm
in these experiments, Randle’s results provide strong support for
the view that under the influence of growth hormone an en-
hanced rate of liberation of insulin from the 1slets of Langerhans
of the pancreas occurs But since growth hormone can itself
exert an insulin-like action 7 viire under some condtttons (Table
1), Dr Randle has quite rightly refrained from assuming that a
method of assay for insulin based on the in z1tro response of the
isolated rat diaphragm is specific for insulin when applied to the
blood plasma of patients in whom the amounts of circulating
pituttary hormones may be abnormal.
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of the sensitivity of the cnzyme systems in the tissues to the
action of growth hormone or other hormones during the period
of growth. Nevertheless, the balance of evidence suggests that
the secretion of endogenous insulin appears to be an important
factor in the induction of growth under the influence of growth
hormone. When the demands for the secretion of insufin
cxceed the capacity of the pancreas to respond, diabetes may
develop in response to the administration of growth hormone.

I wish to refer to two recent pieces of evidence which agree
with this view. In 1951, Milman, De Moor and Lukens {(1g51)
showed that growth hormone was unable to induce nitrogen
retention in the hypophysectomized depancreatized cat, and
the same was true for the cat from which the pancreas alone had
been removed. When growth hormone was given to a depan-
creatized cat maintained on a constant dosage of insulin some
nitrogen retention was found under the influence of growth
hormone, but masimum nitrogen retention, that is the nitrogen
retention seen when the growth hormone was administered to 2
normal animal, was observed in the insulin-treated depan-
creatized cat only if the dosage of insulin administered was
raised at the time the growth hormone was administered, Mil-
man, De Moor and Lukens infer that the nitrogen-retaining
action of growth hormone is normally dependent upon the
provision of an adequate supply of insulin by the pancreas.
More recently, Salter and Best (1953) have succeeded in
inducing the hypophysectomized rat to grow substantially by
treatment with insulin, Although the food intake was not con-
trolled in these experiments a widening of the epiphyseal line
was seen, and one must accept the conclusion of these authors
that true growth had been induced in the hypophyscctomx.zcd
animal by insulin alone. We therefore have the paradoxical
situation that growth hormone cannot induce growth in the
absence of insulin, while subn can nevertheless induce

A S A W, -
, action
. s Iikely
that the administration of growth hormone will be followed by a
rise in the rate of secrenion of insulin from the pancreas In
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being with large babies and a diabetic diathesis. Miller, Hur-
witz and Kuder (1944) were the first to associate large babies
with a pre-diabetic condition and this relationship has been
widely confirmed (cf. Gilbert and Dunlop, 1948). But there is at
present no evidence for an association between the liability to
produce large babies and an abnormally high secretion of
growth hormone in these patients; furthermore the evidence
that experimental treatment with growth hormone during
pregnancy induces abnormally Jarge offspring is not as yet con-
clusive (cf. Cotes, 1954).

‘When we turn to lactation the situation 15 a little clearer. The
administration of growth hormone to cows in declining lacta-
tion leads to a significant increase mn milk secretion (Cotes,
Crichton, Folley and Young, 1949) and it is not unreasonable
to associate this with the failure of growth hormone to 1nduce
diabetes in lactating bitches and cats. But again direct evidence
that treatment with growth hormone increases the mulk
secretion of lactating bitches and cats is lacking as yet.

In pregnancy and lactation, as in the young growing animal,
we may have circumstances in which the diabetogenic action of
growth hormone is not demonstrable because the hormone is
able, presumably with the co-operatlon of insulin secreted by
the p to elicit a p I resg namely foetal
g‘mwth in pregnancy and extra milk secretion during lactation.
The diabetes induced by growth hormone under some condi-
tions can be regarded as the result of a failure of the mechanism
by which the metabolites whose oxidation is depressed under
the influence of the hormone are normally utihzed for tissue

Ca e o

of acromegaly, might lead to such a restraint upon the processes
of carbohydrate oxidation, with an increase in appetite typical
of growth hormone action, that diabetes ultimately develops
Abaza and his colleagues (1953) have recently described & new
condition under the name ‘Syndrome de Young® in which pro-
longed growth, hyperlactation, diabetes, large babies, obesity
and accidents of pregnancy are all associated, In such a condi-
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Tng Mecuantsit o AcTign of GRowrn Hormone
In a tentative fashion we can view the intimate mechanism of
- e N A T e
lets
rete
glucagon, The latter substance assists to prevent the development
of hypoglycaemia by stimulating hepatic glycogenolysis. Never-
theless the action of insulin can easily lead to dangerous hypo-
glycaemia, even in the presence of glucagon, particularly if the
liver glycogen level is Jow, and growth hormone, or a substance
derived from it (Bornstein and Park, rg53), depresses the sen.
sitivity of the mechanism in the peripheral tissues through which
insulin normally accelerates the uptake of glucese by the cell.
This depression may be exerted directly on the enzyme hexo-
kinase, or primarily on permeability barrier between hexokinase
and the extracellular finid and therefore only indirectly on the
enzyme, There is then present in the blood stream a concentra-
tion of insulin considerably higher than normal but with a
normal blood sugar Jevel and hittle risk of hypoglycaemia; under
these conditions the peripheral tissues, particularly muscle, will
be stimulated to take up additional glucose and, either directly
or indirectly, an additional supply of amino-acids. This uptake
of amino-acids may be stimulated by growth hormone, or the
substance derived from it, or by insulin, or, of course, by twaor
more factors acting together. As I have suggested elsewhere
(Young, 1953b), the excess glucose utilized under these con-
ditions may provide the additional energy needed for ;hc
deposition in the cell of unoxidized material, this dcposftlvn
may then lead to cellular enlargement and possibly to mitosis.

GrowTit HORMONE 1N PREGNANCY AND LAcTATION
1 have referred above to the fact that growth hormone is not
diabetogenic m pregnant or lactating bitches or cats (sc? Young,
1946). 1t might be thought that in the pregnant animal ghe
admimstration of growth hormone should lead to the production
of larger offsprmg. I Indeed this is so, we might reasonably

associate a slight overseeretion of growth hormone in the human
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tion we may have an exaggerated example of many entities
which can all be assaciated with the action of growth hormone,

In growth hormone we may well have a substance whose
physiclagical influcnce extends far beyond the field of action
implied by its name,
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of disruption, of such family ties are productive of highly
emotional reactions which in turn precipitate Graves’ discase.
The incidence of hyperthyroidism is said to decline in times of
economic depression (Moersch, 1950) and it is possible that such
social conditions bind families into closer units. In timesof war,
however, the incidence of Graves’ disease may reach epidemic
proportions in certain localities, and this is possibly to be cor-
refated with the family disruption that occurs under such
circumstances.

There is much evidence then that emotional stress may, in
certain individuals, result in Graves’ disease, The most likely
chain of events underlying such a sequence may be represented:
external stimulus -~ stimulation of central nervous system
{ ional stress) — i d discharge of anterior pituitary
thyrotrophic hormone {T.S.H.) — increased thyroid activity.
Such a sequence of events has been studied experimentally by
observing the effect of physical and emotional stress on thyroid
activity mn the rabbit (Brown-Grant, von Euler, Harris and
Reichhn, 1953 a and b; Brown-Grant, von Euler, Harris
and Reichlin, 1954, Brown-Grant, Harris and Reichlin, 1954),
and the following account of the methods of measuring thyroid
activity m this anima), and the effect of stress on such actwity,
isa y of the results obtained by this group.

ExrernvEnTaL Frvomes
(1) Methods of measuring thyroud actwity in the conscious rabbit

Two methods are available for measuring thyroid activity in
the conscious rabbit.

(a) Rate of uptake of 1M from the blood. The radioactivity con-
centrated by the thyroid gland after intravenous injection of
radicactive 1odine has been measured by placing the rabbit, at
various time mtervals after i ion, in an adjustable h k
with the ventral surface of its neck m a constant geometrical
relationshup with a Geiger-Muller tube In order to be able to
perform repeated experiments in any one animal it is necessary
1o inject small doses of *321 (about 2 pc.), and it then becomes
necessary (o approximate the Geiger-Maller tube closely to the
ansmal’s neck and to have a relatively wide side window in the
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EmoTIONAL STRESS A AN AETIOLOGICAL FACTOR
1y GrAVES’ DIsEASE
XOPHTHALMIC goitre was first described by Parry, a physi-
Ecian of Bath, He discussed, in lectures given in 1787 and
later, a condition characterized by tachycardia, emo-
tional excitement, exophthalmos and a swelling in the neck.
Parry’s description was not published until 1825, three years
after his death. Further descriptions of this disease appeared
later (Graves, 1835; Basedow, 1840). Both in these original
accounts, and in many of the innumerable papers that have
been published on Graves’ disease since that time, reference is
made to the fact that the patient often gives an account of an

emotional shock shortly preceding the onset of the disorder.
) T ‘- a- menosiment av an aetio-

ped con-
r half of

the nineteenth century, believed the disease was nervous in
origin and that the swelling 1n the neck was a secondary mani-
festation.

More recently attempts have been made to analyse the type
of personality prone to develop Graves' disease. Lidz an
‘Whitehorn (1950), and others, have described such mdividuals
as those highly dependent on interpersonal relationships for
their security. This relationship is often familial, such as
daughter to mother, or mother to child. The patient shows little
adaptability and feels abject and helpless without such sym-
biotic relationship. It is thought that disruption, or threat
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release curves observed in the present studies are outside the
range of this possible error.

The slope of the release curve is proportional, apart from
the slight error introduced by reaccumulation of 2211, to the
amount of hormone secreted per unit time
amotnt of kormone n the gland

Providing therefore that the total amount of hormone in the
gland remains constant, the slope of the curve may be taken as
related to the amount of hormone secreted per unit time, that is
to thyroid actwity.

1500,

§

NECK COUNTS PERMIN.
4
g

v . 7 .

3 < 13
TIME IN DAYS
Fic 1 Normal release curve Rabbit injected wath 2 pe. 1311, and 48 hours
later (that 1s at zero ime on the abscissa) neck counts are started. Note that
over the ensuing eight days the radioactmity of the thyrord decreases
exponentially In this, and the followng figures, the neck counts obtained
have been corrected for physical decay of the 341 {from Brown-Grant ¢t ol ,
1954)

The advantages of using the release method of measuring
thyrord activity is that it gives a measure of slow changes in thy-
roid activity, that 1t s less dependent on changes in the level of
1271 in the blood or on changes in renal excretion of iodine, and
that each experiment is of sufficient duration to allow control
and experimental periods of observation,
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lead shield of the tube. Under these tircumstances the radio-
iodine in the blood vessels of the neck forms a proportion of the
total neck counts. This proportion can be allowed for, and a
‘thyroid count’ can be extracted from the total neck counts, By
observing the blood concentration of *31] at various time inter-
vals, values can then be obtained for the blood clearance of I
by the thyroid. R
Brown-Grant and Gibson (1954) have recently improved this
technique by using a scintillation counter and 2 rate-meter i"or
obtaining an almost continuous record of thyroid radicactivity
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release curves observed in the present studies are outside the
range of this possible error,

The slope of the release curve is proportional, apart from
the slight error introduced by reaccumulation of 131, to the
amount of hormone secreted per unit time
amount of hormone in the gland

Providing therefore that the total amount of hormone in the
gland remains constant, the slope of the curve may be taken as
related to the amount of hormone secreted per unit time, that is
to thyroid activity.

1500

NECK COUNTS PER hélN

%
2
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TIME IN DAYS
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1
1954)-

The advantages of using the release method of measuring
thyroid activity is that it gives a measure of slow changes in thy-
Toid activity, that 1t is less dependent on changes in the level of
%71 in the blood or on changes in renal excretion of 10dine, and
that each experiment 15 of sufficrent duration to allow control
and experimental periods of observation.,
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(2) The effect of various standard procedures on the slope of the release
curce

The effect of various procedures, well known to affect thyroid
activity, was first tested on the slope of the release curve.

(a) Hypophysectomp. Removal of the pituitary gland results
in a prompt and permanent decrease in the rate of release of
1311, (Figure 2.) In a group of normal rabbits the average loss of
radioactivity per day was 196 per cent, and after hypophy-
sectomy §-5 per cent.

1000

HYPOPHYSECTOMY

NECK COUN'LS PER MIN.
H
H

3 s 230

)
TIME IN HOURS

Fic. 2. To show the effect of hypophysectomy on the release curve.
Repeate p on hypop i rabbits show that the slow
rate of release of 11 is maimtamed indefimiely until the ammal is kifled
{from Brown-Grant et al., 1954).

(&) Injection of thyrotrophic hermone. Injection of thyrotrophic
hormone (T.S.H.) into normal or hypophysectomized rabbits
greatly increases the speed of release of radioactive hormone
(Figure 3). The acceleration of thyroid activity starts thhl{x a
few hours of adnunistration of the hormone and persists
for 1020 hours. In the normal animal this period is follo“"cd
by one in which the **I output of the thyrord is temporarily
inhibited. This is probably due to the raised blood level of
thyroid hormone ‘feeding back’ to inhibit T.S.H. secrction
by the animal’s own pituitary gland.
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Fic. 3 Above To show the effect of mjection of thyrotrophic hormone
(T.SH) on the release curve of the normal rabbit Below. To show the
effect of inyection of thyrotrophic hormene (T.S.H.) on the release curve of
the hypophysectomuzed rabhut (from Brown-Grant et al , 1954).
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(c) Injection of thyroxine. Injection of thyroxine into normal
rabbits promptly and markedly inhibits the release of 1311 from
the thyroid. (Figure 4.) There are good grounds for believing that
this action is duc to the thyroxine inhibiting the release of
pituitary T.S.H.

(d) Exposure fo cold. In about half the experiments in which
rabbits were taken from the constant temperature room (29°C.)
and placed in a colder environment, a marked increase in the
rate of output of 13! from the thyroid gland was observed.
(Figure 5.) It is of interest that the stimulus to the thyroid
appeared greater if the animal were placed in an environment
of 15-21°C., than if placed at 1°C. It is possible that the lower
temperature may be acting as a non-specific stress, which
inhibits thyroid activity (see below), as well as a specific
stimulus.

From these results it seems clear that the various procedures
which are known to result in definite effects on thyroid activity
have the expected results on the thyroid release curve. It would
‘seem valid then to interpret changes in the release curve, pro-
duced by other stimuli, in terms of thyroid activity.

(3) The effect of emotional and physical stress on thyroid activity

Many workers have reported that stresses of various types
result in reduced ' uptake by the thyroid gland. Injection of
typhoid vaccine, trauma, fasting, cold, heat (Williams, Jaffe
and Kemp, 1949), injection of formalin (Paschkis, Cantnx:o\v,
Eberhard and Boyle, 1950), cordotomy (Bogoroch and Timiras,
1g51), anoxia, starvation (van Middlesworth and Berry, 1951),
tourniquet shock (Hamolsky, Gierlach and Jensen, 1951), have
all been reported to decrease the uptake of 1211 by the thyroid
gland of the rat. However, measurements of 12'I uptake by the
thyroid under conditions of stress do not necessarily give 2
specific index of thyroid activity, since stress (Bogoroch and
Timiras, 1951) and the mjection of cortisone (Ingbar, 1953)
lead to an increased renal clearance of iodide, and may thus
give an apparent decrease in thyrord uptake duc to the fact that
less 1311 is available to the thyroid. X

The effect of emotional or physical stress has been studied
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Fi6. 4 To show the effect of thyroxine on the release curve of the normal
rabbit. Thyroxine probably acts by inhibiting the release of thyrotrophic
hormone from the anteror pitwitary gland (from Brown-Grant et al., 1954).
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Fia. 5.To show the effect of a cold environment on the release curve of the
normal rabbut (from Brown-Grant ef al., 1954).
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on the rabbit. Normal rabbits have been subjected to a variety
of stress stimuli during the course of a release curve. The
emotional stimuli used have consisted of subcutaneous faradism,
of subjecting the animals to restraint by tying their back legs to
the side of their cage enabling them to sit but restricting their
free movements, and of subjccting them to abrupt changes in
illumination. The physical stresses have consisted of hacmorr-
hage, laparotomy under ether anaesthesia, and intraperitoneal

4600,

RESTRAINT AND
SC FARADISM
——
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8

5 o 200

6
TIME 1N HOURS

Fic. 6 To show the effect of emotional stress (induced by restraint and
subcutaneous faradism) on the refease curve of the normal rabbit (from
Brown-Grant etal , 1954).

injections of turpentine In the great majority of experiments
these stress stimuli resulted in a prompt and marked (in many
cases complete) inhibition of the release of thyroidal radio-
activity {Figure6). Animals exposed to a constant emotionafstress
often showed a return of the slope of the release curve to that o,f
the control period before the cessation of the stress. This ‘escape
is most likely due to the amumals becoming ‘aceustomed” to the
stressing procedure, since the overt behaviour of the animals
changes, suggesting that the procedure had become Jess dis-
trbing. Furthermore it was found that alternation of two eme-
tional stress stimuli would prolong the inhibitory effect on the
thyroid, as compared with a single constant stimulus. )
The interpretation that a decreased stope of the release curve
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of the stressed rabbit is related to decreased release of thyroid
hormone is supported by the finding that the blood level of
organically-bound 1 is simultancously reduced (Brown-
Grant, 1954).

The observation that emotional stress results in decreased
thyroid activity in the rabbit is contrary to the results of Kracht
and Kracht (1952). These workers reported that wild rabbits
brought into captivity develop a statc of hyperthyroidism
(exophthalmos, weight loss and muscular weakness) and die
within three wecks. Their criteria of a hyperactive thyroid,
however, were indirect and histological, rather than actual
measurement of thyroid activity. Repetition of these experi-
ments (Brown-Grant, Harris and Reichlin, 1954), on a small
group of wild rabbits, failed to confirm these findings. Wild
rabbits were noted to live and maintain body weight during
laboratory existence, and their output of thyroidal 2311 was seen
to react in the same way as that of the domestic animal, on sub-
jection to emotional stresses.

(4) The mechanism of the thyroid inkibition fo stress

Several possible mechanisms undcrlymg the inhibitory
response of the thyroxd <o T
may be, (a) mediated
gland, (b) secondary tc
cortex, (¢) determined by a decreased release of pituitary thyro-
trophic hormone, or () dependent on some other mechanism,
Experiments have been conducted to test these possibilities.

(a) Nerve supply to the thyroud gland. There 15 no good evidence
that the thyroid gland 1s supplied by secretomotor nerve fibres
(see Harrs, 1948), Bilateral removal of the stellate gangha and
a portion of the cervical sympathetic chain had no apparent
effect on the thyroid response to stress (Fagure 7).

() The adrenal gland. Injection of adrenaline (in large doses,
500-1,000 pg.fday for two to six days), cortisone and adreno-
corticotropme hormone was found to inhibit the release of
thyrodal 1311 in the rabbit. In view of this, and the fact that
activation of the adrenal medulla and cortex is well known to
follow stress stimuly, it seemed possible that the thyroid response
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F16, 7. To show the effect of emotional stress (induced by restramnt) on the
release curve of a rabbit previowsly subjected to removal of the stellate
ganglia and a portion of the cervical sympathetic chain (from Brown-Grant
etal., 1954).
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was secondary to increased Iiberation of adrenaline andfor
adrenal cortical hormone. However, animals with the adrenal
glands denervated (Figure 8), or removed (maintained on con-
ctant cortisone regime) (Figure 9) showed, in the majority of ex-
periments, thyroid inhibitory responses to stress stimuli as in
normal rabbits, Tt may be argued that the rate of utilization
of cortisone under conditions of stress is unknown, but it is
unlikely that it is decreased.

CORNSONE QIMG §C

[N
RESTRAINT AND
ST FARADISM

g

NECK COUNTS PER MRt

3 W 1o

© TiiE N HOURS
Fic. g 'To show the cffect of emotional stress {restraint and subrutancous
faradsion) on the release curve of an adrenal d rabby don
constant cortisone therapy (o3 mg. sc, twiee darly) {from Brown-Grant
et of., 1954}

(¢} Prwtary thprotraphic secretion. Tt is dufficult to investigate the
effect of stress on thyrond activity in the hypophysectomized rab-
bit. In most hypophysectomized animals the rate of release of
thyroid radioactivity 1550 low that 1¢ would be difficult to detect
& significant slowing under the effect of a stress stimulus.

One recent observation makes the pituitary arigin of the
stress inhibition of the thyroid probable. A series of rabbits in
\which the prtuitary stalk had been divided and a waxed paper
plate inserted between the cut ends of the stalk, have been
tested for the stress response (Brown-Grant, Harris and Reich-
fin, unpubbshed) These experiments are still in progress, but 1t
appears probable that statk section abolishes the thysosd res-
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ponse to emotional stress but not to physical trauma, The inter-
pretation provisionally placed on these results is that emotional
stress affects thyraid activity by an action through the hypotha-
lamus and hypophysial portal vessels, inhibiting the pituitary
release of T.S.H. Physical trauma, on the other hand, seems to
inhibit T.5.H. secretion by a direct action on the pituitary
gland, possibly via tissue breakdown products carried by the
blood stream.

RevaTionsuip OF PresENT FINDINGS TO AETIOLOGY

oF Graves' Disease
The present findings indicate that thyroid function is affected by
the central nervous system, and that emotional stress may cause
rapid and marked changes in thyroid activity. In view of the
many accounts in the clinical literature that emotional stress
often precedes the pathological increase in activity of the thy-
roid, known as Graves' disease, it is perhaps surprising to find
that emotional stimuli result in thyroid inhibition in the normal
rabbit,

The responses of the adrenal cortex and the thyroid gland of
the rabbit to stress appear to bear a reciprocal relationship, the
adrenal cortex being activated whilst the thyroid is inhibited.
This finding recalls 1o mind the older views of Marine, and
others, that the hyperactive thyroid of the Graves® patient is to
be correlated with atrophy of the adrenal cortex, In this respect

AL faTla fon ahensunatinng cnnane tn ha valasant

respiratory exchange, and a symptom complex resembhng
exophthalmic goitre (Marine and Baumann, 1g2r).

(##) Thyrotoxicosis is often associated wath signs of adreno-
cortical under-activity (large thymus, lymphoid hyperplasia}
and a small adrenal cortex (Marine, 1930).

(i1i) Graves’ disease has been noted to foliow X-ray d?magc
to the adrenal cortex {Oppenheimer, 1937), and the incidence
of this condition has been reported as ten times greater in
patients suffering from Addison’s disease than in normals

(Fredcrickson, 1951).
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(iv) Patients suffering from Cushing’s syndrome may show
signs of hypothyroidism (high level of serum cholesterol, dry
skin, and low basal metabolic rate) (Heinbecker, 1944), and an
inactive thyroid (Cushing, 1933).

It would seem that there are good reasons for believing that
the adrenal cortex is 1n some way involved in Graves’ disease,
Whether the atrophy of the adrenal cortex is involved from the
aetiological point of view, or whether it is a consequence and
part of the developed condition, remains to be seen.

An interesting speculation is that the patient with Graves'
disease has responded to stress with the opposite response of the
normal. That is, that some stress stimulus has resulted in in-
creased thyroid, and decreased adrenal cortical, activity. Such
a view would suggest that some neurological mechanism is
primarily at fault, and would indicate that the condition is
really a ‘disease’ rather than the result of an exaggerated
physiological response.
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XI

The Physiological Actions of the
Sex Hormones

P. M. F. BISHOP

1r Hexry DALE, in the inaugural lecture? of this series,
gdrew attention to two striking developments, first the
NS 1 - P e

of medicine and science has accumulated during the present
century. The subject of this lecture is no exception to this trend.
For practical purposes I can trathfully say that all the import-
ant discoyeries concerning the action of the sex hormones have
not only been made during my lifetime, but during the yearsin
which I have been actively engaged in the study of endo-
crinology. Furthermore, in the time at my disposal, I am at a
loss to know, not what to say, but what to leave out, for I cannot
hope to discuss all the physiological actions of the sex hormones.
1 therefore pmpose to conﬁnc myself to three aspects only of
this very ; and accordingly intend to intro-
duce the subject with 2 short historical review in which I hope
to indicate the conmbuuon to our present knowledge that has
been supplied by biologists and biochemists, Next I will deal in
some detail with the problem of pituitary-gonadal relations.
Finally, I shall give a brief account of the physiological action of
androgens.

1 Not included in the present volume,
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Hrstorican

From the third century s.c. until the first half of the seven-
teexlnth century A.D. the ovary was referred to as the female
testis. Regnier de Graaf was one of the first to give a detailed
and accurate account of the ovaries, in 1672, and is said to have
died at the early age of thirty-two of indignation resulting from
a dispute concerning his claims to priority for his observations
on the generative organs. Haller (1766) spoke of the ovarian
follicles as the ‘Graafian vesicles’, Fallopius (r561) first ab-
served the corpus luteum, though de Graaf gave the first
detailed account of it in 1672, Malpighi in 1686 named it the
‘corpus Iuteum’. Fifty years ago Fraenkel (1go3) established the
function of the corpus luteum in relation to reproduction.

In 1651 Nathaniel Highmore gave an account of the testis and
in 1668 de Graaf made a more detailed study of its structure. In
1849 Berthold grafted testes into capons and restored their
cock’s combs, and in 188g Brown-Séquard rejuvenated him-
self to his own satisfaction by means of injections of a mixture of
the juice of testes, the blood of the spermatic vein and water.

The modern era in the study of the sex hormones was opened
in 1923 when Allen and Doisy reintroduced the vaginal smear
technique, originally described by Stockard and Papanicolaou
in 1917, as a convenient and rapid methad of biological assay of
oestrogenic matenal. In 1927 Aschheim and Zondek, besides
laying the foundation of the biological tests for pregnancy,
demonstrated the presence of large amounts of an oestrogenic
principle in the urine of pregnant women, and in the same year
McGee showed that there was an androgenic substance in bult’s
testis. In the following year Loewe and his colleagues extracted
an androgenic substance from male urine. In the same year,
3928, Corner and Willard Allest demonstrated that the cqrpus
Juteum contains a principle which can produce progestational
changes in the uterus. In 1929, Marrian isolated what was Iater
to b known as preg: dio}l from the urine of pregnant
women. In the latter months of this year and in the early
months of 1930, oestrone, as it was later cailed, was isolated
almost simultaneously by Doisy and his group (1929} in St.
Louis, Butenandt (1929) in Germany, and Dingemanse and her
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colleagues (1930) in Holland, and another oestrogen, later
known as oestriol, was isolated by Matrian (1930). In 1931
Kober elaborated a colorimetric method of identifying oestro-
genic compounds. Also in 1931 Butenandt and Tscherning
extracted 15 mg. of a pure crystalline substance which they
called ‘androsterone’ from 15,000 litres of male urine.

All these achievements were especially remarkable because at
this time there was no clear conception of the structural for-
mulae of these compounds, The brilliant studies of Windaus
and his school (1928) and of Wieland and his collaborators
(1928) had gone far to associate the sterols, the bile acids and
the cardiac glucosides into a single group, but the structural
formulae of cholesterol and ergosterol were still tentative. In
1932 Rosenheim and King re-examined all the available evi-
dence and identified the basic structure of these compounds
with the now familiar cyclopenteno-phenanthrene ring system.
This was the second milestone in the modern era of the history
of the sex hormones.

Following this event, discovery proceeded apace. Commen-
cing in the same year, Girard and his colleagues (1932, 1936), in
Parns, extracted from the urine of pregnant mares large quanti-
ties of oestrone, equilin and equilenin, and Schwenck and
Hildebrandt (1g32) partially synthesized oestradiol by hydro-
genation of oestrone. In 1934 Cook and his colleagues (Cook
and Girard, 1934; Cohen ¢t al., 1934, 1935) completely eluci-
dated the structure of the natural cestrogens, and in the same
year Ruzicka and his group in Switzerland identified Buten-
andt’s ‘and * as aetioallocholan-3 («)-ol-17-one, Still in
the same year Butenandt and Dannenbaum isolated another
androgen from male unne, which eventually proved to be
dehydroisoandrosterone. Finally, in this same year, 1934, the
isolation of pure crystalline progesterone was announced by
four groups of workers, Butenandt, Willard Allen and Winter-
stewner, Slotta and his colleagues, and Hartmann and Wett-
sten. Incidentally it is interesting to note that Slotta was
Fraenkel’s son-in-law. In 1935 Dowsy (MacCorquodale ef al.,
1935) succeeded in extracting a few milhigrammes of pure
crystalline oestradiol (the true follicular hormone), obtained
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Historicar

From the third century 5.c. until the first half of the seven-
teenth century A.D, the ovary was referred to as the female
testis. Regnier de Graaf was one of the first to give a detailed
and accurate account of the ovaries, in 1672, and is said to have
died at the early age of thirty-two of indignation resulting from
a dispute concerning his claims to priority for his observations
on the generative organs. Haller (1766) spoke of the ovarian
follicles as the ‘Graafian vesicles’. Fallopius (1561) first ob-
served the corpus luteum, though de Graaf gave the first
detailed account of it in 1672, Malpighi in 1686 named it the
‘corpus luteurn’. Fifty years ago Fraenkel (1gog) established the
function of the corpus luteum in relation to reproduction.

In 1651 Nathanicl Highmore gave an account of the testis and
in 1668 de Graaf' made a more detailed study of its structure. In
1849 Berthold grafted testes into capons and restored their
cock’s combs, and in 1889 Brown-Séquard rejuvenated him-
self to his own satisfaction by means of injections of a mixture of
the juice of testes, the blood of the spermatic vein and water.

The modern era 1 the study of the sex hormones was opened
in 1923 when Allen and Doisy reintroduced the vaginal smear
technique, originally described by Stockard and Papanicolaou
in 1917, as a convenient and rapid method of biological assay of
ocstrogenic material. In 1927 Aschheim and Zondek, besides
laying the foundation of the biological tests for pregnancy,
demonstrated the presence of large amounts of an oestrogenic
principle in the urine of pregnant women, and in the same year
McGee showed that there was an androgenic substance in bull’s
testis. In the following year Loewe and his colleagues extracted
an androgenic substance from male urine. In the same year,
1928, Corner and Willard Alleri demonstrated that the corpus
luteum contains a prnciple which can produce progestational
changes in the uterus, In 1929, Marrian isolated what was later
to become known as pregnanediol from the urine of pregnant
women. In the latter months of this year and in the early
months of 1930, oestrone, as it was later called, was isolated
almost simultaneously by Daisy and his group (1929) in St.
Louis, Butenandt (1929) in Germany, and Dingemanse and her
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PrrurrAry-GoNADAL RELATIONS

The identity of the various elements of the pituitary gonado-
trophic complex remained in doubt for some time, but now it is
certain that there are at least two hormones which have been
chemically isolated and purified, though not yet structurally
characterized. They have unfortunate names which are his-
torical relics rather than accurately descriptive designations in
the light of modern knowledge of their functions. In the late
*twenties and early ’thirties when the work of Aschheim and
Zondek (Aschheim and Zondek, 1928; Zondek, 1930) stimu-
lated studies of the response of the ovary of the immature mouse
and rat to crude gonadotrophic extracts, it became clear that
there were two distinct reactions—the production of multiple
enlarged follicles and the development of relatively few mature
corpora lutea. The hypothetical hormones responsible for these
reactions were therefore referred to, respectively, as the follicle-
stimulating hormone (FSH) and the luteinizing hormone (LH}.
But, of course, these hormones have equally important functions
in relation to the testis. The so-called luteinizing hormone
stimulates the interstitial cells of Leydig to produce testoster-
one, and the Americans, quite logically, refer to it as the inter-
stitial-cell-stimulating hormone (ICSH) (Evans and Simpson,
1950), for this would apply also to the interstitial theca-lutein
cells which are transformed into the corpus luteum, and pro-
duce progesterone. No new name, however, has been coned for
FSH, which has no follicles to stimulate 1n the male gonad, but
is responsible for ensuring the orderly reduction-division of the
germinal epithelium in the process of spermatogenesis.

Figures 1-6 indicate simply and briefly the main events in
the pituitary-ovanan cycle, and I pass on to consider 1n more
detail the evidence for these patuitary-gonadal relations (Greep
and Jones, 1950a), obtammed by the use of such methods as the
following.

(1) Injection of gonadal hormones nto pubescent male and
female rats,

(1) Injection of gonadal hormones mto castrated or spayed
pubescent rats,

{iz) Study of body and organ weights.
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from sow’s avaries, In the same year Laqueur (David et al.,1935),
in Amsterdam, isolated pure crystalline testosterone from the
testis. In 1935 and 1936 Zimmermann elaborated a colori-
metric, quantitative method of determining androgenic sub-
stances possessing a ketone group at the 17-carbon atom. In
1936 Girard announced a series of reagents by which it is
possible to separate the ketonic from the non-ketonic fractions
of steroid substances from urine. In 1936, Venning and Browne,
in Montreal, elaborated a gravimetric method of estimating
pregnanediol glucuronide from the urine of pregnant women,
as a metabolite of progesterone,

By 1938 E. C. Dodds {(now Sir Chatles) and his colleagues
at the Middlesex Hospital had completed a labotious but
fascinating search for a potent synthetic oestrogen. In 1933,
Cook, Dodds and Hewett observed that the compound 1-keto-
1,2,3,4-tetrahydrophenanthrene possessed oestrogenic activity.
This led to a study of other hydrocarbons, and it appearcd that
the phenanthrenc structure was not essential for oestrogenic
activity. Dodds then set out to find a simpler, and yet potent,
compound. Eventually the very simple compound anol{p-
hydroxy-propenyl-benzene) appeared to be very highly active.
Repetition of the work, however, did not confirm the m‘igiqal
results, and it seemed clear that the potent oestrogenic activity
was due to a contaminant. Further studies, in collaboration
with Sir Robert Robinson, revealed that this potent oestrogen
was in fact 2 condensation product of two molecules of anol,
namely 4:4'-dihydroxy-a:g-diethylsulbene, which Dodds chris-
tened ‘stifboestrol’. Here was an oestrogen, easy to make in the
laboratory, and highly potent even when given by mouth. It
was the first example of a synthetic compound being more
potent than its naturally occurring equivalent. In the same
year, 1938, Dr. and Mrs. Callow and Dr. Emmens developed
a reliable and reasonably simple method for chemical estima-
tion of the urinary neutral 17-ketosteroids, Two yearslater Bach-~
mann and his colleagues at Ann Arbor completed the total
synthesis of equilenm, and in 1948, Anner and Miescher
achieved the total synthesis of oestrone.
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Prruirary-GoNapaL ReLaTiovs

The identity of the various elements of the pituitary gonado-
trophic complex remained in doubt for some time, but now it is
certain that there are at least two hormones which have been
chemically isolated and purified, though not yet structurally
characterized. They have unfortunate names which are his-
torical relics rather than accurately descriptive designations in
the light of modern knowledge of their functions. In the late
"twenties and carly "thirties when the work of Aschheim and
Zondek {Aschheim and Zondek, 1928; Zondek, 1930) stimu.
lated studies of the respanse of the ovary of the immature mouse
and rat to crude gonadotrophic extracts, it became clear that
there were two distinct reactions—the production of multiple
enlarged follicles and the development of relatively few mature
corpora lutea. The hypothetical hormones responsible for these
reactions were therefore referred to, respectively, as the follicle-
stimulating hormone (FSH) and the luteimizing hormone (LH).
But, of course, these hormones have equally ymportant functions
in relation to the testis. The so-called luteinizing hormone
stimulates the interstitial cells of Leydig to produce testoster-
one, and the Americans, quite logically, refer to it as the inter-
stitial-cell-stimulating hormone (ICSH) (Evans and Simpson,
1950), for this would apply also to the interstitial theca-lutein
cells which are transformed into the corpus luteum, and pro-
duce progesterone. No new name, however, has been comed for
FSH, which has no follicles to stimulate in the male gonad, but
s responsible for ensuring the orderly reduction-duwision of the
gesminal epithelium in the process of spermatogenesis.

Figures 1-6 indicate simply and briefly the main events 1
the pituitary-ovarian cycle, and I pass on to consider in more
detail the evidence for these pituitary-gonadal relations (Greep
and Jones, 1950a), ohtained by the use of such methods as the

ollowing:

() Injection of gonadal hormones mnto pubescent male and
female rats,

(i) Injection of gonadal hormones into castrated or spayed
Pubescent rats.

(117} Study of body and orean weights.
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HYPOTHALAMUS

PITUITARY
OVARY
lestrogen OESTROGEN
:generation - - ENDOMETRIUM PROLIFERATION

Pituitary-Ovanan Relations

Fio 2 In the profifcrative
phase.

Fic. 1. During the menstrual

(iv) Histological and histochemical studies of section of the
pituitary, gonads, uterus, vagina and adrenals, with special
reference to cholesterol content.

(v) Noting the time of opening of the vaginal orifice and study
of vaginal smears.

(vi) Injections of pituitarics of rats submitted to experimental
conditions into immature hypophyscctomized female rats, to
demonstrate the gonadotrophin content of the pituitares, by
studying the effects on the ovaries and uteri of the recipient rats.

{z17) Autotransplantation of ovaries into the spleen, so that
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Ovulation

L

&

(Oestrogen)
—— OFSTROGEN PROGESTERONE
PROLIFERATION SECRETION
Piturtary-Ovarian Relations
Fic 3 At ovulation, Fic. 4. At the height of corpus luteum
evelopment.

the ovarian hormones are nactivated 1n the liver. The ovaries
may, however, be stimulated by pituitary gonadotrophins.

(vuz) Parabiotic studies with one member of the union gonad-
ectomized and the other hypophysectomized.

(ix) Direct sumulation, or section of, or application of drugs
to, the hypothal neuro-hypophysial pathways, or the
pituitary gland.

In the first place there is a fundamental difference between
the pituitary-testicular relations and the pituitary-ovarian rela-
tions. In the male LH stimulates the interstitial cells of Leydig
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to produce testosterone, and a balance is struck between the
production of the pituitary and testicular hormone which main-
tains a constant output of androgen, FSH stimulates the semi.
niferous tubule and, in normal circumstances, spermatogenesis
proceeds at a remarkably constant rate. Whether there is a
second testicular hormone which moderates the output of FSH
is a matter of controversy. It is a fact that in castrates and
eunuchoids and in cases of seminiferous tubule failure the
urinary output of FSH is considerably elevated, and it has been
postulated therefore that there is a pituitary moderator, which
some refer to as ‘inhibin’ (McCullagh, 1932), elaborated
probably by the sustentacular cells of Sertoli (Howard ef al,,
1950). Others, on the other hand, believe that the germinal
epithelium ‘utilizes’ or consumes the FSH which stimulates it,
and therefore when the germinal epithelium is lacking, ‘non-
utilization’ of FSH leads to its circulation and excretion 1n
raised concentration (Heller et al., 1953). This utilization hypo-
thesis would be in harmony with theories concerning the thy-
roid-stimulating hormone (TSH) and the thyroid cells. It is
supposed that TSH sets in motion the oxidase systems which
control the rate at which the thyroid celf manufactures its
hormone, and that in doing so TSH is itself inactivated.
Luteotrophic hormone has been identified in the male pitui-
tary gland (of the rat) but so far no function has been associated
to it (Greep and Jones, 1g50b).

In contrast to these relatively simple arrangements fu the male
the pituitary-ovarian relations consist of a series of sequential
percussions. FSH 1s responsible for growth of the follicle, of the
granulosa cells and of the theca interna, but not for the secretion
of oestrogen (Greep et al., 1942). LH primes the corpus luteum,
probably by helping it to store cholesterol (Everett, 1947), butis
not responsible for the secretion of oestrogen or progesterone
(Greep, 1938). As Hisaw ( 1047) puts it, the ovarian tissue must
be made ‘competent’ before its hormones can be secreted.

FSH plus LH, however, leads to hypertrophy of the theca
interna (which is currently supposed to be the {xorm;xl source of
the follicular hormone, oestradiol) and secretion of oestrogen

{Greepet al., 1942).
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SECRETION MENSTRUATION
Pituitary-Ovarian Relations
Fi6 5 At the beginning of corpus F1c. 6 At the commencement of
luteun development, menstruation,

The short-term effect, possibly in terms of low dosage, of
oestrcgen on the pltultary s to; snmulate a burst of FSH output
foll hed ion and storage of
hormone. If the production of FSH gains dominance then the
pituitary has httle ability to produce LH. But the burst of FSH
leads to more oestrogen being secreted, and thus to progressive
suppression of FSH production with consequent release of LH.
Thus the reversal of the FSH/LH ratio in favour of LH induces
ovulation. There is some evidence that progesterone can assist
oestrogen in releasing LH (Everett, 1948). Hooker and Forbes

.
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(1947) elaborated a technically superb method of micro-assay of
progesterone involving recording the changes in the stromal
nuclei in 4 minute but accurately measured strip of the spayed
mouse’s endometrium, following injection of the extract to be
assayed into this strip, This bio-assay method can identify one
five-millionth of a milligramme of progestcrone. By means of it
they have identified progesterone in appreciable quantities in
the blood of women just before ovulation. Progesterone is of
course secreted under the influence of Lt.H, though there is no
indication as to how Lt.H appears on the scene in this pre-
ovulatory phase, but when it assumes dominance in the pitui-
tary gonadotrophic complex, there is little ability to produce
FSH and LH. Though progesterone may enable oestrogen to
produce LH before avulation, after this event has taken place,
progesterone inhibits LH production. Thus the stage is sct for
Lt.H to maintain the corpus luteum and its secretion of proges-
terone. Perhaps it is the farlure, in the late post-ovulatory phase,
to elaborate FSH and LH, which leads to oestrogen and to
progesterone withdrawal and the onset of menstrual bleeding in
women and primates.

Lt.H has been identified with prolactin in rats, but so far not
in the human species (Astwood, 1941). Injection of prolactin in
women has not prolonged the Iuteal phase of the cycle (Brad-
bury ¢ al., 1950). On the other hand it has been esmiflishcd
that if human chorionic gonadotrophin, with properties se-
sembling LH rather than Lt.H, is injected in daily doses of
5,000 10 10,000 LU. not later than the twenty-first day of the
cycle, it will prolong the cycle by maintaining the corpus luteum
(Bradbury et al., 1950). L

Oestrogen leads to storage of cholesterol in all ovarian tissues
and especially in the corpus luteum. Itis suggested by one group
of workers that LH also causes cholesterol to be stored, though
others postulate that LH releases the stored cholesterol from the
corpus luteum and that Lt.H converts 1t into progcsteronyc
(Everett, 1947). Whereas oestrogen is a cholesterol ‘enhancer’,
androgen is a cholesterol ‘depletor’ (Greep and Joncs, l~9503).

The effects of ocstrogen and androgen on the pituitary are
very similar. They both increase the number of eosinophil cells,
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and decrease the number of basophil cells, at the same time
causmg degranulation of these latter cells, Oestrogen, in addi-
tion, leads to enlargement of the gland owing to hyperplasia of
the chromophobc cells (Severinghaus, 1937; van Dy‘ke, 393(‘5

LH production, continued or high dosage administration sup~
presses all gonadotrophic activity by exhausting the stores and
preventing the cells from elaborating fresh hormone (Leonard
et al., 1931; Meyer et al., 1932).

In the absence of oestrogen production by the ovary FSH is
both stored and secreted in abundance, and thus high concen-
trations of the hormone are found in the urine of menopausal
women and hoid men. Administration of oestrogen in
such cases immediately suppresses FSH storage and praduction,
and the urinary FSH values diminish, Administration of andro-
gen, however, has little effect on FSH production (McCullagh
¢t al., 1948}, for it has already been pomted out that androgen is
balanced against LH and not against FSH.,

‘The hypothalamus and neurohumoral stimuli to the pituitary
play an important role in the pituitary-gonadal relations.
Neurogenic impulses are carried from the paraventricular and
supra-optic nuclei along the nerve fibres to the region of the
median eminence, whence the hypophysial portal circulation
conveys humoral impulses to the zona tuberalis of the anterior
lobe (Harns, 1948) The cell population of this zone undergoes

ges with corresponding alterations in gona-
dotmp}un sccretion as the result of stimulation or lesions of these
hypothalamuc centres (Dawson, 1948). The release of LH and
the induction of ovulation have been studied 1n this connection.
The main impulse seems to be adrenergic, for adrenaling in-
stilled into the pars distals of the rabbit’s prtuitary leads to
ovulation (Markee et af, 1948), and dibenamine—an anti-
adrenergic drug—if injected within one mnute of copulation
will block the normal coitus-induced ovulation (Sawyer e al.,
1947). There is probably a preceding cholinergic process, for
atropine admunistered at a similar time in relation to coitus often
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(1947) elaborated a technically superb method of micro-assay of
progesterone involving recording the changes in the stromaf
nuclei in a minute but accurately measured strip of the spayed
mouse’s endometrium, following injection of the extract 10 be
assayed into this strip. This bic-assay method can identify one
five-millionth of a milligramme of progesterane, By means of it
they have identified progesterone in appreciable quantities in
the blood of women just before ovulation. Progesterone is of
course secreted under the influence of Lt.H, though there is no
indication as to how Lt.H appears on the scenc in this pre-
ovulatory phase, but when it assumes dominance in the pitui-
tary gonadotrophic complex, there js Hitle ability to produce
FSH and LH. Though progesterone may enable oestrogen to
produce LH before ovulation, after this event has taken place,
pragesterone inhibits LH production. Thus the stage is set for
Lt.H to maintain the corpus Iuteum and its secretion of proges-
terone. Perhaps it is the failure, in the late post-ovalatory phase,
to elaborate FSH and LH, which leads to oestrogen and to
progesterane withdrawal and the onset of menstrual bleeding in
‘women and primates,

Lt.H has been 1dentified with prolactin in rats, but so far not
in the human species (Astwood, 1941). Injection of prolactin in
women has not prolonged the luteal phase of the cycle (Brad-
bury ¢ al,, 1950). On the ather hand it has been cstalflishcd
that if human chorionic gonadotrophin, with properties re-
sembling LH rather than Lt.H, is myected in daily doses of
5,000 to 10,000 L.U. not later than the twentyfirst day of the
cycle, it will prolong the cycle by maintaining the corpus Tuteum
(Bradbury et al., 1950). )

Qestragen leads to storage of cholesterol in all ovarian tissues
and especially in the corpus luteum. It is suggested by onc group
of workers that LH also causes cholesterol to be stored, though
others postulate that LH releases the stored cholesterol fromt the
corpus uteum and that Li.H converts 1t into pmgcstcron’c
(Everett, 1g47). Whereas oestrogen is a chalesterol ‘enhancer’s
androgen 1s a cholesterol ‘depletor’ (Greep and Jones, xpson)-

The effects of oestrogen and androgen on the pituitary are
very similar. They both increase the number of easinophil eells,
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come from the adrenal cortex. Nevertheless in some cases of the
adreno-genital syndrome in women the libido becomes mascu-
line in nature, but this may be due to production of abnormal
androgens by the adrenal cortex. Libido and potency, of course,
are apt to be fundamentally influenced by psycho-sexual, as
opposed to endocrine, impulses and it is difficult in some cases
to make a clear differentiation between these two influences.
Female libido, for instance, though usually considered to be

and anxious to lead, to make decisions and to be obeyed. The
female is gentle, kind, understanding, maternal and submissive.
This is not altogether a matter of social habit and tradition.
There are males who are too masculine for the moral peace of
our present society and they receive judicial penalties, as indeed
they should, for their appalling misdemeanours. There are
males who are homosexual and males who are transvestites,
and it is probably right that their aberrations should come
within the orbit of the police, or possibly of the psychiatrist,
rather than the endocrinologist. Nevertheless 1t is a fact that sex
hormone therapy has an important influence on these psycho-
‘sexual characteristics. Timud, apprehensive, shy and reclusive
eunuchoids are dramatically improved with androgen therapy.
They develop imtiative, drive and force of character, Aggressive,
non-co-operative male criminals imprisoned for sexual offences
have become reasonable, disciplined and gentle under treatment
with oestrogen (Dunn, 1940). It would be dangerous and in-
deed contrary to present evidence to plead that sexual offences
and cnmes are due to endocrine 1mbalance, but it is surely not
unhelpful to suggest that in carefully selected cases, endocrine
therapy may be employed in the hope of changing the pattern
of the immoral behaviour of these dangerous social misfits.
Androgen has some influence upon mammary development
and 1n certain circumstances may give rise to duct proliferation.
This 1s especially noticeable 1n the case of adolescent youths who
may complain of a hard and tender discoid plaque immediately
beneath the nipple—the ncorrectly termed ‘puberty mastitis’.
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blocks ovulation (Sawyer ¢ al., 1949). Acetylcholine applied
directly to the gland in the exposed pituitary fossa of the rat
leads to pseudo-pregnancy, that is, to secretion of Lt.H (Tau-
benhaus and Soskin, 1941).

It would appear that the gonadotraphic mechanism is ready
for action long before puberty. In the process of autotransplan-
tation of the ovaries into the neck region in immature rats, the
blood supply to the ovaries must, of course, be temporarily
severed and i3 not resurmed until the graft has established itself
in the neck, This transient removal of ovarian inhibition re-
leases pituitary lotrophins, which ly stimulate
the graft, and the transplanted ovaries are found to contain
enlarged follicles and mature corpora Jntea (Greep and Jones,
19502},

Tur PUYSIOLOGICAL ACTION OF ANDROGENS .

It seems that the chief method by which androgens exert their
influence is to increase the rate of blood flow to the androgen-
sensitive tissues, and this applies particularly to the male
accessory sex organs such as the penis, scrotum, vas deferens,
epididymis, prostate and seminal vesicles. In this respect they
are growth or proliferative hormones, as indeed are the oestro-
gens when they are operating on their specific accessory sexual
organs, such, for i as the end rium, or the yterine
muscle in pregnancy, Other specifically male accessory tissues
in which this growth or proliferative effect can be recognized
are the sweat and sebaceous glands of the skin which become
hypertrophied and over-active, so that, for instance, seborrhaca
and its offspring acne are typical androgenic characteristics,
Another example is the thickening and lengthening of the vocal
cords which is a natural accompaniment of puberty in the male,
but can be induced, and cannot be reversed in the female by
injudicions admirstration of androgen. .

Libido and potency—the ability to initjate and maintan
erections and produce emissions—represent another character-
1stic of the accessory male sexual apparaws. In so far as Jack of
libide and impotence are associated with complete eunuchoid-
jsm, it is evident that these characters are directly d\fc ta the
secretion of testosterone and not just androgens which may
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testosterone propi decreases the ‘alkaline’ phosphatase and
increases the ‘acid’ phosphatase, and at the same time leads to
an increase in the size of the kidney. There is akso a large
increase in the arginase content of the kidney (Kochakian,
1944). 17-methylation of the androgen hastens the effect so that
methyltestosterone and methylandrostenediol give rise to an
immediate increase in arginase activity (Kochakian, 1g45).

Perhaps the most interesting property of androgen is its pro-
tein-anabolic effect. Testosterone, and indeed the androgenic
compounds of the adrenal cortex, lay down protein in muscles,
in the bone matrix and in other tissues. There is no doubt that
this accounts for the increased muscularity and muscular
strength of the average male as compared with the average
female. The protei bolic effect of androg however,
depends on the state of gonadal function of the indxvxdual. Itis
most apparent in the castrate and the eunuchoid and unnotice-
able in the normal male to whom exogenous androgen may be
adminstered Thus senile osteoporosis which may occur in
elderly men 1s benefited by androgen therapy which lays down
protein in the matrix of the bone, and the characteristic muscu-
lar asthenia of castrates and eunuchoids is overcome by andro-
gen administration. The debility consequent upon chronic ill-
nesses or serious surgical operations may be due to a negative
mtrogen balance which can be reversed by androgen therapy.
On the other hand administration of androgen to normal males
or to elderly men who show no objective evidence of gonadal
deficiency is without endocrine effect though its psycho-
therapeutic value has been exploited from the time of Brown-
Séquard onwards. Increased muscularity, however, is a feature
of over-actwity of the adrenocortical androgens in conditions of
adrenal hyperplasia or tumour, It is probable that this leads to
the production of non-physiological androgens

There 15 a marked excretion of creatine when :mdmgens,
especially the 17-methylated p ds such as methyl

terone, are admmls!ered to chxldrcn w]th rctardcd physxcal

A aom ot
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This occurs especiatly in boys who rapidly acquire a marked
degree of virility. Sometimes ‘gynaecomastia’ may appear in
boys with delayed puberty who are being treated with chorionic
gonadotrophin to induce androgen secretion, and there is un-
doubtedly a form of gynaecomastia resulting from refative
excess of androgen, as well as the more common form of oestro-
gen-induced gynaecomastia. Androgens can of course suppress
lactation and prevent breast engorgement in women, though
not so effectively as oestrogen. They are, however, often capable
of relieving the tenderness and swelling of mammary fibro-
adenosis which b pecially conspi in the premen-
strual week,

The effect of androgen on bone is somewhat variable, One
effect is to stimulate actual growth of bone tissue, which would
result in increased length of the long bones. On the other hand,
excessive endogenous production of andragen leads to eardly
closure of the epiphyses which will therefore tend to limit the
extent to which the long hones can grow. There is little evidence
that either exogenously administered androgen or oestrogen can
hasten epiphyseal closure in growing children. The metabolism
of bone is very largely in the hands of the sex hormones, for
aestrogens stimulate osteoblastic activity and also store calcium,
whereas androgens help to lay down protein in the bony matrix
and aleo retain phosphorus and calcium. Cases have been des-
scribed of severe hypercalcaemia following administration of
sex hormones in the treatment of inoperable carcinoma of the
breast.

The purely androgenic functions of testosterone take priority
when it is administered to castrate experimental animals, but
when they have been fulfilled, the effect of the hormone on the
kidney mnext becomes noticeable. It is perhaps especially
striking that quite small amounts of the hormone can stimulate
the tarpget organ and this suggests that the hormone may actasa

catalyst or by affecting certain enzyme systems. For instance,
the p produces acid phospt and castration leads to
great diminution of the serum acid phosphatase Jevel, whercas
administration of androgen raises the level. Kachakian and Fox

(1944) have studied the enzymes of the Mdney and find that
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property of causing retention of sodium, chloride, phospherus
and water. It is 2 matter of degree and the effect is not so con-
spicuous  with androgens as with deoxycorticosterone or
oestrogen, but one must be careful not to overdose elderly men
with injudicious androgen therapy lest they develop frank
oedema and heart failure,
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XII

Acid and Alkaline Phosphatase
in Disease

E. J. KING

OH
e
PuosproRrIC aciD, HyPO, or HO — P=0, has three replace-
|
OH
able hydrogen atoms. It is therefore capable of forming three
series of salts in which one, two, and three hydrogens are
replaced by a metal, as for instance mono-sodinm phosphate
(NaH,PO,), disodium phosphate (Na,HPO,), and tri-sodum

Phosphoric acid can also form ‘organic salts’, or esters, in
whch one or more of its hydrogens 15 replaced, not by a metallic
element, but by a sugar, alcohol, or phenol. Thus, one, two or
three molecules of ethyl alcohol can be made to combine with
phosphoric acid to form, e.g., mono-ethyl phosphate

on ou
C,H,0H + HO-P=0 - C,H,- 0 -P=0 + H,0.
| |
oH OH

Such organic phosphates form a very important class of bio-
logical substances, among which are mcluded the sugar phos-
phates, the phosphatides (lecathin and kephalin), and the
nucleotides and nucleic acids, Impressed by the presence of
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much phosphorus in nervous tissue, Hegel wrote ‘Ohne phos-
phor, keine Gedank ~—*without phosphorus, na thought’, In
the light of present knowledge it would be appropriate to extend
the metaphor to include most metabolic processes, the storage
and transfer of energy, indeed Ife itself. The chemical trans-
formations involved in the formation of these phosphoric esters
(synthesis), and in their break-down (hydrolysis), con be
brought about in the test tube by the use of strong reagents,
catalysts and heat, In the body their synthesis and hydrolysisar
realized under very much milder conditions by the agency of
biological catalysts, called enzymes. The phosphatases aré
enzymes which synthesize and hydrolyse the ‘organic salts', of
esters, of phosphoric acid, according to the equation:

ROPOH, + H,0 = ROH + H,PO,,

where ROH is any alcoholic, phenolic, sugar or sugarlike
substance, such as ethyl alcohol, phenal, glucose or glycerol.
There are several phosphates in both plant and animal tissue,
and they are variously active at acid, neutral and atkaline
reactions, and are characteristically activated and inhibited by
various substances.

Takahishi (Suzuki, Yoshima and Takahishi, 1goy) is usually
credited with being the first to describe such an enzyme. From
the preparation known as takadiastase, which is made from 2
fungus growing on bran, he extracted an enzyme which would
actively sphit sumple phosphoric esters into the free alcohol o
sugar and inorganic phosphate. Early i the century the ouly
esterase known was lipase. Fats are esters of glycerol with fatty
acids, e.g- glycero-stearate, and fat-splitting enzymes are ester-

enzyr\n;‘ which he showed to be active agamnst glycero~pl}ns~
phate. Early recognition of similar enzymes, active against
several organic phosphates, was made by MeCollum and Hart
(1908), Neuberg and Karezag (1911), Levene and Mede-
greceanu (191t), Grosser and Hussler (1912) and Luler and

Funke (1912).
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ProsrraTAsES IN YEAST
Fisst recogpition of the important role of phosphates in living
processes came, however, froms the work of Harden and Young
{1g03) on fermentation. The old controversy between Lichig
and Pastenr was really mever settled untif Harden's work
became known. Licbig had maintained that alcoholic fer-
mentation was due 10 an instability, o ferment, set up among
the sugar molecules, Pasteur that it was due to the metabolic
activity of living organisms {ycasts), Harden showed that active
fermentation would take place when a cell-free press-juice of
yeast was added to a sugar solution, and that an intermediate
step in the production of alcohol was the formation of a sugar-
phosphate. The addition of sodium phaosphate accelerated
carbon dioxide and alcohol production, and a sugar {fruc-
tose)-diphosphate—the ‘Harden ester’—was isolated from the
fermenting solution. This, it appeared, was the essential inter-
mediate substance, which was actively turned into alcohol,

carbon-dioxide and free phosphate. The § inyeast of an
enzyme~synthesizing sugar-phosphate was thus d rated
Synthesis:

Oyl 0, + 2H,PO — CH,O{H,PO,), +2H,0

sugar sugar diphosphate

Fermentation and hydrolysis,

CH,,O(H,PO, +2H,O - oC,H,OH +2C0, +2H,PO,

alcohol

Harden 1solated bis fructose diphosphoric ester by the addi-
tion of calerun or barium, winch formed insofuble sahts, caleum
and basium fructose~-diphosphates, which were eanly isolated.
‘What Harden did not observe was that there was also formed a
sugar mono-phosphate. With fus pupl and co-worker, Robison
{Harden and Robwson, 1914; Robison, 1g22), he found that the
addition of excess alcohol ta the filtrate from the Harden cal
cium fructose-ciphosphate, which Harden had discarded,
would yield a copiows precipitate of 2 second phosphone ester,
a sugar mono-phosphate, Its caleivm salt was freely soluble i

water, hut was msoluble in alcohol. ‘This is known as the
‘Robison ester’,
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In studying the action of yeast on his ester, Robison added
some of the clear juice to solutions of his caleium hexose mono-
phosphate, The mixture remained entirely clear for some hours,
but later he observed heavy chalk-fike precipitatesat the bottom
of thF solutions. These were precipitated calcium phosphate, and
Rolbxson was not slow to recognize that a phosphoric ester-
splitting enzyme must be present in the yeast juice, which
hydrolysed his hexose mono-phosphate to free sugar and in-
organic phosphate, the latter precspitating as insoluble calcium
phosphate. On observing these precipitates and pondering the
mechanism of their formation, whereby the soluble calcium
hexose phosphate was turned into insoluble caleium inorganic
phosphate, Robison was struck by the thought that there might
be a similar enzyme present in bony tissue; that, indeed, the
formation of bone might be brought about by a process which
involved a similar mechanism. He prepared an extract of
young bones, by grinding them with water, and found exactly
the same result on adding some of it to a solution of his calefum
hexose mono-phosphate, as was given by yeast juice, It ob-
viously contained something capable of hydrolysing hexose
phosphate, a phosphoric ester-splitting enzyme, a phosphatase.
This finding led Robison to his well-known theory of bone
formation; and in 1923 he began a series a experiments on this
phosphatase enzyme of bone which have led to a clearer con-
ception of the process of bone formation, and a better under-
standing of the mechanism of calcium phosphate deposition.

The enzyme, which he showed to be present in bone¢ and
ossifymng cartilage, could be extracted, after breaking up the
bone, by treatment with chloroform water. This extract, added
to a solution of a primary ester of phosphoric acid, would
liberate the phosphorus from 1ts organic combination and, in
the presence of inorganic calcium, deposit it as caleium phos-

hate.
P Robison suggested that the bone enzyme in the hypertrophic
cells of the tissue where ossification takes place liberates free
phosphatc from the organic esters of phosphorus contained in
the fluids bathing the bone or carulage, thus giving a local
increase in the amount of morganic phosphorus in solution.
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According to the mass faw, any increase in the concentration of
phosphate-ion would, in the presence of inorganic calcium,
fead to a deposition of caleium phosphate.

3Ca*++2P07 « Cay(POY, = C2,(POY,
{in solution) {solid)

It was demonstrated that when the bones of rachitic rats
were immersed in a solution of calcium glycero-phosphate a
dense deposit of calcium phosphate was formed in the matrix of
the hypertrephic cartilage, where ossification normally occurs
in the animal receiving a proper diet. Since it was only by the
action of the bone enzyme that inorganic calcium phosphate
could be formed from the glycero-phosphate, both the seat of
action of the enzyme and its ability to bring about calcification
were thus shown (Plate I, Figure 1}.¥

That there is 2 natural sub: for this bone phosph in
the plasma swas shown by Martland and Robison (1924, 1926)
and Kay and Robison (1924). They showed that the bone
phosphatase would act on a trichforoacetic acid extract of
blood serum or plasma, which was made slightly alkaline, to
Liberate free phosphate in 2 manner similar to its action on a
salutton of glycero-phosphate. Only a fraction of the total acid
soluble phosphorus compounds of the plasma was attacked by
the bone phosphatase {at pH g0); although Kung (1932)
showed that hydrolysis of the blood phosphoric esters by phos-
phatase is nearly complete at pH 7 4. There are thus present in
plasma phosphoric esiers which form a specific substrate for the
bone phosphatase. Deposidon of the solid phase may be
btnught about m plasma saturated with calcium phosphate by
increasmng the conccntrauon of phosphalc-xon, v.hcrc the bone
enzyme hydrol the sphoric esters d in the
plasma. Whale the mzymc appeared to be invanably present in
bone or vssifymg carulage, unossified cartilage failed to show
any phosphatase activity, Working with the bones and car-
tilages of the human foetus, Martiand and Robison failed to find
any of the enzyme present i cartilage prior to the appearance
of essification centres, but demanstrated its presence wherever

* The plates referred 10 10 s lecture will be found at the end of the book.
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ossification was taking place (cf. also King and Hall, 1g31;
Plate I, Figure 2).

In cultures of embryonic bone (rabbit, chick} Fell and
Robison (1929, 1930, 1934) demonstrated the appearance of
intense phosphatase activity, about the time that centres of
ossification began to appear; and there was 2 parallelism
between the amounts of the enzyme extractable from the cul-
tures and the apparent rates at which calcification was taking
place as seen in histological sections. In the dental pulp of
embryonic tecth Engel and Furuta (1942) have shown a similar
occurrence of the enzyme. On the other hand, the cartilaginous
skeletons of the selachian fishes are almost devoid of phospha-
tase, whereas their teeth are rich in it (Bodansky ¢ dl., 1931;
Roche and Bullinger, 1939). Huggins (1931) showed that pieces
of bladder wall, transplanted intramuscularly, acquired a high
phosphatase activity, if and when heterotopic ossification set m
Botterell and King (1935) found an increase of the enzyme in
the sites of fracture repair in the radii of rabbits (Figure ). In
addition to these, and many other, chemical demonstrations of
the probably important role of phosphatase, many recent
histological studies, with new methods of staining for the
enzyme, have confirmed the distribution of phosphatase in the
skeleton, and its close association with bone formation and
many (though not all) processes of calcification {e.g. Bourne,
1943).

gﬁZhough Kay and Robison (1942) showed the presence of a
natural substrate for the bone phosphatase in the blood plasma,
the amount of the plasma ester phosphate was, however, very
small {(Martland and Robison, 1926), and there was some dout'lt
as to whether the quantities of phosphate which its enzymic
hydrolysis could fiberate would account far all the calcium
phosphate deposited in bone. Robuson suggested the possibility
of 2 ‘phosphate cycle’ 1n the bone, whereby phosphoric esters
would be synthesized in one stage of a process, and h)'dr’olyscd
by the phosphatase 1n the blasts at a later stage. This idea
was worhed on by Robison and Rasenheim (1g34), and has heen
given detailed expression by Gutman and Gutman (1941} and
by Rache (1947, 1950), who postulate that a phosphoric ester-
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synthesizing enzyme (phosphorylase) brings about a phos-
phorylysis of the glycagen in bone with the inorganic phasphate
of the plasma to produce glucose-l-phosphate, which becomes
the principal sub for the bone phosph .

HATASE/GRAM OF BONE
e 5 F &

&

~

UNITS PHOSP!
3

o

W0 » R4 50 80 (24
DAYS AFTER FRACTURE
Fig- 3 Increase ofphoslg:nasc at the site of fracture 1 rabints’ rads,

shawn bry continuous hue, Radi of oppeste arms wied 21 cantrols thawn by
broken line,

The Robison theary of bone formation is nmot umversally
accepted by all workers, and other roles for the bone phosphat-
ase have been suggested (cf. McKelvie and Mann, 1948);
Ssffert {1951); Neuman and Neuman (1953) and DiStefano,
Neuman and Rouser {1953}). But 1t serves as a good warking
hypothesis which explains most, f not all, of the known facts,
and there 15 no doubt that it has sumulated much useful effort
and many franfut ideas.

Praswa Puosrasase (ALRALINE)
That the blood plasma also contains a phosphatase, similar in
properties to that of bone, was shown by Martland and Robison
(1926); and the relative phosphatase activities of the plasma
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fram many clinical conditions were studied by Kay (1523,
1930), who found a marked elevation in generalized bone
disease, such as rickets, osteomalacia, Paget's and von Reck-
linghausen’s disease, and normal or nearly normal levels in
other diseases.
Properties

PpH. The plasma phosphatase, like that of the bone, is
markedly dependent on pH. Its optimum stability is between
pH 7 and 8. While active at neutrality, and at physiological
pH, its activity is much more pronounced at an atkaline
reaction. Thus, Robison and Soames (1g24) found a very rapid

o v TS/500 ML
3 4 4 "

PROSAHATASE ACTIVITY UNY

3

< s & 7 & & @ u 2
ACID pH ALKALINE
PHOSPHATASE PHOSPHATASE
ivity with pH. Plasma from &

iation of plasma phosphatase acti
F10. 4. Variation of plasma phospl hatase {cf p. 201) and

case of Paget’s disease, showing raned atkahine phosp
acid phesphatase (cf. p. 206},
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increase in the percentage of ester hydrolysed between pH 7
and pH 84, but no further change up to g-4; and at more
alkaline pH the hydrolysis rapidly diminished. The ‘optimum’
pH for maximum hydrolysis by phosphatase varies slightly with
the ester-phosphate used as substrate: ethyl-phosphate is opti-
mally hydrolysed at pH 8-1, glucose-phosphate at 86, glycero-
at g4, phenyl- and nitrophenyl- at g 8 (King and Delory, 1939).
As will be seen below, methods of phosphatase determination
must take these pH optima into account (Figure 4).

Substrate specificity, The plasma and bone phosphatases (and
those of kidney and intestine) catalyse the hydrolysis only of the
primary esters, i.e. the mono-esters of orthophosphoric acid.
They do not act on secondary (di-) esters. Mono-ethyl phos-
phate is attacked, but di-cthyl phosphate is not. Nor are they
active against the phospho-hpins and other complex orgamc
phosphorus-containing substances of animal tissues.

Activation and whibition, It 1s characteristic of the alkaline
phosphatase, whether it is from plasma, bone, kidney, or intes-
tine, that 1ts activity diminishes as it 1s dialysed free of mag-
nesium ions; and that the activity is restored on adding a
magnesium salt (Erdtman, 1927). It is thus activated by Mg ++.
On the other hand 1t is made less active by the addition of
sulphydryl compounds, such as glutathione (Waldschmudt-
Leitz et al., 1933), which act as inhibitors. Certain amuno-
acids activate it, e.g. glycine, alanine (Bodansky, 1946; Roche
et al., 1944), histidine (Akamatsu and Kobayashs, 1g51).

Kutscher and Sieg (1950) have claimed that choline pyrophos-
phate is its co-enzyeme.

Methods of Estimation

From what has been said under Bone Phosphatase 1t will be
apparent that a measure of the phosphatase activity of a tissue
or extract could be gauged from the quantity of calcium
phosphate precipitated in a given time, when it was added to a
solution of the calcium salt of hexose mono-phosphoric ester.
Such crude estimations of phosphatase were not very useful.
Although the weights of the precipitates would give a compara-
tive measure of enzyme activity, something much easier and
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guicker was required. About the time Robison was commencing
work on his enzyme, colorimetric micro methods for inorganic
phosphate were being invented, and he took advantage of the
blue reduced phospho-molybdate procedure for determining
small concentrations of inorganic phosphate to develop a quick
and convenient way of determining phosphatase activity. A
small measured amount of a standard extract of bone (e.g. 1
part of pulverized bone extracted 48 hours with 50 parts of
chiloroform water) was added to a standard solution of hexose
phosphate, whose organically combined phosphate dacs not
react with molybdate, and the amount of inorganic phosphate
liberated by enzymic hydrolysis in a certain time was estimated
by adding molybdate and a reducing agent like hydroquinone.
The intensity of blue colour produced gave the measure of phos-
phatase activity in the extract, in terms either of milligrams of
phosphate liberated in a given time, e.g. by extract core
sponding to 1 gram of hone, or of the percentage of hexose
phosphate hydrolysed (Martiand and Robison, 1926).

Glycero-phosphate methods. Kay (1930) used the same reaction
for his well-known procedure for plasma phosphatase. Instead
of hexose phosphate, he used the more easily obtainablé sodium
p-glycero-phosphate as substrate, and allowed a measurcd
amount of plasma to act on a glycero-phosphate solution at
37° C., and at its own pH of about 7 4. The use of the physio-
logical pH appeared to have the advantage of keeping the
hydrolysis at the same reaction as similar hydrolyses were sup-
posed to proceed in the body, but it had the grave disadvantage
of making the rate of hydrolysis so slow that only after 48 hours
was sufficient inorganic phosphate liberated to give a measut~
able colour with the molybdate method used, Although Kﬂ)':s
results on cases of bone diseases commanded wide interest, bis
method of determination took so long that a simpler and
quicker procedure was obviously necessary before phosphatase
estimations could have any wide clinieal application.

Jenner and Kay (1932) modified Kay’s method by condu.ct-
ing the hydrolysis ata pH nearer the optimum (pH 8‘83 glycine
buffer), thus gaining much more analysable inorganic P,hf’s'
phate in 2 much shorter ume. By the use of a very seasitive
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method for phosphate {(molybdate-stannous chloride) they were
able to cut the hydrolysis time to 3 hours, thus producing a
serviceable and convenient procedure for clinical laboratory
purposes. 0 25 ml. of plasma is allowed to act on the buffered
glycero-phosphate for 3 hours, when the hydrolysis is stopped
with trichloroacetic acid and the increase of inorganic phos-
phate (there is a small amount initially present in the plasma)
is d. Their unit of phospt activity is defined as that
amount of enzyme which will liberate inorganic phosphate
corresponding to 1 mg. P from excess glycero-phosphate at 37°
C. and pH 8-8 in g hours; and the units per oo ml. of plasma
are equal to the number of mg. of inorganic P which are
hydrolysed under these conditions. By this method average
normal plasmas give about 6 units, with a range of § to 13 units.
The King and Armstrong method (see below) yields similar
values.

Bodansky {1933) has described a rather similar method for
phosphatase, which is much used, particularly in America. The
hydrolysis is carried out in a barbitone buffer (pH 8-6), and the
units are equal to the mg. of P liberated in 1 hour from o0 5
per cent glycero-phosphate, per 100 ml. of plasma or serum.
Although it is not possible to equate exactly one unit to another,
that of Jenner and Kay 15, on the average, about 2} times the
Bodansky unit, e.g. a plasma having 10 Jenner and Kay umts
would show about 4 umits in the Bodansky method.

Shinowara, Jones and Remhart (1942) and others have
described similar methods, based on glycero-phosphate.

Phenyl-phosphate methods. King and Armstrong (1934), in seek-
ing a quicker and more convenient procedure for plasma
phosphatase determination, took advantage of the fact that the
phosphoric ester of phenol is hydrolysed 2} times as quickly as
glycero-phosphate. Moreover, there was a colorimetric method
for phenol (Folin and Ciocalteu, 1927) which was quicker and
more sensitive than existing methods for phosphate, Since, m
the hydrolysis of phenyl-phosphate, a molecule of phenol 1s
liberated for each molecule of inorganic phosphate, the rate of
hydrolysis can be determined as satisfactorily by estimating one
as the other. Because of the faster hydrolysis and the sensitive
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phenol method, King and Armstrong were able to reduce both
the amount of plasma used and the time of hydrolysis. In the
original (1934) method the incubation time was 30 minutes and
a veronal buffer (pH g-4) was used. By using the exact pH
optimum {pH g 8 at 37° C.), a more recent modification has
reduced the time of hydrolysis to 15 minutes (King, 1945,
1951}, thus increasing still further the speed and ease of the
determination, as well as its accuracy, since the greaty
decreased time of hydrolysis yields results approximating to
initial velocities. 0-2 ml. of plasma is mixed with 4 m. of sodium
carbonate - bicarbonate - buffered phenyl - phosphate, kept at
37° C. for 15 minutes, the enzyme action stopped and the pro-
teins precipitated by adding Folin and Ciocaltew’s phenol re-
agent, and the blue colour due to free phenol developed in the
filtrate by adding sodium carbonate. The units are equal to the
mg. of phenol hydrolysed, per 100 ml, plasma. They are equal
to the Jenner and Kay units, and are 24 times (on the average)
the Bedansky units. Several modifications of this method have
been described, e.g. by Remer (1g953) and Buch and Buch
(1939), Greenberg and Weitzman (1940), and Aebi (xgsﬁ);jmd
the phenol may be determined by other methods, e.g. diazo
(King and Armstrong, 1934; Gomori, 1g4g; Kaplan and
Narahara, 1953) and by amino antipyrene (Grifols-Lucas,
1951; Powell and Smith, 1954; Kind and King, 1954).

p-Nitrophenyl-phosphate methods. Ohmori (1937) was the first to
use this substrate for phosphatase estimation; and King an
Delory agam used it in 1939. It is attacked even faster by the
enzyme than is phenyl-phosphate (King and Delory, 1939;
Delory and King, 1943). The p-nitrophenol which is liberated
is of an intense yellow colour at an alkalime reaction and can be
determined direct in @ photometer or colorimeter without 2dd-
ing any further reagent than strong alkali, which serves both to
stop the enzyme action and to bring up the yellow colour of the
nitrophenol, Besscy, Lowry and Brock (1946) have bosed a

lasma phosphatase method an this reaction.

‘Phihalein-phosphate methods. King and Lawford prepared the
phosphoric cster of phenolphthalem, whi.c}} is colourless in
alkaline solution beeause sts patennal guininoid structure is
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blocked by the phosphatc group {ck Lzuvfnrd, 19373 I\\ng,
1938). On hydrolysis by phosphatase, !
liberated and the solution s!cmh tumx pmh Iung (!943)
deseribed several phthaled
{phenol- and :h)’mo(-phthﬂcm, phcnol rcd thymul blue,
bromphenc] blue), but thought that none of them made as useful
a substrate for phosphatase determination as the phenyl-
phosphate of King and Armstrong; although Bray and King
{1943) found phenolphthalein-diphosphate to be a useful re-
agent for differentiating bacteria. Huggins and Talalay (1915)s
however, have considered that it furnishes a sutable and con-
venient method for plasma phosphatase estimation, and have
based a procedure and a unitage on the phcnolphthalcm hiber-
ated under dcﬁncd condmons of pH tcmpcramrc, umc, ctc

Besides the p iphtt ap
monophnsphatc has been made 'by Guttran (ngD) and by
King {1948, unpublished). It1s hikewse coloutless, and 1ts solu-
tion turns pink when hydrolysed by phosphatase in an alkaline
buffer, We have used this substance for plastn phosphatase
estimations, but regard it also as inferfor for the purpose to
phmy]-phosphme Moreover, the several preparations of
phenolphtt phate which have been made have
differed m their rates of phosphatase hydrolysts, and it does not
appear that the method of synthesss used yields a single chemi-
cal substance.

Plasma phosphatase figures by several methods are given in
Table 1.

Tanel, Plasma Alkaline Phosphatase by Seve al Methods {(normal ranges)

Kay (1930) umta per 100 mi, plasma 0102
Jenuer and Kay (1932) umts per 100 m! plasma 3-13
King-Armstrong (1934) unuts pee 100 mi. plasma 313

Bodansky {1933} umts per 100 ml. plasma 355
Shinowara, Jones and Renhart £1942) umts pv:r I0m! plasma  28-86
Hugging and Talalay (1945) umis per 100 m) plasma 3-15

Normal Values of Alkaline Phosphatase
The two most ly used hods for plasma phosph
tase are the Bodansky and the King-Armstrong, Thc ﬁgures
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give'n for plasma Jevels in health and disease in the following
sections of this paper are in King-Armstrong units. These
authors gave the normal range as 3-13 units for adults, and up
to 20 units for children (cf. Buch and Buch, 193¢). Young,
King, Wood and Wootton (1946} studied plasma levels in
healthy women in pregnancy in the United Kingdom and Stem
(x947) in children and adults in Germany. These representative
findings are summarized in Table 2.

Tazte 2. Normal Plasma Alkaline Phosphatase
{King-Armstrong unsts)

Healthy laboratory warkers and others
[t Sl Sab- vl 40~-100
(33)45-95(129)
. 30-130
4-4~132
20-80
35 men 4020
33 women 3021
71 chaldren 12:5 (5-28)
Twr camte maan (BetlhN W oasenm RRCIRPATN
43 %20
- 105+£30
104 235
76 %25

Post-partum (6 months)

ALRALINE PHOSPHATASE 1y BoNE Diseasc
Rickets, Many authors have noted an elevation, often marked,
of the plasma phosphatase in clinical rickets (Kay, 1929;
Bodansky and Jaffe, 1934; Morris and Peden, 1937; Jaffe and

TanLe 3. Gray and Carter’s (1949) Results

for Plasma Alkaline Phosphatase 1n Normal

and Rachitic Children (King-Armstrong
unats} Infants, G-3 years

No. Diagnosis  Average Range

56 Normals 1 11-20
61 Chmecal nckets  25-40  25-76
Early rickets 35

% Falf to normal on treacment, ar theee weeks after admumstranot of 200,000

units of calaiferol



ACID AND ALRALINE PHOSBHATASE IN DISEASE 201

Bodansdy, 1943; Patwardhan, Chitre and Sukhatankar, 1914;
Cantarow and Trumper, 1945). A good summary is given by
Gray and Carter {1949}, and their own findings {cf. Table 3}
are a very useful guide to the use of these estimations in the
diagnosis and treatment of this disease.

Osteomalacia, "This adult form of rickets also yields enhanced
values, which usually are 1n the 20’ of units, and often higher.

Osteitis fibrosa cystica. A high plasma phosphatase is almost
invariable in von Rechlmghausen's disease. This, with the high
serum calcium, is a reliable diagnostic finding. Depending on
the stase of development of the disease, values of anything up
10 200 units {occasionally over) ay be found. Usually they are
in the 40 to 100 unit range.

Ostartis deformans, Paget’s disease likewise has an elevated
phosphatase, and of about the same order. But the nearly
normal serum calcium serves to give a useful contrast ta von

klingk ’s in which phosph and calaum are both
high. Paget’s disease shows considerable variabitity in the phos-
phatase values from week to week, as 1s shown in Table 4.

Tasex 4 Vanaton of Alkaline Phosphatase in Paget's Duease
Perodic determuations (King-Arntastrong umits)

Case

1 2 3 4 5

41 52 39 81 33
52 62 54 2%
23 36 45 79 a7
65 5 45 (4 mth ) 2
{3mth Y 67 66 34
(3emah ) 30

(4yr?) (1 yr)

VPenod dunng which mvettigatons were made

Fractures. Although there is a big local merease in the bone
phosphatase at the site of a healing fracture (Bott erell and King,
1935), this 15 only mildly reflected in the plasma. Untages in
the 0% are usually found, and occasionally in the 20's {cf.
Peden, 1937)

Bone tumours. In general 1t may be said that any case of bone
cancer, in which active replacement is going on, accompanied
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by osteoblastic activity, will show a raised plasma phosphatase,
e.g. in osteogenic sarcoma, and metastatic carcinoma; but
those mafignancies of bone which are destructive withaut
replacement, and which show high osteoclastic actwvity, do nat
cause excess phosphatase to be made, and no elevation of the
enzyme in the plasma occurs (multiple myetoma and Ewing's
tumour); cf., for instance, Franscen, Simmons and McLean
(1939), Woodard (1942); Sullivan, Gutman and Gutman
(1942), Sunderman (1942), King and Delory (1948). A sum-
mary of the biochemical findings in bone discases is given in
Table 5.
TaeLr 5., Biochemical Findings in Bonie Disease
(n = normal; | = low; h = high; sl. = shightly)
Alkaline
Calcium Phosphorits Phosphatase
(mg /100 mL) (mg./100ml) (units/100 mL}

Rickets n(9-11) 1(1-2) h (25-40}
Ostecomalacia n (9-{1} 1(4-1) h(20-}
Tetany 1(5-7) n (2-4) n (3-10)
Osteits fibrosa h {12-20) n (2-4) h (20-200)
Osteitis deformans n{9-11) n (2-4) h (20-200)
Metastatic carcinoma n(9-11) n (24} 7 (to h) (10-50}
Osteogenie sarcoma n (9-11) n (2-4) h (1040}
Multiple myeloma oftenh (10~ ) n (2-4) n (3-10)
Fractures n(9-11) n (24) h (s1,) (1020}

ALXALINE PHOSPHATASE 1§ JAUNDICE
Roberts (1933) was the first to show that bone diseases were not
unique in having a high plasma phosphatase. He found gross
elevation in obstructive jaundice, and nearly normal fevels i
non-obstructive cases, Armstrong, King and Harris (195 1)
brought experimental proof of this finding by Ligating, or
otherwise abstructing, the common bile ducts of dogs, thereby
causing enormous increases (up to Soo units) in the plasma
phosphatase, as well as in the bile pigments. On relicf of the
obstruction, the jaundice subsided and the phosphatase slowly re-
N srm Sl (Farera £) Qimilar results were obtain

 since been confirmed
Uy s ' I “Shen and Ivy (1938),
Gutman, Hogg and Olson (1940), Dalgaard (1947, 1g4n), Jack-
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son {1952). In contrast to the very high levels cncountcrcd in
experimental obstructive jaundice, only moderatel:
values were found in toxic jnundxcc produced by chloroform
and phosphorus poxsonmg of the liver; and experimental

toluidine) caused no rise of
thc phsma phosphatase (Armsmmg and King, 1935).
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Fra, 5. Obstruction of the common bde duct of the dog, Effect on plasma
phasphazasc and bilirubim levels (after Armstrong, Kang and Harrws).

Armstrong, King and Harris (193¢) described several cases
of clinical obstructive jaundice, due, e.g., to carcinoma of the
head of the pancreas, in which markedly raised plasma phos-
phatase values were found {100 units); after operation there
was a gradual declme until normal levels were reached. Her-
bert {1935) made an extensive study of the enzyme m the

types of jaundice, as did Aaclagan (1944} and Sher-
lack (1g46). Their fincings, and our own numerous results, lead
1o the following summarized conclusions: 1 obstructive jaun-
dice, mn which the obstruction 15 nearly complete or of long
standing, values of over 30 and up 0 200 units commaonly oceur,
while less than 3o umts may be found if the obstruction is p:\mal
or intermittent; m infective hepatitis, circhoss and toxic
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Jjaundice about 15-30 units are probable; while the plasmas of
haemolytic jaundice cases give phosphatase units within the
normal range,

Similar findings, though in terms of different unitages, have
been reported by Greene, Shattuck and Kaplowitz (1934),
Meranze, Meranze and Rothman (1g35), Gutman, Olson,
Gutman and Flood (1940), Bodansky and Jaffe (1934), cf.
Gantarow and Trumper (1949). Sherlock (1946) gives 2
valuable table of the findings for plasma phosphatase and
other biochemical estimations; and the use that can be made
of them in the diagnosis and assessment of liver disease.

Acip PHOSPHATASE

Numerous attempts were made, over several years, to find
phosphatase in the urine of normal and diseased subjects; but
very little of the enzyme was demonstrated, and no useful
variations were found which mught be helpful in the investiga-
tion of clinical cases. This fatlure was partly due to the in
adequacy of the chemical methods of studying the enzyme ir
the urine, where the presence of very high concentrations of
inorganic phosphate and other substrates interfered strongly
with the enzyme hydrolysis of the substances used, and with the
estimation of the hydrolysis products. But the principal reason
for faling to find anything of interest regarding a phosphatase
enzyme in the urine was the emphasis which had always been
placed on the alkaline optimum of working of phosphatase.
Because people always looked for an enzyme active in the
presence of an alkaline buffer, they failed to detect the presence
of a potent phosphatase which is active in an acid medium, and
present in the urine of males. It is true that Demuth had de-
scribed an ‘acid phosphatase’ m 1925, but this seemed to escapt
the notice of most workers. In 1935, however, two German
workers, Kutscher and Wolbergs, detected the presence o.f a
high phosphatase activity with an acid optimum in malc urine,
and found much less of it in female urine.

Kutscher and Wolbergs reported the presence of large
amounts of the acid phosphatase in the prostate (Plate 218
Figure 6) and seminal fluid. This phosph differed from that
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of the bone and kidney by being optimally active in the acid
range pH ca. 5. It may therefore be referred to as ‘acid phos-
phatase’. It is present in small amounts in blood plasma, as well
as in urine.

MeTHODS Or ESTIMATING ACID PHOSPHATASE
The same methods as have been described for alkaline phos-
N S LR PO S i

the other reagents and details of the determintion being the
same, At this pH the alkaline phosphatase is quite inactive (as
the acid phosphatase is at the alkaline pH used for estimating
alkaline phosphatase). The phenyl phosphate method of King
and Armstrong (1934) is usually used for determining acid
phosphatase, but with a citrate buffer of pH 5, and with 1 hout’s
incubation in order to obtain a measurable amount of released
phenol, the amount of acid phosphatase in normal blood plasma
being rather small (Gutman and Gutman, 1940; Huggins e
al., 1941; Watkinson, Delory, King and Haddow, 1944; King
and Delory, 1948). The glycero-phosphate methods may also be
used, e.g. that of Shinowara et /. (1942}, and are preferred by
some workers, e.g. Woodard (1942). A procedure based on a
diazo reaction has been described by Seligman ez al. (1951).
Besides the prostatic phosphatase, there are other acid
phosphatases 1n various tissues of the body {liver, spleen, kidney,
etc.) (cf. Roche, 1931, Kutscher and Wolbergs, 1953; Roche,
Thoat and Baudom, 1942; Behrendt, 1943; Abul-Fadl and
King, 1949). Herbert (1944, 1946) differentiated prostatic
phosphatase from that of normal serum by the ready destruc-
tibility of the former with alcohol, King, Wood and Delory
(1945) found the acid phosphatases of prostate and red cells
to be similar in many respects, including easy destruction by
ethanol Red blood cells contain roughly 100 times as much
acid phosphatase as 1s present in serum, and haemolysis is,
therefore, a potent source of error in the estimation of serum
acid phosphatase. Formaldehyde treatment gives a sharp
differentiation between the prostatic and red-cell acid phos-
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jaundice about 15-30 units are probable; while the plasmas of
haemolytic jaundice cases give phosphatase units within the
normal range.

Similar findings, though in terms of different unitages, have
been reported by Greene, Shattuck and Kaplowitz (1934),
Meranze, Meranze and Rothman (193g), Gutman, Olson,
Gutman and Flood {1940), Bodansky and Jaffe (1934), ¢t
Cantarow and Trumper (1949). Sherlock (1946} gives a
valuable table of the findings for plasma phosphatase and
other biochemical estimations; and the use that can be made
of them in the diagnosis and assessment of liver disease.

Acip PHOSPHATASE

Numerous attempts were made, over several years, to find
phosphatase in the urine of normal and diseased subjects; but
very little of the enzyme was demonstrated, and no useful
variations were found which mght be helpful in the investiga-
tion of clinical cases. This failure was partly due to the in-
adequacy of the chemical methods of studying the enzyme in
the urine, where the presence of very high concentrations of
inorganic phosphate and other substrates interfered strongly
with the enzyme hydrolysis of the substances used, and with the
estimation of the hydrolysis products. But the principal reason
for failing to find anything of interest regarding a phosphatase
enzyme 1 the urine was the emphasis which had always been
placed on the alkaline optimum of working of phosphatase.
Because people always looked for an enzyme active in the
presence of an alkaline buffer, they failed to detect the presence
of a potent phosphatase which is active in an acid medium, and
present in the urine of males. It is true that Demuth had de-
scribed an ‘acid phosphatase’ in 1925, but this seemed to escape
the notice of most workers. Tn 1935, hawever, two German
workers, Kutscher and Wolbergs, detected the presence of 2
high phosphatase activity with an acid optimum in male urine,
and found much less of it in female urine.

Kutscher and Wolbergs reported the presence of large
amounts of the acid phosphatase in the prostate (Plate 111,
Figure 6) and inal fluid. This phosph differed from that
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ml.; but, on the other hand, moderately advanced and early
cases gave normal results. They pointed out that an upward
trend in values indicated an extension of metastases and that
estimation of the serum acid phosphatase from time to time
provided an objective method for following the course of the
disease.

It has been known for a long time that prepubertal castration
in adult life causes regression of the accessory sex glands. Both
White in 1893 and Cabot in 1896 reported that castration
brought about iderable clinical impr in men with
benign prostatic hypertrophy with decrease in size of the gland.

The thesis was advanced by Huggins, Stevens and Hodges
(1941) that malignant prostatic tumour is an overgrowth of
adult epithelium cells, and that all types of prostatic epithelium
undergo atrophy when androgenic hormones are greatly
reduced in amount or mactivated or when ocstrogens are in-
Jjected. Conversely symptoms are aggravated by the injection of
androgens, These workers studied the clinical effects of castra-
tion in 21 patients with advanced prostatic cancer over a period
of 20 months, Four of these patients died, in two unsatisfactory
clinical results were obtained, but the remainder improved, as
evidenced clmically by increased appetite, progressive gain in
weight, improvement in blood picture and lessening of pain.

The findmgs of Huggms and his colleagues on the effect of
administration of oestrogens were confirmed by Kahle, Ogden
and Getzoff (1g42). Concurrent with clinical changes it was
found that both castration and injection of oestrogens lowered
the serum acid phosphatase and imcreased the alkaline phos-
phatase values. Injection of testosterone had the opposite effect.
‘Watkinson, Delory, King and Haddow (1944) and Daniel,
Kind and King (1954) have published findings for plasma phos-

phatase levels i cases of prostatic carcinoma and some other
diseases. The findings with the former group are shown in
Table 6 and the latter 1n Table 7.

Cases of prostatic cancer with radiographic evidence of bone
metastases had an increased plasma ‘acid’ phosphatase, the
highest value being 108 units per 100 ml. Since then we have
investigated two cases with much higher levels of acid phos-
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phatases. The latter is completely destroyed by the inclusion of
05 per cent neutral formaldehyde in the buffer-phenylphos-

 phate-scrum mixture used for the determination; while the
prostatic phosphatase is quite unaffected, Other tissue acid
phosphatases, including that of normal serum, are variably
inhibited by formaldehyde, but none is so sensitive as the red-
cell enzyme (Abul-Fadl and King, 1949).

A high acid phosphatase after formaldehyde treatment
(above 5 units) strongly suggests a prostatic origin (values above
>3 are ‘suspicious’), and in most cases it gives useful information
for distinguishing between raised values due to the presence of
prostatic phosphatase, and those of different origin, The formal-
dehyde technique permits the use of hacmolysed sera or plasmas
which are otherwise unfit for acid phosphatase determination.

Acip PriospHATAsE 18 THE DiagNosts

oF ProsTATIC CARCINOMA
Very soon after Kutscher and Wolbergs' observation was made,
Gutman and his colleagues (1938) began a series of publications
which have yiclded much valuable information. They showed
that the enzyme is not present until puberty, but may be
obtained precociously in the Rhesus monkey by injectiont of
testosterone propionate.

Their most interesting observation was that of the presence
of the enzyme in carcinomatous prostatic tissue and at the site
of skeletal metastases secondary to carcinoma of the prostate.
Pursuing this work, they found that the enzyme is present it
the blood serum in a small amount, and that there is an increase
of the serum acid phosphatase level in cases of metastalit
carcinoma of the prostate gland while patients without meta-
stases gave normal results, that s up to 3 units per 100 mh.

In a series of 130 patients with carcinoma of the prostate and
definite X-ray evidence of metastases the Gutmans four}d that
85 per cent gave a raised serum acid phosphatase, in one
{nstance 2 value of 1,000 units per 100 ml, being found, but
normal results were obtained in the other 15 per cent of cases.
Some patients with advanced I.’agct’s disease also sh'owed high
acid phosphatase values, that is, greater than 3 units per 100
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phatase, i.e. 426 and 1,700 units, before treatment with stil-
boestrol. Many of the cases showed regression of the primaty
tumour under treatment with stilboestrol, and secondary
deposits in lymph glands regressed in some cascs. In those with
bone metastases, three monthly X-ray examinations showed a
progressive increase in density in some instances, while in others
the deposits became more numerous or increased in size. With
one exception, all cases showed some clinical improvement and
relief from pain, lessening of frequency of micturition, gradual
increase of haemoglobin leve), and an improvement in appetite
and gain in weight. The changes in plasma phosphatase content
during treatment in a typical case are shown in Figure 7. Testos-
terone has the reverse effect of stilboestrol (Figure 8).

‘TaBLe 6, Acid Phosphatase in Prostate and Blood

Unuts per 100 g. or ml,
Range I Average

Prostatic tissue 50,000-250,000 —
Seminal fluid (12 normals) 87,000-330,000 | 206,000
(2 eunuchs) 2,000-2,400 -

Blood plasma-
Males, normal 046 22
Carcinoma of prostate (114 cases) 5-3-108 224
(Alkaline phosphatase) (7-32) 57
Females, normal 2
Carcinoma of breast 38-63 49
{Alkalne phosphatasc) (13-22) (19)

Hock and Tessier’s (1949) observation that massage of non-
malignant prostates may raise the serum acid phosphatase
suggested that ordinary palpation mught have a similar effect
(Daniel and Van Zyl, 1952). In three of 34 patients (6o-80
yr.) receiving routine palpation of their prostates, we found
raised serum acid phosphatase levels, suggesting the presence
of carcinoma of the prostate. Of 19 prostates examined histo-
Jagically 14 showed benign hypertrophy, two carcinoma fmd
three were normal (Table 7). The three patients with ralscfi
serum acid phosphatase had eystic benign hypertrophy of their
prostates. Pajpation may have ruptured the walled cysts, releas-
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the wrines collected in three paxts suggested that the fivst patt
of micturition washes ont the prostatic secretion that has accu-
ralated in the urethra, and that straining, or some other factor

d with the pletion of micturition, produces an
immediate discharge of more prostatic secretion. The volume

TasLe B. Average Wrinary Exeretion of Aaid Phogphatase
{From Daniel, Kind and King, 1954}

Total Renat Beagtatic
excretion | excretion | extretion | Serum
ofunaary | ofacid ofacid | avd phos-
acid phos- | phospha- | phospha. | phatase
phawse tase tase | {unit/
(units/ | funits/ § {umits/ 100 ety
24br)) 2dhe}{ 24br)
Apparently healthy men 1462 1074 317 12
24-35 yr. 08-21)
Paticats with bemgn 262 233 L3 15
prostatic hypertrophy ©4-26)
Paticats with carcinoma 128t 375
of prostate {2-144)
A with impaed renal 85
funption
3 wth normal renal 232¢
function
Apparently healthy 217 217 a7s
‘woren 23-60 yr- @51
Women with breast 132 132
carcinema 1431
Weomen with breast car~ 227 227 ¢ 25 }
cmoma and bone (1= 5}
secondarits
! Catneter,

of prostatic secretion required to produce these effects is prob-
ably small, as the seminal plasma is rich in phosphatase—for
example, that of one of the sabjects contained 6,000 uaits o
acid phosphatase per ml. (Plate IV, Figure g), The assumption
that mid wrine 15 bly free of i i

was supporied by o dlose correspondence between the acid
phosphatase content of catheter and mid-stream specimens,
although an accasional occussence of mnusuakly high acid phos-
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ing phosphatase-rich secretion into the blood. If the serum acid
phosphatase, performed within 24 hours of palpation, is raised,
it should be repeated a few days later. Elevation of the phos-
phatase only after palpation or massage suggests cystic benign
prostatic hypertrophy, and should not be regarded as evidence
of a carcinoma of the prostate.

‘TABLE 7. Serum Acid Phosphatase Estimations on Male Patients
(From Daniel, 1952)

1947-1951
No. of estimations 808
No. of patients 527

46 481
Normal
{4 units/100 m! )

N
24 LI 3
Carcinoma of Raised after palpation Other diseases
prostate of prostate Thorid
# 7 4-8 umts = 19 1. Car.t Thyroi
lg:ég um”: 8 2. Car. Bronchus
3040 » 5 3. 2nd Car.? Pnmary
0100 . -4 4-7units = 3

1Car = carcinoma

UrmARy EXCRETION oF ACID PHOSPHATASE
jel, Ki i Ithy young
Daniel, Kind and King (1954) showed 1h9t heal 1
:\c;lults ‘excreted a considerable amount of acid phosphatase in
their urines. Of this between one-third and one-fifth could be
attributed to the direct addition of prostatic secretion to the
urinary stream, Comparison of the acid phosphatase content of
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of this enzyme might possibly have given an earlier clue to the
diagnosis of carcinoma of the prostate than plasma estimations
alone, but the results appear to indicate that this is not the case.
The simple determination of formol-stable plasma acid phos-
phatase therefore remains the best laboratory aid to the diag-
nosis of prostatic carcinoma.

o

SE UNITS PER JOOML
: H P 8 3

3

SERUM ACID PHOSPHATA!

160 200 %0
BLOOD UREA MGM PER IOOML

Fi 10. Serum acid phosphatase and blood urea in cases of carcinoma of

the prostate.

Surtary

The history of the discovery of the phosphatases, enzymes which
hydrolyse esters of phosphoric acid, has been reviewed;
Robison’s phosphatase theory of bone formation 15 described;
methods for the determination of phosphatase in blood plasma
are outlined; and the investigation and the use of alkaline and
acid phosphatase levels in disease are reviewed.

Plasma alkaline phosphatase 1s present to the extent of 3-13
units (King-Armstrong) mn normal adults, and 11-20 units in
normal children. Raised values are encountered in generalized
bone disease, e.g. rickets, osteomalacia, osteitis fibrosa cystica,
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phatase levels in mid-stream urine could probably be attributed
to added prostatic secretion.

Men of 5o and over, with benign prostatic hypertrophy,
excreted approximately enc-sixth the urinary acid phosphatase
of younger men, and this diminution applied to hoth the renal
and the prostatic excretion of acid phosphatase. The output of
acid phosphatase in the urine of old men corresponded closely
to that of women aged 20 to 6o years, Men suffering from car-
cinoma of the prostate excreted slightly Jess urinary acid phos-
phatase than men of a similar age suffering from benign
prostatic hypertrophy; and the difference was most pronounced
when renal function was poor. There was no cvidence that the
excretion of urinary acid phosphatase was related in any way
to scrum acid phosphatase levels, The acid phosphatase put into
the serum by carcinoma of the prostate does not appear to be
eliminated in an active way by the kidneys.

‘Women suffering from carcinoma of the breast do not excrete
an increased amount of acid phosphatase in their urine, even
though the plasma level may be increased. The fact that women
as well as men excreted a considerable amount of formol-stable
acid phosphatase in their urine (217 units per day) shows that
there must be some source of such phosphatase other than the
prostate. These results are summarized 1n Table 8.

Prasma Actp ProspriaTast aNp Kionev FunctioN

Daniel (1952) compared the plasma acid phosphatase and blood
urea of patients with carcinoma of the prostate, and showed,
with some exceptions, a rough Linear relationship (Figure 10}
But uraerma alone did not produce a raised plasma acid phos-
phatase and none of 20 patients with benign prostatic hyper-
trophy, who had blood ureas of 6o to 300 mg. per 100 ml., had
a persistently raised plasma acid phosphatase. . .

A persistently raised serum acid phosphatase, especially if
over 10 units per 100 ml., is very strong evidence of carcinoma
of the prostate, but there 15 a pressing need for a test which
dingnoses the disease in its carliest stages. Had the acid phos-
phatase produced by carcinoma of the prostate been excreted

mainly in the urine, cstimation of the rate of urinary excretion
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osteitis deformans, certain bone tumours and (slightly) in heal-
ing fractures,

In obstructive jaundice high or very high values are obtained
if the obstruction js nearly complete or prolonged. Alkaline
phosphatase is moderately raised in incomplete or intermittent
obstructive jaundice, in hepatitis and in cirrhosis, and i
normal in haemolytic jaundice.

The acid phosphatase of the plasma consists of two fractions,
prostatic and non-prostatic (partly or mainly derived from the
red cells), The prostatic phosphatase is given by the formol-
stable acid phosphatase determination. Normal Jevels are 0-5
units, with the majority below 8. The acid phosphatase if
increased in the plasma of cases of prostatic carcinoma with
metastases of the bone, when values above 5 and as high as
1,000 units may be encountered, the more usual range, how-
ever, being from 5 to about 50. The clinical improvement which
results from treatment with oestrogens is accompanied by 2
decrease of the plasma acid phosphatase. In patients with
benign prostatic hypertrophy normal values occur.

Normal healthy men excrete large amounts of acid phospha-
tase in their urine. Part of this appears to come directly from
prostatic secretion, and part from renal excretion, The urinary
acid phosphatase of patients with carcinoma of the prastate,
and with benign prostatic hypertrophy, is much less than that
of normal men. Healthy women, and women suffering ﬁ'O{n
carcinoma of the breast, likewise excrete acid phosphatase it
their urine, values being about one-fifth or one-sixth of those
of normal males. The source of this female prostate-like acid
phosphatase is not known.
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XIII

Body Water Control

G. M. BULL

very narrow limits, but the mechanisms responsible for

this constancy are poorly understood. I propose to
review some of the relevant information, and to present certain
speculations and 1nvestigations into the problem of volume-
control of body water.

Tm: tatal water content of the body is maintained within

Tue CoNTROL OF THE RELATIVE VOLUMES OF FLUD
1§ THE Bopy CoMPARTMENTS

It is almost certain that the relatize volumes of fluid in the three
main water compartments of the body (cellular, extracellular
and vascular) are governed by comparatively simple physico-
chemical processes of diffusion of water along osmotic gradients.
For instance, movement of water between vascular and extra-
cellular compartments is largely governed by the osmotic
pressure of plasma proteins, and by intr lar pressure as
suggested by Starling many years ago (38). Squire (36}, in his
recent study of nephrosis, pointed out that Starling’s hypothesis,
with munor modifications, accounted for the known facts.

Movements of fluid between cellular and extracellular com-
partments take place when the ionic concentration in one com-
partment 1s altered. For instance, if the extracellular ionic
concentration is raised, water moves from the cellular compart-
ment to the extracellular and vice versa (11). Other factors such
as pH and oxygen tension changes (28) also cause movements
of fluid into and out of cells,
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The effector system

It is clear that the main regulation of body water volume
takes place through the kidney’s increasing or decreasing the
volume of urine passed. It s, furthermore, almost certain that in
addition to the excretion of water, it must regulate the excretion
of electrolytes. There is, in fact, much to suggest that changes in
electrolyte excretion, and particularly Na excretion, are pri-
mary. For example, the feeding of extra water to a patient with
cardiac farture does not usually lead to weight gain, but the
feeding of even small quantities of Na is followed by further fluid
retention and gain in weight (42).

The details of the renal excretion of water and salt have
received a great deal of attention, and there has long been hot
debate as to whether changes in glomerular filtration or tubular
reabsorption are most important in altering their excretion,
This problem is probably insoluble, but in any event, I think of
httle importance.

The efferent pathway

The efferent pathway is probably largely humoral, because
denervation of the kidney (20), or even its transplantation to an
abnormal site, does not abolish 1ts ability to regulate body water
content (13). Furthermore, in a number of clinical states of
excess flud accumulation, such as congestive cardiac failure,
splanchnic block does not alter water or salt excretion (24). The
nature of the humoral factors concerned is uncertain. Adrena-
Iin or noradrenalin may be important (35) and, surprisingly,
regulation is possible even in the absence of adrenal cortex (2g).

The receptor

Even less is known of the receptor. We do not know what it is
sensitive to, but I think we have certain clues. In almost all
physiological circumstances and clinical states im which the rate
of excretion of water ard salt is altered, there 1s also an altera-
tion 1n the circulation. It seems at least likely that in some way
an alteration in the crrculation plays an important role in pro-
viding the stimulus to the receptor.
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‘
ConTroL oF CoNCENTRATION

Verney (39) has demonstrated the existence of an extremely
sensitive mechanism controlling the osmotic pressure of extra-
cellular fluid, When the extracellular molar concentration is
raised, without a parallel rise in intracellular molar concentra-
tion, a receptor, which he has called the osmoreceptor, causes
the pituitary to release antidiuretic hormone, which in turn -
increases the tubular reabsorption of water in the kidneys. Asa
result of the retention of water in excess of solids, the concentra-
tion of the extracellular fluid returns towards normal. When the
extracellular fluid molar concentration falls, less ADH is
released and a greater quantity of water passed, again correct:
ing the disturbance.

Tue Nkep To POSTULATE A FURTHER RECEPTOR SvsTEM

The osmoreteptor system, by itself, could not regulate the total
volume of fluid in the body, because it is only sensitive to
changes in osmotic pressure. If excess of isotonic fluid were to
accumulate in the body, it could not stimulate the osmoreceptor.
Tt would distribute itself in the various compartments by diffu-
sion, and the relative amount in each compartment would. be
determined by the solutes accompanying it. For instance, is0-
tonic saline would late in the extracellular and vascular
compartments, while an isotonic potassium. solution would
accumulate in the cellular compartment. As Borst points out, if
the regulating systems we have considered thus far were the only
ones, we would be in a very sorry plight. We would just swell.
It is necessary to postulate a further regulating system or sys-
tems to control the absolute volume of fluid in the body. This
was pointed out six years ago by Peters (27) and Borst (4), but
until very recently the matter has received scant attention. Let
us call this postulated regulating system the volume regulator,
and examine its likely mode of action.

THE VOLUME REGULATOR SYSTEM
There must be at least three components, a receptor, an efferent
pathway and an effector system. Let us deal with them in the

reverse order.
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BARORECEPTORS
There are so many possible sites at which a pressure change
might act, that I do not propose to consider very many.

(a) Change in central venous pressure is very unlikely to provide the
signal, The same reaction of circulatory inadequacy occurs in
both oligaemic shock and congestive cardiac failure—conditions
in which the venous pressure change is in opposite directions.
Furthermore, even in congestive heart failure there is no good
correlation between fluid retention and venous pressure (23).

(8) Changes 1n general arterial pressure are also unlikely to provide
the signal, because in mild oligaemic shock or with light venous
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Fic 1. Change in blood pressure on changing posture from lying to
standing. The pressures were measured by the auscultatory method, wath
the arm at approumately the level of the auncles. Fifty normal subjects aged
15 years examined (from Bull, unpublished).,
cuffing in the recumbent subject obvious water and salt reten-
tion may occur without B P. fall (8). If a normal subject, who
has been lymg down, stands up, his blood pressure may rise or
fall, or remain the same, but he always has a fall in urine
volume and salt excretion (8). (Figure 1.)
(c) Intracramal site. There is some evidence that the receptor we
are secking is intracramual, or has an intracranial component.
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Examples of this association between altered circulation and
water and salt excretion include the following:

(@) Posture change. On changing the posturefrom recumbent to
erect the following changes occur: A reduction in excretion of
water and sait, and of renal blood flow (7, 15); a fall in venous
pressure and cardiac output (26); a fall in blood flow through
muscle (6), splanchnic area (10) and brain (31).

(&) K ge or the application of venous occluding cuffs lo the
limbs of vecumbent subjects produces the same type of change {41,
17, 40).

(¢) Congestive cardiac failure is associated with the same altera-
tions in cxeretion of water and salt, and of renal blood flow as
above (34), and there is also a reduced blood flow through
muscle (6), splanchnic area (25) and brain (30), but the cardiac
output may be high or low, and the venous pressure is usually
high (12).

() Expansion of blood rofume by transfusion of plasma (44), of
even saline solutions (21), and exposure to cold (x) produce the
reverse change to that described in (a). Cold probably causes an
increase in effective circulating blood volume by diminishing
the peripheral vascular bed, so diverting more blood into the
centra] circulation. .

Thus, there appear to be reaction patterns to circulatory in-
adequacy (2, b and ¢), and circulatory excess (4). In fact, as fat
as T know, it1s impossible to produce an alteration in the general
circulation without, at the same time, altering the excretion of
water and salt.

Therefore, 2 possible approach to the problem of the receptor
is to consider ways in which altered circulation could affect 3
receptor. It scems to me that there are only two:

3. By causing a change in pressure in a body compartment of
subcompartment which affects a baroreceptor {probably 2
stretch receptor).

2, By causing a chemical change affecting a chemqrcccpwr.
The change 1 circulation could alter the rate of delivery ofa
chemical substance to the tissues, or the rate of removal of 2

waste product.
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BARORECEPTORS
There are so many possible sites at which a pressure change
might act, that I do not propose to consider very many.

(a) Change in central penous pressure is very unlikely to provide the
signal. The same reaction of circulatory inadequacy occurs in
both oligaemic shock and congestive cardiac failure—conditions
in which the venous pressure change is in opposite directions.
Furthermore, even in congestive heart failure there is no good
correlation between fluid retention and venous pressure {23).

(b) Changes in general arterial pressure are also unlikely to provide
the signal, because in mild oligaemic shock or with light venous
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Fic. 1. Change 1n blood pressure on changing posture from lying to
standing. ‘The pressures were measured by the auscultatory method, with
the arm at approxumately the level of the aunicles. Fifty normal subjects aged
15 years examined (from Bull, unpublished).
cuffing in the recumbent subject obvious water and salt reten-
tion may occur without B.P. fall (8). If a normal subject, who
has been lying down, stands up, his blood pressure may rise or
fall, or remain the same, but he always has a fall in urine
volume and salt excretion (8). (Figure 1.)

(¢) Intracranial site. There is some evidence that the receptor we
are seeking is intracranial, or has an intracranial component.
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Welt described a salt-losing state in association with certain

intracranial component, but it is at least worth investigating the
possibility that there is an intracranial baroreceptor. Lewis et al.
(22) believe that they have evidence for the existence of such a
receptor. In the normal subject a change of position from the
recumbent to the sitting is associated with a fall in urine volume
and excretion of salt. Lewis ef al. state that this can be prevented
by the application of a venous occluding cuff to the neck, sug-
gesting that there js a baroreceptor in the head. Their work has
not been confirmed. It is necessary in studies on this problem to
include most rigorous controls, and I believe that these were
inadequate in their study. Barbour and I attempted to confirm
their findmg, using what we believe to be more satisfactory con-
trols, and found no evidence of altered water and salt excretion
on applying a venous occluding cuff to the neck (Figure 2).

CUFE_ON NECK
25mmHg
(= |
Clmg /min
10204
Q1o
Urine ml/min
230 3 3 540 4PM

Fic. 2, The absence of effect of applying a venous occluding cuff to the neck
of asitting normal subject on urinary excretion (from Bull, unpublished).

We also attempted to show the presence of an intracranial
in another way. We lowered CSF pressure by

aroreceptor
P orecep! . A flleaiad sha avemating Af water and salt,
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It is, therefore, unlikely that there is a baroreceptor in a low-
pressure site in the head, Some other intracranial receptor is,
hotvever, not excluded.

(d) Intrathoracic site, An intrathoracic site is another possibility,
and indeed I believe there is good evidence for the existence of a
receptor which is capable of body water regulation. Sieker,
Gauer and Henry (32, 33), and Drury, Henry and Goodman
(14} investigated the effects of breathing against positive and
negative pressure. They argued that the change in intrathoracic
pressure resulting from these manceuvres would change the
volume of blood in the low-pressure sites in the thorax. They
found that breathing against a low pressure caused a water
diuresis, and breathing against positive pressure an antidiuresis.
These changes would be of the type expected in a regulator of
body water. Thus, excess fluid retention would raise the volume
of fluid in the pulmonary veins, and so lead to a druresis. Dia-
grammatically, this system would regulate body water as
follows (Figure 3):

OSMORECEPTOR
PULMONARY 4 '
PRESSOR RECEPTORS

NaCONc  POST PITUITARY
INCREASED
PLASMA VOL TUBULE
REABSHOROPTION

Fm.l 3 Diagrammatic representation of a posible method of body water
contral.

However, this system cannot be the one we are secking. Neither

negative nor positive pressure-breathing affect sodium excre-
tion, an invariable accompaniment of altered circulation.

Borst’s HyroTnesis
Borst has put forward an hypothesis as follows (4) :
The compartment, whose volume is primanly controlled, is
the vascular compartment.

Q
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Welt described a salt-losing state in association with certain
. oo TR e w

intracranial component, but it is at least worth investigating the
possibility that there is an intracranial baroreceptor. Lewis et ol.
(22) believe that they have evidence for the existence of such a
receptor. In the normal subject a change of position from the
recumbent to the sitting is associated with a fall in urine volume
and excretion of salt. Lewis ef al. state that this can be prevented
by the application of a venous occluding cuff to the neck, sug-
gesting that there is a baroreceptor in the head. Their work has
not been confirmed. It is necessary in studies on this problem to
inelude most rigorous controls, and I belicve that these were
inadcquate in their study. Barbour and I attempted to confirm
their finding, using what we believe to be more satisfactory con-
trols, and found no evidence of altered water and salt excretion
on applying a venous occluding cuff to the neck (Figure 2).
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Fra. 2. The absence of effect of applying 2 venous occluding cufT to the neck
of a sitting normal subject on urinary excretion (from Bull, unpublished).

We also attempted to show the presence of an intracranial
Baroreceptor 1n another way. We lowered CSF pressure by
Jumbar puncture, and followed the excretion of water and salt.
Within certain limnts we found no change (2). This was also the
finding of Fishman (6).
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1t is, therefore, unlikely that there is a baroreceptor in a low-
pressure site in the head, Some other intracranial receptor is,
however, not excluded.

(d) Intrathoracic site. An intrathoracic site is another possibility,
and indeed I believe there is good evidence for the existence of a
receptor which is capable of body water regulation. Sieker,
Gauer and Henry (32, 33}, and Drury, Henry and Goodman
(14) investigated the effects of breathing against positive and
negative pressure. They argued that the change in intrathoracic
pressure resulting from these manceuvres would change the
volume of blood in the low-pressure sites in the thorax. They
found that breathing against a low pressure caused a water
duuresis, and breathing against positive pressure an antidiuresis.
‘These changes would be of the type expected in a regulator of
body water. Thus, excess fluid retention would raise the volume
of fluid in the pulmonary veins, and so lead to a diuresis. Dia-
grammatically, this system would regulate body water as
follows (Figure 3):

————* OSMORECEPTOR
PULMONARY .
PRESSOR RECEPTORS

NoCONC  POST PITUITARY

IFI;ICRaASED ——
REABSORPTION

Fio. 3 Diagrammatic representation of a pomblc method of body water
control

However, this system cannot be the one we are seeking. Neither
negative nor positive pressure-brcathmg affect sodxum excre-
tion, an invariable accomp of altered circul

Borst’s HypoTnesis
Borst has put forward an hypothesis as follows (4) :
The compartment, whose volume is primanly controlled, is
the vascular compartment.

Q
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Alteratious in volume of fluid here cause alterations in filling
pressure of the heart, and so changes in cardiac output. When
the cardiac output is inadequate, water and salt are retained, so
raising the filling pressure. You will note that this explains the
occurrence of the reaction of circulatory inadequacy in cardiac
failure,

This attractive hypothesis is very difficult to prove or dis-
prove, for minor changes in cardiac filling pressurc and cardiac
output are difficult to demonstrate. In any event, it merely adds
another link in a chain. How does the postulated change in car-
diac output affect the receptor? It must be by some distant
pressure or chemical change.

"Thus, there is no convincing demonstration of the existence
of a baroreceptor with the correct properties. Further search
may reveal one.

CHEMORECEPTORS
Changes in circulation could result from water and salt reten-
tion along the lines suggested by Borst, and just discussed. The
changed circulation could then alter the rate of transport 1o, of
removal from, the tissue of a substance whose tissue concentra-
tion would indirectly provide the signal of an altered state of
hydration.

In the search for likely substances to affect a receptor we note
the following. Cardiac failure of both the low and the high
cardiac ontput type may be associated with fiuid retention and
the reaction of circulatory inadequacy (12). The factor common
to hoth of these types of failure is an alteration in the transport
of blood gases. Let us then investigate the possibility that altered
blood-gas tension 1n tissues is the signal we are seeking.

Oxpgen tension. If a change in tissue oxygen tension (pOg) is the
signal, we would expect that an ‘inadequate’ circulation wauld
lower tissue pO,, and that this would give rise to water and. salt
retention. Let us then examine the effect of Iowering tissu¢
pO, by breathmg 10 per cent oxygen, or by placing the subject
in a decompression chamber. Figure 4 demonstrates such 2
study.

There is a marked effect, but as may be secn, the very reverse
of what we would expect of the regulating systent.
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CO, #ension. In the same way, if pCO, in the tissues is the
signal we would expect that a rise in pCO, would be assaciated
with an inadequate circulation and fluid and salt retention. Let
us then examine the effect of breathing 5 per cent CO,. Again
there is a marked effect (3). I will show it in some detail, as the
technique of demonstrating the effect illustrates the type of con-
trol study that is needed in investigation of water and electro-
lyte problems.

ALTITUDE [ {10C0FT O

CREATININE{
mg/min

cL
mg/min

H,0
mi fein

3 4 oM

Fic. 4. The effect of lowered oxygen tension on cxcretion of creatinine,
chlonde and water The subgect was placed 1n a decompression chamber
simulating an altitude of 11,000 feet {from Bull, unpublished).

Normal subjects, who were accustomed to self-experimenta-
tion, were tmvestigated, because emotional disturbances may
cause diuresis or antidwuresis. They were all studied in the after-
noons so as to distmguish clearly a possible effect from the
normal diurnal rhythm of water and salt excretion (5).

Dietary mntake of fluid and mmerals hardly varied from day
to day dunng the study, and in particular; Junch was the same
each day One subject remained on an unvarying diet for two
weeks during the course of the study. This is necessary, because
changes m mmeral and fluid content of the diet have profound
effects on water and muneral excretion. Even the drinking of
1 litre of water 12 hours before may cause a change in pattern
of excretion on application of a stmulus (21).
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Alterations fn volume of fiuid here cause alterations in flling
pressure of the bca{'t, and 5o changes in cardiac ontput. When
the cardiac output is inadequate, water and salt are retained, so
raising the filling pressure. Youn will note that this explains the
occurrence of the reaction of circulatory inadequacy in cardize
failure.

This attractive hypothesis is very difficult to prove or dis-
prove, for minor changes in cardiac filling pressure and cardiac
output are difficult to demonstrate. In any event, it merely adds
another link in a chain. How does the postulated change in tar
diac output affect the receptor? It must be by some distant
pressure or chiemnical change.

Thus, there is no convincing demonstration of the existence
of a baroreceptor with the correct properties. Further search
may reveal one.

CHEMORECEPTORS
Changes in circulation could result from water and salt reten-
tion along the lines suggested by Borst, and just discussed. The
changed circulation could then alter the rate of transport to, of
removal from, the tssue of a substance whose tissue concentra~
tion would indirectly provide the signal of an alsered state of
hydration.

Tn the search for likely substances to affect a receptor we note
the following. Cardiac failure of both the low and the high
cardiac ontput type may be associated with fluid retention and
the reaction of circulatory inadequacy (12). The factor common
to both of these types of failure is an alteration in the transpost
of biood gases. Let us then investigate the possibility that altered
blood-gas tension m tissues is the signal we are seeking.

Ozygen tension. 3 a change in tissue oxygen tension (pQ) is the
signal, we would expect that an “madequate’ circulation would
fower tissue pO,, and that this would give rse to water am% salt
retention. Let us then examine the effect of lowering tissue
pO, by breathing 10 per cenit axygen, or by placing the subject
in a decompresuon chamber. Figure 4 demonstrates such a
sm%)‘“c is a marked effect, but as may be seen, the very reverse
of what we would expect of the regutating system.
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Fia, 6. The effect of breathing 5 per cent CO, on excretion of creatinine,
chloride and water, and the urine specific gravity. Note that the gradual falt
in chlonde excretion, which was taking place dunng the afternoon, was
unaflected by breathing CQ, (from Barbour ¢! l., 1953).
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The position of the subject studicd was known and recorded.
In most studies the subject was recumbent.
Control studies of the effect of laying down were made.

ERECT, AECUMBENT
CREATININE 2
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506 L T il § (s [)
URINE VOL 2
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Fi16. 5. Control study The effect of Fying down on the exeretion of wates,
creanmmne, chlende and urine speaific gravity {from Barbouref ol., 1953).
Experimental periods were always preceded by a further con-
trol period ta ensure that urine flow was falling. The subjects
then breathed 5 to 7 per cent CO, from large Douglas bags with
low-resistance non-return valves, Figure § shows a typical result,
The over-all results on urire flow are shown in Figare 7.
The effects on excretion of urimary solutes were also studied.
Tapee 1. The Effect of Brcathmg 5% CO. on the Excrenon of

Various Sutsi
{Adapted from Barbour o al 1953)
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However, on looking further into the matter, we find that
hyperventilation causes a fall in CBF and a rise in urine flow
and salt excretion (18, 37). Scc Figure 8.

Thus, we have found no easy answer in a study of the effects
of altered blood-gas composition. Possibly some other indirect
effect is important. There are still many other possibilities to
investigate. Drs. Beck, Brennan and I are, at the moment,
attempting to study the effects of alterations in oxidation-
reduction potential on water and ion excretion. Eh would, in
theory, be altered by altered CO, tension via a pH effect, and
would also be altered by changes in pO,. So far we have drawn
a blank, but we are still feeling our way.

At all events you will see that a positive answer seems as far
away as ever, but that there are still many lines of investigation
to be followed.

SuMMARY
Following Peters and Borst, I have attempted to show that it is
necessary to postulate the ofa ptor system sensi-
tive to changes in water content of the whole body, or part of it.
Certain possible properties of this receptor are discussed.
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You will note that there is no significant change in excretion
of Na and Cl. We are dealing with a pure water diuresis.

Thus, once more the direction of change in excretion is wrong
for the postulated Teceptor. Furthermore, CO, does not affect
mineral excretion.

Cerebral blood flow. These changes associated with altered
pCO, and O, are real. Could it be that they are indirectly
affecting a receptor in the following way?

HYPER
VENTILATING

CREATININE
mg /min
o3
cf 02
meq {min /.. o1
7 1030
sa 1020
010
URINE vOL 2
mi /min
20 30 40PM

Fic. 8 The effect of hyperventil on ion of chlol:ldi
and water, and the unne specific gravity, in a normal recumbent subjec

{from Barbour et al., 1953).

It so happens that the two most potent regulators of the
cercbral blood flow (CBF) are the partial pressure of O, and COs
in arterial blood. For instance, Kety and Schmidt showed that
breathing 5 per cent CO, caused approximately 75 per cent
rise in CBF, and breathing 10 per cent O, a 25 per cent nsc.(xg)-
Is it possible that something consequent on the rise in GBF is the
signal we are secking? When we examune the state of the cere-
bral circulation 1n various conditions, we find what at first sight
is an encouraging correlation between fall in cerebral blood
flow and water and salt retention, e.g. body-tilting (31}, con-
gestive cardiac failure (30), exercise and oligaemic shock (18)
are all associated with a fall in cerebral blood flow, and water

and salt retention.
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However, on looking further into the matter, we find that
hyperventilation causes a fall in CBF and a rise in urine flow
and salt excretion (18, 37). See Figure 8.

Thus, we have found no easy answer in 2 study of the effects
of altered blood-gas composition, Possibly some other indirect
effect is important. There are still many other possibilities to
investigate. Drs. Beck, Brennan and I are, at the moment,
attempting to study the effects of alterations in oxidation-
reduction potential on water and ion excretion. Eh would, in
theory, be altered by altered GO, tension via a pH effect, and
would also be altered by changes in pO,. So far we have drawn
a blank, but we are still feeling our way.

At all events you will see that a positive answer seems as far
away as ever, but that there are still many lines of investigation
to be followed.

Summary
Following Peters and Borst, I have attempted to show that it is
necessary to postulate the existence of a receptor system sensi-
tive to changes in water content of the whole body, or part of it.
Certain possible properties of this receptor are discussed.
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Reactions to Bacterial Invasion

A, A. MILES

acute or chronic disease, is a process which may be said to

start when the bacterium comes into contact with some
external tissue, and to fimsh with the death of the host; and the
reactions to this invasion could cover every deviation from the
healthy norsn that the chinician can r ize ov the pathol
devise a test for. Invasion proper starts with the establishment
of the bactedia within the tissues, when a breach, eithermechani-
cal or funetional, has been made in the skin or one of the ucosal
surfaces. It is highly probable that such breaches in the supes-
ficial defences cccur many times a day m the bz of an animal;
and the events leadmg to 1t we may distinguish as the process
of infection, $ depends on the continued
susvival of the potentially parhogcmc bacterra that reach a
particular she on the epithehal surface of the host, unil a
favourable accident happens at thot site.

In this early infective stage the tissue 1 reacting only in the
negative sense of subrmitting to destruction. During the mvasion
also the tissues submit to destruction; but X propase to confine
this discussion to reactions in which there is active, and generally
speaking defensive, adaptation to the invader. A this point we
may usefully borrow a term from the microbial enzymologists,
and coptrast these adaptive defences with constitutive defences.
The constiutive enzyme, it will be recalled, 3s produred by a
celt no matier what food iy supphed, whereas the adaphive
enzyme is produced only in response 1o certain sumul. By
analogy, the constitutive defences, such as the antibarterial

Tﬁz invasion of & host by a bactertum, whether it results in
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lysozyme of the nasal mucosa, are in full working order inde-
pendently of the presence of an invader. The inflammation
mund' a local invasion of bacteria, on the other hand, is clearly

- adaptive. As we might cxpect in the reactions of metazoan
animals, the adaptations, unlike the enzyme adaptations of 2
single cell, may persist for some time after withdrawal of the
stimulus. We shall find too, as with enzymes, that some con-
stitutive defences, normally maintained at a relatively Jow
level, are capable of adaptive enhancement,

After nearly a century of pathology and bacteriology, » wide
variety of responses to invasion, both cellular and humoral, has
been firmly cstablished, But, their interrelations, their relative
values, and their susceptibility to improvement in the infected
am'm?l, are much less clear; and it is these features I propose to
evimme,

-1 =omar i TNVASION

T " *sponse is, of course,
the formation of specuit asucon. itibody response is
doubly adaptive. In the first place the newly arriving bacterial
antigen stimulates existent antibody-forming cells, and in the
second place, it stimul the multiplication of these cells, It
has become abundantly clear in the last twenty years that this
cellular response occurs not only in places Iike the spleen and
lymphatic tissue, but also in antibody-forming cells that have
proliferated locally. The now classic experiment of McMaster
and Hudack (1935) proved that lymph nodes of mice draining
the site of inoculation of antigen could produce antibody mor¢
abundantly than the rest of the body, Thus, salmonelia bacilli
were injected into one ear, antigenically unrelated Chromo-
bacterium prodigiosum into the other; and after seven days the
regional fymph nodes on the salmonella side contained more
salmonella agglutinins than the contra-lateral nodes, whereas
chromobacterium agglutimins predominated on the chromo-~
bacterium side. The object of the double injection was to pro~
duce inflammation mn the nodes of both sides, so as to exclude
the interpretation of a high antibody content in either of them
as due merely to inflantmatory exudation of serum antibodies,
1t is now evident that antibody is also formed by cells adapta-
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tively proliferating in the connective tissues at the site of injec-
tion of antigen (see Oakley et al., 1950). Lymphocytes, plasma
cells or their immediate precursors, macrophages, and com-
binations of these cells have been postulated as the source of
this antibody, The balance of evidence is perhaps in favour of
the plasma cell, but for our purpose it is sufficient to note that
all these cells belong to the class of connective tissue cells
described in 1937 by Taliaferro and Mulligan as the lymphoid-
macrophage system; a system that includes not only the reticulo-
endothelial system of Aschoff, but all Metchnikoff’s macro-
phages as well.

The value of the antibody response is well established. It
intervenes within a few days of infection to sensitize the invader
to phagocytosis or to lysis by humoral factors, and perhaps to
immobulize it; to nentralize some of 1ts toxins; and in some cases
to interfere directly with its growth, apparently by inhibiting
oxidative processes, Moreover, whether as the result of manifest
disease, of sub-clinical infection, or of deliberate vaccination,
the adaptation to the antigens of the invader 1s in many cases
deeply enough impressed on the host to provide a durable
specific immunity. For a time at least the acquired immunity is
constitutive (though not genetically so) in the sense that persisting
antibody is immediately available to curb invasion. More im-
portant still, the antibody-forming cells have acqured an
enormously increased capacity to respond rapidly to a fresh
experience of the same antigen.

The triumphs of prophylactic immunization and the lesser,
but definite triumphs of antiserum therapy, attest the value of
the antibody responses. But as a defence mechanism, it has two
striking limitations. Antibodies are effective mainly outside the
body cells; once inside a cell a bacterium appears to be un-
affected by them. The same applies to habitually intracellalar
parasites like the viruses; although the extracellular antiviral
antibody may be useful, because it can combine with an in-
vading virus that is on 1ts way to the susceptible cells. The other
Ymutation is the allergy that may accompany the antibody re-
sponse. It would be overbold for anyone to be dogmatic about
its benefits or disad ges in long-lasting diseases, like tuber-
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culofis, in which ‘bacterial’ allergy usually appears. In rheu-
matic fever there is a rather better case for believing that if we
could suppress the allergic response to Strep. gyogenes or to
products of the host’s tissues modified by Strep. pyogenes, and
leave an uncomplicated immune response to aid in the elimina-
tion of the invader, we should benefit that substantial praportion
of the human race which suffers from rheumatic fever. The
immune response, in fact, does not appear to be consistently
directed to the end of preserving the body from all ills; and
dichard teleologist who wished to maintain that it is so directed

" tonl wnan the excuse—~so damaging to the
£ enbe

it

means well.

As an adaptive mechanism the antibody-forming appatawus
is enormously tough. It is usually only after damage of the
degree produced by starvation, deprivation of vitamins to the
point where the animal does not want to feed, or by doses of
X-rays that smash the lymphoid-macrophage system, that the
antibody responsc can be significantly impaired (Taliaferro
and Taliaferro, 1951). Its much discussed, non-specific stimula-
tion by hormones 1s stiil in doubt.

NON-SPECIFIC ADAPTATION TO INVASION

Let us now turn to the apparently non-specific response. In
-~acnvered or recovering hosts, the invader is killed and either
7' -+% and lysis, and perhaps diges:

: wut the close association of

both intracellular auy LAwe. death with the granular
leucocytes—the mucrophages of Metchnikoff—and with the
free and fixed cells of the lympheid-macrophage system,
justifies our starting with cellular adaptations. This mesenchy-
‘matous cellular system 15 obviously constitutive, and its con-
stitutive nature is nowhere clearer than 1n 1s behaviour towards
intravenously injected dyes and inert particles, or towards
bacteria. The uptahe of such particles from the circulation
begins immediately and is for several hours a continuing func-
tion of the fixed macrophages of the reticulo-endothelsal
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system, which are abundant in the spleen, Bver, lymph nodes,
and bone marrow. The system is also adaptive. For example, in
many attempts at reticulo-endothelial blockade by massive
doses of partictes intended to stuff the cells to repletion, the
result has been a stimulation, not a depression, of the clearing
powers. This adaptive effect and its manifestation within an
hour or so was neatly demonstrated by Halpern and his
colleagues (Biozzi ¢f ol., 1953), in a recent study of the Linetics
of clearance of carbon particles. The rate of clearance proved to
be determined by the ratio of the amount injected to the amount
already in the cells; and it decreased as the cells became satu-
rated. Nevertheless, it fell less rapidly with large than with
small doses; in other words, the bigger dose had sumulated the
greater cellular activity.

Living bactena are at first taken up in the same way as wmert
particles and an experimental bacteraemia disappears rapidly.
But the subsequent course of infection depends on the power of
the cells to suppress growth of the bacteria they have ingested,
orto resist the bacterial toxins. When it s high, asin a naturally
resistant or an mmmune animal, digestion occurs; when 1t is
low, a further, and fatal, bacteracmia may supervenc.

The leucocytes, compl and other antib ial factors
of the normal blood are also constitutive, but thew passage inte
inflamed tissues is adaptive; and so 15 the production of leuco-
cytes in the h poictic organs stimulated by the bactenal
mvasion. A more dramatic adaptation 1 the rapid transforma-
tion, in a locally mflamed region, of fixed ussuc cells and of
Iymphocytes and monocytes from the blood stream, inte
phagocytic and often visibly free macrophages. It is enough to
record that this is a well-established phenomenen, and to leave
the still-vexed guestion of the pedigree of the vanous cells to
the hacmatologist (sce Rebuck, 1947).

Like the capacity for antibody respomse, the clearmng

b and the resi to fatal wmnfe depend
on s mtegrity, are destroyed or significantly diminished only
when the cellular system s severely damaged—by massive,
near-lethal doses of X-rays, by reticulo-endothelial blockade, or
by what 1s best described, in view of the quite unphysiclogical
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culosis, in which ‘bacterial’ allergy usually appears. In rheu-
matic fever there is a rather better casc for believing that if we
could suppress the allergic response to Strep. pogenes or to
praducts of the host’s tissues modified by Strep. pyogenes, and
leave an uncomplicated immune response to aid in the elimina-
tion of the invader, we should benefit that substantial proportion
of the human race which suffers from rheumatic fever. The
immune response, in fact, does not appear to be consistently
directed to the end of preserving the body from all ills; and 3
dichard tcleologist who wished to maintain that it is so directed
would have to fall back upon the excuse~so damaging to the
excused in ordinary life—that if the immune response fails to be
obviously beneficial in all its allergic manifestations, at least it
means well,

As an adaptive mechanism the antibody-forming apparatus
is enormously tough. It is usually only after damage of the
degree produced by starvation, deprivation of vitamins to the
point where the animal does not want to feed, or by doses of
X-rays that smash the lymphoid-macrophage system, that the
antibody response can be significantly impaired (Tahaferro
and Taluaferro, 1951). Its much discussed, non-specific stimula-
tion by hormones 1s still in doubt.

NoN-spECIFIC ADAPTATION TO INVASION
Let us now turn to the apparently non-specific response. In
recovered or recovering hosts, the invader 1s killed and either
mummified or digested. Its death and lysis, and perhaps diges-
tion, may be extra- or intra-celiular, But the close association O
both intracellular and extracellular death with the granular
Jeucoeytes—the mucrophages of Metchnikoff—and with the
free and fixed cells of the lymphoid-macrophage systems
justifies our starting with cellular adaptations This me_sench)h
‘matous cellular system is obviously constitutive, and its con-
stitutive nature 1s nowhere clearer than in its behaviour towards
intravenously injected dyes and inert particles, or mwa;ds
bacteria. The uptake of such particles from the cifcufa(mﬂ
begins immediately and is for several hours a continuing func-
tion of the fixed macrophages of the reticul Jothelial
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system, which are abundant in the spleen, liver, lymph nodes,
and bone marrow. The system is also adaptive, For example, in
many attempts at reticulo-endothelial blockade by massive
doses of particles intended to stuff the cells to repletion, the
result bas heen 2 stimulation, not a depression, of the clearing
powers. This adaptive effect and its manifestation within an
hour or so was neatly demonstrated by Halpern and his
colleagues (Biozzi ef al., 1953), in a recent study of the kinetics
of clearance of carbon particles. The rate of clearance proved to
be determined by the ratip of the amount injected to the amount
already in the cells; and it decreased as the cells became satu-
sated. Nevertheless, it fell less ramdly wath large than with
small dases; in other words, the bigger dose had stimulated the
greater cellular activity.

Living bacteria are at first taken up in the same way as mert
particles and an experimental bacteraemia disappears rapidly.
But the sub Q course of infection depends on the power of
the cells to suppress growth of the bactena they have ingested,
orta resist the bacterial toxins. When it is hugh, as in a naturally
resistant or an immune animal, digestion occurs; when 1t is
low, afurther, and fatal, bacteraemia may superene.

The leucocytes, complement and other antibacterial factors
?f the normal bleod are also constitutive, but their passage into
inflamed tissues is adaptive; and so is the production of leuco-
vtytcs‘in the hacmopoietic organs stimulated by the bacterial
invasion A more dramatic adaptation is the rapid transforma-
tion, in a locally inflamed region, of fixed tissue cells and of
lymphocytes and monocytes from the blood stream, into
phagocytic and often visibly free macrophages. It 15 enough to
recard that this 13 a well-established phenomenon, and to leave
the stillvexed question of the pedigree of the vanous cells to
the haematologist (see Rebuck, 1947).

Like the capacity for anubody response, the clearing
mcehapism, and the resistance to fatal infections depending
On its integrity, are 4 yed or signi nily di hed only
when the celiutar system is severely damaged—by massive,
near-lethal doses of X-rays, by reticulo-endothehal blockade, or
by what is best described, in view of the quite unphysiological
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d(_Jses employed, as chronic cortisone poisoning (see Kass and
leafld, 1953). They are diminished under exposure to lesser
experimental rigours like continued acidosis (Egoroff ¢ dl,
1935) or continued ethanol intoxication (Klepser and Nunges-
ter, 1939). The system is, in fact, as tough and resilient as the
antibody-forming apparatus,

Although there are contradictory details in parts of it, the
picture of the cellular defe is one of hymal reserve
tissues, mainly lymphoid, that adaptively give rise to the blood
cells, the local phagocytes and the connective tissue repair cells
(Taliaferro, 1949). The sequence in which these cells appear in
the inflammatory reaction, and the histological picture of an
invasion at any stage, varies with the kind of invader. It has,
indeed no necessary relation to special defence mechanisms
required in a given disease. In all probability the chief deter-
mining factors are the species and virulence of the infecting
bacterium; each species has its own peculiar cytotoxins with
predilections for certain tissue cells; and the virulence deter-
mines the acuity of the attack and hence of the response.

The Role of Antibody wn “Non-specific’ Defence. We now have in
broad perspective the two great defensive systems. First, the
antibody-forming apparatus, which is capable of an entirely
new and spectfic adaptive response; and second, the cellular
system which is constitutive, but capable of ready adaptive
improvement as an ingester and a digester of the invader—an
adaptation that is apparently non-specific. The broad relation of
the two is easily defined. The defensive cellular reactions—im-
mobilization, killing, ingestion, removal and digestion of th.c
invader—in the specifically immune animal differ only quanti-
tatively from those in an animal without detectable anﬁbod).’;
they take place more rapidly and more efficiently. Fra{lcxs
(1950) made the same pomnt when he recently wrote: ‘It is 3
constantly impressive phenomenon that the normal mechanisms
seck to accomplish the same ends that are specifically com-
pleted by the immune process.” But you will note he speaks ol: 2

\pletion by the resp . This is obviously true late in
the course of an infection, But when we come to evaluate the
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different reactions, we must ask whether specific antibody may
not always be necessary for their completion. In other words,
are all ful defence resp by the phagocytic com-
ponent of the cellular systems mediated by antibody produced
at the same time?

At first sight, remembering that antibodies are seldom
detectable in the blood of 2 newly inoculated animal until after
the lapse of a few days, we might safely label the reactions in the
first few days of inyasion as entirely non-specific, But we must
take into account local defence; and the possibility of local for-
mation of antibody in quantities far too small to appear in the
circulation. Because, since phagocytic macrophages may arise
from tissue cells within an hour of invasion (Tompkins and
Grillo, 1953), it is possible that antibody-forming cells do so.
‘We might argue that such cells, even 1if quickly formed, would
take time to respond to antigen. What we know of antigens
points to their being macromolecular substances that do not
slip easily into the metabolic mache, either for digestion
or other use. There is thus no good reason why a cell should
not begin to form antibodies as soon as it has failed to digest
the invader beyond the macromolecular stage; and visible
digestion of intracellular bacteria has been observed within
a few hours of their ingestion. With the antigemuc stimulus
provided by a lethal duse of vxrulent pneumococcx m the

rastinmant 2ol tae AT

3~4 hours of stimulation. In any analyss, therefore, of the com-
parative value of the non-specific celtular and humoral reactions
we must bear 1n mind the posstbility of a specific element after
the first few hours.

ConsTrruTive CeLLurA®R DEPENCES
Starting our analysis with the constitutive cellular defences, we
have some evidence from experimental genetics which, at first
sight, offers a means of evaluating them By inbreeding mice,
hens or rabbits, selected for their resistance or susceptibility to 2
given infection, strains of the animals have been produced in
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which the results of back-crosses strongly suggest that the resis-
tance is genetically determined. When resistant strains are
compared with susceptible, they are found to differ significantly
in a number of features. They may have, for example, a greater
number of circulating leucocytes; a slightly higher body
temperature and a greater capacity to resist chilling; a higher
pH of the blood; a greater capacity of the reticulo-endothelial
cells of the spleen and liver to digest the invader, and of the
liver parenchyma to resist bacterial intoxication {sce Gowen,
1948). Table 1 summarizes the characters of two mouse strains,

Taste 1. Inbred Mouse Strains selected for Resistance to
2 Salmonella Infection {from Werr, 1949}

Strain
s L

Mean blood pH 7-427 7355
Mean WEBC per cu. mm, 19,600 11,600

Per cent Lyt 73 5

Per cent Gt 17 15
Per cent surviving
200,000 oral 86 13
S. typhs-murtum

% Ly = Iymphocytes, Gr = granulocytes,

S and L, of high and low resistance to Salmonella typhi-murium,
and the associated white blood counts and blood pH (Wei‘t,
1949). It is gratifying to note that the resistant strains differ in
just those features we should associate with the efficient killing
of bacteria But this genetic evidence unfortunately does not
take us very far. When the mice are selected, not for resistance
to the Salmonella discase, but for those features which appear
to be associated with resistance, we get very different results,
The mouse strain T, in Table 2, of a given susceptibility t©
Salmonella typhi-murium, was selected for high and low leucocyte
count (LC/H and LC/L), and high and low blood pH (pH/H
and pH/L). Subsequent resistance tests revealed a directly
opposite effect; the more resistant animals had the lower count
and the lower blood pH (Weir ¢t al., 1953). In other worr}s, in
the S and L strains the particular characters were associated
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with resistance as a result of one set of interactions with un-
known, and presumably genetically determined, factors,
The different mode of selection in another sirain of mice has
obvicusly produced different interactions. The association of,

‘Tasre 2 Inbred Mouse Strains selected for pH and Leucocy te Content
of Blond {from Weir et al., 1953)

Strain®

S

) $ i 4
LC/H LG/ pH/H pH/L
Mean blood pH. 745 747 742
Mean WBC per cu_mm.  B,700 15500 6,700
Per cent surviving
200,000 oral 43 16 27 28 43
S, trphremurium

3 For explanation of symbols, see text, p 242

say, a high leucocyte count with resistance in the $ strain
cannot, therefore, be used as independent evidence of the vatue
of a high leucocyte count. The association is only eonnistent with
results of other experymental studies. A great deal more
genetic analysis will be needed to produce really independent
evidence of the value of a particular defence mechanism.

Aparrive Certuiar Derences

1t will be convenient to consider the adaptive reactions in three
stages of the invader’s progress from epithelium to the general-
ized disease. The first, when mnfection has taken place, and the
bacterium is m the tissues, may be called primary lodgement and
this may, of course, remam local, though progressive. On the
other hand, it may proceed nza the lymphatic channels to the
regonat lymph nodes, where we have the second possible hold-
up, the fmphatic lodgement. ‘The third stage is the gpsteme, with
access to the phagoeytic reticul dothelial cells, and di

ation among various argans,

Defence at the Pamary Lodgement. Experimentally, the defences
against the primary lodgement may be modified either locally
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or generally. Local resistance is destroyed when the haemato-
poietic system is poisoned by benzol; or, more informatively,
when ‘anly the circulating granulocytes are removed by treating
an animal with anti-granulocyte serum. Most of these reagents,
however, act slowly and too ponderously to give the experi
mental freedom necessary to determine the time-course of the
early reactions to invasion; and we can get more information
out of local modifications.

As early as 1898, Cobbett and Melsome demonstrated the
increased resistance of the rabbit’s ear to streptococci 24 hours
afier the injection of mustard oil. But experiments of this kind
tell us only of the efficacy of responses that are 24 hours old.
Modifying agents like mustard oil, whose action is difficult to
control, are much too crude for exploring the adaptive Tesis-
tance in this way. We need more delicate tools. One such tool
we have in the vasoconstrictor adrenaline. On intracutancous
injection, it persists long enough in the tissue to blanch the shin
for 15 minutes to 6 hours according to the dose; and after
recovery from moderate doses of 2-4 pg. producing a 2-3 hour
ischaemia, the skin shows no signs of abnormality, either his-
tologically or in its reactions to infection. In these doses, more-
over, adrenaline has no action on chemotaxis of leucocytes, or
phagocytosis, or on the bactericidal power of the blood; and it
has no direct action on the bacteria. It appears, therefore, to
act solely by cutting the blood supply.

Given directly with the bacteria, 2 pg. enhance the local
infection to a degree that depends on the species and strain of
pathogen used. When 10-fold dilutions of a suspension of
washed living bacteria are titrated in the skin, the enhancement
can be measured by matching the number of bacteria required
to produce the same-sized lesion with and without the drug.
Figure 1 shows the enha of Ps. p The shaded
columns represent the diameter of the central necrotic area and
the white columns that of the inflammatory lesion measured
at 24 hours. The adrenaline makes 10,000 bacilli behave Iike a
million wjected without it. On this basis, the reaction to the
primary lodgement 15 worth a gg per cent kill to the invaded
host, Enhancement measured in this way proves to be from ro-
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to 100-fold with group C streptococci and staphylococei, too- to
1,000-fold with Escherichia coli and Pr. pyoryanea and the diph-
theria bacillus, and 160,000+ to 2 million-fold for CY. welchii
{Evans ¢t al., 1048). In other words, the carly reaction in the
primary lodgement may have a very high protective value.

24 HOUR SKIN LESIONS
Ps PYOCYANEA

10 CONTROL

3

in} n Ant g

] ADRENALINE 211G

LESION DIAMETER (MM)
°

Lo 004

4 @
NUMBER OF BACRL INJECTED

Fa, 1, The 100-fold enhancement of washed living Ps. {f}acyanla mn the
skin of guinea-pigs by 2 pg. sdrenaline i an injection volume of ot ml
The white column indicates the mean diameter of the mflammatory areas,
the shaded column that of the central necrotic areas,

i

A slight modification of this intracutaneous titration enables
us to estimate the nume relations of the bactericidal response.
Bacteria are injected first, the hole made by the needle being
fa'rcfully marked with dye, and the adrenaline is later super-
injected into the same site. Figures 2 and 3 show two results
with a group C strep in guinea-pigs and with vacan:
virus in rabbits. In both, the adrenaline effect decbines, and
'aftcr 3-4 hours it fals to enhance. This is characteristic also of
infections with Staph. gureus, Ps. pyogyanea, coliform organisms,
Cl. welchii, and the diphiheria bacillus. Most of the lesions were
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measured at 24 hours, and the vaceinja Jesions, it should be
noted, were read at 4 days. It follows that the reactions inhi-
bited by adrenaline are complete within four hours, and, 2 far
as the local lesion is concerned, within that period they decide
the maximum development that will be observed from 1-4 days
later, These decisive reactions affect even remoter consequences,
such as death from g lized infections. For ple, ia some

STREP C

[LEE%
3

3

LESION DIAMETER
FS

nouns
AGE LESION AT INJECTION OF
216 ADRENALINE

Fro. . -
strepte

ages.” ¢ o .
the shaded column that of the necrotic areas after 24 hours; the dolten i
indicate the resp mean of ] lesy

experiments of Dr. A. C. Dutton {unpublished), the mortality
of mice after 5 days or more, from a subcutancous S.ITCP-
infection, is enhanced over 10-f0ld by local adrenaline {Figure 8.
But adrenaline superinjected mto the local lesion at 4 hours
scarcely affected the later mortality. »

These 4-hour lesions have not become insensitive to adrena-
Jine because of the inflammatory changes, since the blood supply
of infectively inflamed tissues is visibly diminished by thc’df'-l&
We must conclude that a decisive reaction to the primacy
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lodgement, with far-reaching conscquences if the infection later
generalizes, occurs during this critical period of four hours. The
same decisive period is indicated when we diminish the blood
supply by other means, such as the general shock {Miles and
Niven, 1950} produced after two hours by intravenous bacterial
endotoxin, When, and only when, shock sssufficient to bring the
pressure and flow of blood in the peripheral smalf arteries of the

A-DAY VACCINIA
[ skin cesions
-

s
I RINIRIN -
2
k24
o
&
3
o
&
3"l 7
g 7

° D I‘ ad - !I

v
AGE LESION AT INSECTION OF
2HG ADRENAUNE

Fic. 3. The enhancement w rabbits of a constant dose of vacansa virus by
2 pg adrenahne supeningected into slun Jesions of various ages Mean leston-
dizmeters wdieated a3 i Figure 2, except that they were measused on the

fourth day.

skin below a cestain level, is there a stoking enhancement of the
lesion, as measured after 24 hours. But in the sites where the
infection was 2-3 hours old by the time the shock had developed,
the lesions were no bigger than those in control animals. This
effect 15 not peculiar to generahzed basteral 1ntowcation,
because it occurred with shocking agents such as intrapentoneal
hypertomac glucose solution and adenosine triphosphate. Now
with both Jocal adrenaline and general shock there appears to
!:e no change in the permeability of the vessels; but a deficiency
in the supply of arculating leucocytes, and of intravascular
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pressure to push them through the vessel wall into the region of
the primary lodgement, Microscopieally, there is in 2-hour-old
lesions enhanced by shock or adrenaline, a complete absence of
tissue lencocytosis.

Deprivation of serum factors must also play a part. Our evi-
dence for this is more indirect. The part played by one impor-
tant humoral factor, complement, can be estimated by using the
anti-complementary substance *Liquoid’ {sodium polyanethol

DEATHS PER GROUP OF |0 MICE
AFTER INJECTION OF STREP C
TREATMENT{Hrs) NUMBER LIVING CELLS INJECTED

contROL - * o
ADRENALINE {7 % %
CONTROL - 7% 2
uavoin éW/M W

- TH L b e T el el fan i tan e woaddad deeay A PTOUD

sulphonate) in the place of adrenaline (Figure 5). Like adrena-
line, liguoid enhances skin lesions, and here again the 4-hour
period 15 decisive. But the figure shows two differences; adrena-
line and liquoid do not affect the different bacteria to the same
degree, suggesting that they interfere with different factors in
defence; and though at 3-4 hours the lesions are insusccptxl}lc
to liquoid, as they grow older they become susceptible again.
The explanation of this late effect is not clear but it 1s possible
that in 5-6 hours there 1s local antibody formation, or, as
Maaloe (1048) suggested, there is a local formation of comple-
ment. Since normal phagocytosis and the bactericidal and op~
sonic cffects of antibody are both mediated by comp@mcn},
either explanation would be consistent with the latc’hqumd
effect. You will note that the decisive period detf:rmm'ed by
liquoid 1n mice with a generalizing streptococcal infection, is

also 4 hours (Figure 4).
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The definition of this 4-hour decisive period in the primary
lodgement enables us to assess the value of another reaction,
whose defensive value had been advocated for many years by
Menkin (1940, 1948); namely the prevention of systemic spread
from a lesion, by thrombosis of the lymphatic c} Is. It is
TIME-COURSE LIQUOID EFFECT
STAPH 20 coLt

nm Hindng -

CL WELCHIL

LESION DIAMETER (MM}

2 PYOCYANEA 20

a P2 3 4 5 & © o V2 3 a5
AGE BACTERIAL LESION IN HOURS AT INJECTION
100 UG LIQUOID
T14. § The enhancement 1a guinea-pigs of & constant dese of five bacteria
~—Staph. aureus, a group G streptococcus, Ps pyocyanza, E. colt and Cl.
welchu—hby 100 pg. hquord supennjected into shanvesions of various ages.
Mean lemon-diameters after 24 hours mdicated as1n Figure 0,

easy to ,show wid3 nccro\i?ing vdoscs of severe inflammatory

injection of ink into the lymphatic plexus of the guinca-pig"s
ear, Plate V, Figure 6a? shows a segment of the lymphatic plexus
* This plate will be found at the end of the book
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in the ear of a normal guinea-pig. When the ink is injected into
an ear with a day-old subcutaneous micro-abscess due either to
Staph, aureus or Strep. pyogenes, a few millimetres in diameter, the
plexus is sometimes obviously blocked at the centre of the
abscess (Plate V, Figure 6c) where there is evident coagulative
necrosis. Sometimes the abscess cavity is filled with ink (Plate V.
Figure 68} suggesting either ittle or no thrombosis in the fym-
phatic channels involved at the edge of the lesion. It can be
shown that the uftimate size of these abscesses, Iike those in the
skin of the trunk, is decisively determined by the reactions in the
first four hours. In this period, therefore, the local spread of the
infection so as to involve more and more lymph channels, with
a consequent increase in the risk of a generalized disease, istoa
large extent decided; and any effective lymphatic blockade should
also be observable. In a series of tests on 24 streptococcal and 24
staphylococeal abscesses four hours old, we have never observed
any blockage. The channels, even the smallest, were as patent as
those in Figure 6a. At least in the earlier stages of the primary
lodgement, therefore, there is no good reason to suppose that
lymphatic blockade s either a usual or an effective defence
reaction.

Next we must enquire whether in the primary lodgement, or
indeed in any local reaction to invasion, the inflammatory
response includes the manufacture of any bactericidal sub-
stances besides antibody and complement. Within recent years,
a number of substances isolable from animal tissue have been
described (Table 3). They include tissue polypeptides, some-
times highly basic, active against staphylococc, streptococct,
spore-bearing baclli like B. anthracis, and the tubercle bacill‘uS.
Basic proteins such as histones, protamines, and spermine
activated by spermine oxidases, and fatty acids, are active
against tubercle bacilli. Some of the substances are found o'nly
in certain organs—like thyroid, thymus or kidney, a distribution
that may possibly explain the natural resistance of these oTgans
to damage during a generalized infection by a particular bac-
terium, Some are found only in certain species of animal, a.nd
bere again their presence may one day be cor‘rel?ccd with
species resistance. Ther activity is demonstrable t7 vitro and is
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mainly bacteriostatic. Sanguenin, the polypeptide from red
blood cells, is the only one reported to be curative in rizo; and it
is perhaps significant that this was isolated after relatively brutal
hydrolysis of the cells (Micks et al., 1951). But, as most of those
who have described these substances are careful to insist, their
participation in natural defences remains to be proved.

TABLE 3, The Antib ial (mau iostatic) Activity of some
Mammalian Tissue Components
Bacteria
Source Nature affected  Ref!
Serum (human) ' Globulins Br. abortus 1
Iéx:in, Spleen Extract Staph. aureus 2
ecum, Pancreas Basic Polypeptide .
Thymus {ealf) Histone B.onthracis 3
Hyd, dR.B C. Polypeptd Strep. pyogenes 4
Thyrod (pig) Polypeptide E.colt
Strep. pyogenes 5
Kidney { Pig)
Oxadase 6
2 Mammalian Cell Nucler Protamine and Histones | 6
? Tussues Aliphatic Acids et 7
? Leucocytes Lysozyme ereulosis g
Spleen, Liver Washings or Extracts 9
Unae » 10,11

X References 1 Braun (1949), 2. Nutnt and Lynch (1946}, 3. Bloom ¢ dl.
(1947), 4 Macks et al (1951), 5 Bloom and Prigmore (1952); 6. Hursh (1953);
7 Dubos (1950), 8 Myrvik and Wesser {1951); 9 Bloom efal (1953), 10 Bjornestd
(1952), 11 Soltys (1953)

This approach is one facet of the biochemical investigation of
the inflammatory reaction itself. Menkin (1940, 1948, 1949),
for example, has described a number of factors in inflammatory
exudates which he named according to their biological activity.
They include leukotaxine, a polypeptide resulting from the
breakdown of proteins, which increases capillary permeability,
and in the tissue 15 chemotactic for leucocytes; a cytotoxic
factor named necrosin; pyrexin, which induces fever; and two
leucocytosis-promoting factors, apparently a-globulins, which
stimulate an increase in circulating leucocytes. Some recent
work of our own (Mackay et al., 1953) suggests that it may not
be necessary to provoke the biochemical consequences of acute
and massive infl 10n to obtain sub es of similar bio-
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logical activity, There are in the plasma or serum of the guinea-
pig, in an inactive form, globulins, which when activated, are
vasodilators, increase capillary permenbility, change the vascu-
Iar endothelium so that circulating leucocytes stick to it, and
promote tissue leucocytosis. These globulins, though they are
best prepared by a combination of ethanol and electrophoretic
Fractionation of the serum, when they are isolated in active
form, can be activated by simple dilution of the serum. The
casy activation of these blood-borne substances suggests that
they may partake in the immediate reactions to the microb'ial
or other traymata that act as trigger mechanisms In defensiv
inflammation. From their susceptibility to soya bean trypsin
inhibitor, they appear to be proteases, though they are not
fibrinolysins, Ungar (1950) has recently postulated activation
of serum fibrinolysins as the essence of the inflammatory
reaction, with substances like histamine, Lewis's H-substfmcc,
and leukotaxine as the active end-products. But here again we
are in no position to assign a definitive role to any of these
substances or factors as necessary chemical mediators in Tocal
inflammatory defence.

I have spent some time on the primary lodgement, and
properly so, because it is the first line of defence against inva-
sion. 1 have only brief comments to make on the next two
stages, the lymphatic and the systemic.

Defence by imph nodes. The essential facts of the lymph node
reactions, are first that bacteria readily pass directly to the
blood stream through non-inflamed nodes; secondly, bactera
are held up in inflamed lymph nodes, erther in phagocytes
arriving from the primary lodgement, or in phagocytes derived
from the blood vessels or tissues of the node jtself as a result of
local inflammation; and thirdly, that in acute experimental
infections the bacteria so held disappear from the nodes within
18 hours or so and may be presumed to be destroyed there. The
last two facts, firmly established by the recent work of Smith
and Wood (1940) with preumococcal infections of the rat,
suggest an effective and valuable second lin'c of dcfen(.:c ﬁ‘:'
comes into play when the primary lodgement is not chiminated.
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For the moment we may defer discussing the reasons for this
rather cautious conclusion and pass on to the last stage—the
systemic reaction.

Systemic Cellular Defences, We may compare the value of this
stage with the preceding two—that is, systemic versus regional
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Fia. 7 The death rate in groups of 10 mice given graded doses of various
pathogeme bacteria by each of three routes, White column- Mortahty by
subcutaneous route Shaded (or ruddle) column- Mortality by mtrapen-
tonea) route Black column- Mortality by intravenous route,

S p. Strep pneumonia Pas.

e Pasteurella septica
Eux Erysipelothrix shustopathiae

S.tm. Salmonella typht-murim

defence—by measuring doses of bacteria that produce fatal
infection by the ntravenous and, say, by the subcutaneous
route. With some pathogens the result is quite at variance with
the common mode of thought about the body’s first and second
line of defence, because the intravenous killing dose is larger
than the sut Figure 7 izes some titrations by
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Dr. A. C. Dutton (unpublished) of mouse pathogens; Type 1
T seci, Erysipelothrix rhusiopathiae, P lla seplica, and
Salmonella typhi-murium. The white columns represent death
rate after subcutancous and the black columns death rate after
intravenous injection, Now in these four infections, it is clear
that cutaneous tissues and regional lymph nodes of the mouse
are, relatively speaking, a liability rather than an asset and that
it would have been better for the animal if the subcutancous
bacteria had been rapidly removed to the circulation, where a
much bigger dose is readily suppressed. Similar results were
obtained with Bact. fiiedlinderi and Strep. fuecium. Not all bac-
teria behave like this, With B, anthracis the intraperitoneal dose
was most effective, and the subcutancous and intravenots
equally less effective, We may if we wish regard the evidence in
Figure 7 of the greater antibacterial efficacy of 2 reticulo-
endothelial clearance compared with the local ‘reaction, simply
as a measure of the very high factor of safety characterizing the
body’s last line of defence. But it is equally legitimate to makeit
the basis for questioning the value of the Jocalizing function of
the response to the primary and lymph node lodgements. May
not survival be best ensured by a rapid carriage of the invader
from the primary lodgement straight to the Kupfer cell; and
may not dispersal rather than localization be the better defence
reaction?

DisPERSAL As A DEFENCE MECHANISM

The nch plexus of lymphatic channels under the skin and
micous membranes in many ammals, invites the speculation
that a ready means of conveying invading pathogens to the
lymph nodes and beyond, has contributed to the survival of
these species in the face of bacterial competition, But we raust
take care here not to be misled into dubious teleology; because
it is possible that these abundant subsurface lymphatics merely
ceflect the rich and active vascular plexuses needed for the
digestive and respiratory tracts, and for heat-regulating organs
Like the skin; and that their defensive role is secondary an

perhaps accidental.

“There is another reason for doubting the universal efficacy of
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the Iymphatic plexuses as channels for the dispersion of in-
vaders Rich though these plexuses are, the site of a small
natural lodgement of microbes may be a long way from the
nearest lymph channel; and experimentally at any rate, bac-
teria are extremely reluctant to move through tissue spaces,
apparently preferring to adhere to cells. This affinity for cells,
already established with some viruses, deserves further study
among bacteria. It may be specific, in the sense that Haemo-
philus pertussis is specifically adsorbed to certain red cells—or it
may be a consequence of some general property of the bac-
terium, like surface charge. Nearly a quarter of a century ago
Falk and others {see Falk, 1928) demonstrated a correlation
between surface charge, which would in part determine
affinity for tissue cells, and virulence among the pneumococei.
Indeed, the reputed modifications of virulence by surface active
agents may be due to non-specific changes of this kind in the
affinity of bacteria for tissues. I mention these facts as reasons
for regarding the localization in a primary lodgement, not as
the achievement of an exquisitely regulated defence mechanism,
but merely as the consequence of deplorable bacterial qualities.
The bacterium may dictate the site of the primary battle-
ground, by sticking to it; and the phagocytes may consequently
gather there because they have no choice.

It is conceivably the function of the phagocyte to aid disper-
sion as well as to digest the invader. The observation that
phagocytes do not necessarily kill the microbes they ingest is an
old one, and 1s usually cited as an example of a failure in tissue
defence—a means, for example, whereby the phagocyte-borne
ricrobe is protected until it settles in other tissues to produce a
metastatic abscess. The orthodox view of the phagocytes as a
carrier of microbes from one part of the body to another 1s
naturally unfavourable, because the observation is usually
made on those occasions when such carrying has resulted in an
extension of the disease. But a hanism whereby a microb
that tends to stick to the tissues of an animal could be trans-
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have very great survival value in infections demanding defence
by dispersion.

These arc matters for experiment. I stress them because they
raise the important question of interpretation. It is true, as
Menkin deseribes, that a localization of the invader is associated
with intercellular fibrin and lymphatic thrombosis in infected
tissues; but it commonly occurs only in tissues so heavily
damaged that a coagulative necrosis is induced—conditions
that may be quite irrelevant to the subtle march of an invader
from a clinically undetectable primary lodgement. Again,
Smith and Wood’s admirable studies of the reactions of in-
fected lymph nodes were made with a dose of pneumococdi that
killed the animal in 48-72 hours; and the lymph nodes reacted
in vain. In the apparent suppression of the pneumococci in the
regional node after 24 hours, do we witness 2 noble faflure to
stem an irresistible tide, or the irrelevant antics of a tissue over-
stimulated by a massive infection of a kind unlikely to occur
outside the laboratory?

Concruston

Our intrapolations from the grosser experimental procedures to
the delicately balanced adaptations which decide the course of
natural infection may be correct; but we need far more evidence
before we can accept them as the final answer. We can probably
extract the required evidence from these complex non-specific
reactions, but only by a gentle analysis into elements with
characteristic pecuharities; elements in fact, with characters
specific enough to let us recognize their precise role in the more
general reaction. .

1 have indicated the lines on which this detaifed analysis
might proceed. It may be felt that so far little more has been
done than to confirm the position of the microphage ?lus
Iymphoid-macrophage system as the chief and most resilient
participam in specific and non-specific defence against micro-
bial invasion; an adaptive system which, with the outstamgmg
exception of specific immunization, we have hardly exploited
at all, But at least its proved resistance to Exl] but the savage
pickaxc-and-dynamitc assaults made on it with grams of corti-
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sone or hundreds of roentgens of X-irradiation has revealed this
system as one of the more enduring rocky slabs in the buried
foundation of medicine; and there is no reason why, particu-
larly if as experi lists we exch the pickaxe for the
geologist’s hammer or even the archacologist’s camel-hair
brush, we should not soon decipher on it some useful inscrip-
tions,
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XV

Antiviral Immunity

H. B. MAITLAND

poses of discussion into two main topics, namely, the basis

of antiviral immunity in general, and the means of im-
munizing against particular diseases. In dealing with each of
these aspects the intention is to integrate some of the factors con-
cerned so as to outline the subject as a whole and to indicate
points at which the subject is growing rather than to deal ex-
haustively with any one part ofit.

At the beginning the question may be asked, what is the
essential nature of antiviral i ity? Is it chiefly h 1 or
chiefly cellular? What mechanisms are involved? Are these
similar to bacterial immunity? The answers are—antiviral im-
mumty has boLh humoral :md cellular factors; in some respects

ial i , but there
are differences due to the parasitism of viruses and to special
phenomena arising from the interaction of virus and host cell.

Tua subject of antiviral immunity falls naturally for pur-

Tue Humorar FAcTorR v IMauNITY
‘There is no doubt about the importance of anubody in :mu-
viral § ity. This is indicated by the sp
passive i the neutralization test in whxch anubody
mixed with virus ix ritro neutralizes its infectivity, the absorp-
tion of anubody by elcmentary bodies and the fact that some
Y 1

tests logical specificity. All this is
sclf-:vxdcnt and need not be elaborated,
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VIRAL ANTIGENS

There arc, however, some features of viral antigens which
deserve mention. The elementary body is complex morpho-
logicaily as revealed by electron microscopy; it is also complex
chemically and antigenically, Analysis has enabled a number of
separate antigenic fractions to be specified for some viruses.
Where this has been done the evidence indicates or strongly
suggests that only one of these antigens is concerned in im-
munity. It may be assumed that a similar situation exists with
other viruses which have not yet been subjected to antigenic
analysis, and that in this respect viruses in general accord with
bacteria where, as is well known, only one of a number of
.antigcns possessed by a bacterial cell may be concerned swith
immunity.

The immunizing viral antigen is revealed by the neutraliza-
tion test and by passive immunization, and these tests indicate
therefore immunological similarity or difference in viruses.
Other serological tests may reveal other antigens not concerned
in immunity which may be shared by related strains or species
and give cross-reactions. Thus, depending on which antig
fraction is operative in complement-fixation, haemagglutinin
inhibition or agglutination, these tests may or may not show the -
same antigenic refationship between viruses as the neutralization
test,

Some virus antigens become detached from the elementary
body and appear as soluble antigens. In this state they can take
part in serological tests, particularly complement-fixation. The
immunizing antigen may occur in soluble form but more often
it is other antigens which do so. In illustration of these points 2
few examples may be mentioned.

The vaccinia virus, for instance, has at least four recognized
antigens. The so-called LS antigen is 2 complex of two com=
ponents, heat-labile and heat-stable respectively, and .rhcre isa
separate antibody for each companent. This antigen is part of
the elementary body but 1s found too in scluble form in infected
tissues. It has been purified and is a protein but in its pure form
it neither immunizes nor absorbs neutralizing antibody.

Ancther entity is a nucleo-protein antigen which forms 2 large
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part of the elementary body but is not concerned in immunity.
The haemagglutinin is a small particle occurring as a soluble
antigen distinct from the others and it also takes no part in
immunity. The immunizing antigen is certainly contained in
the elementary body; its exact identity is not known. It is not
the purified LS antigen but this antigen may be easily altered
so that during purification it becomes ineffective,

The psittacosis virus is known to possess two antigens. One is
specific for this virus, is heat-labile and probably a protein; the
second is heat-stable, probably carbohydrate and common to
all the viruses in the psittacosis-lymphogranuloma group. The
specific antigen is probably the immunizing one and also the
toxic factor. Both antigens are soluble, give a complement-fixa-
tion test and an allergic skin test,

The influenza virus has a complex immunizing antigen
which is part of the elementary body and capable of under-
gong alteration in its specific character, thus giving rise to
strain differences of immunological importance; it contains a
component derived from the host, This antigen is also the
haemagglutinin. In addition there is a soluble antigen which is
less specific, which does not reveal strain differences but dis-
tingwishes between types of influenza virus and is readily
detected by complement-fixation. The antigenic relationship of
strains revealed by pl fixation will therefore depend
upon which antigen is being used for the test.

Similar though perhaps incomplete data have been obtained
on some other viruses but for many exact information about
antigenic structure is not available. Immunological relation-
ships have been worked out in the first instance on the basis
of cross-immunity experiments and the neutralization test.
Serological reactions, often complement-fixation, have then
been tried to determine whether they would reveal a similar
pattern of antigenic relationships. In some cases, such as in foot
and mouth disease, complement-fixation has proved of great
value in identifying and differentiating types of virus, un-
doubtedly because, empirically, the immunizing antigen was
used in the test,

In the course of time, much more will be learned about
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the anfigens of viruses hitherto not studied in detail, The ten-
dency is to place most importance on the immunizing anfigen,
because of practical considerations related to the control of
infectious discases, and therefore to use it for purposes of classi-
fication,
NEUTRALIZING ANTIBODY
One of the central questions of antiviral immunity s, how does
antibody neutralize the infectivity of virus? There are three
elements in this process, the host cell, the virus and the antibody.
How then do these three react? The antibody, as would be
expected, combines specifically with the antigen of the elemen-
tary body. A purified suspension of elementary bodies will
absorb neutralizing antibody from serum. The union is not firm
at first. Mixtures of virus and antibody which are non-infective
by one route of injection or for one species may be infective by
another route or for another species. The infectivity of such
mixtures has also been restored by dilution, Firm unjon between
virus and antibody may require several hours or even longer.
Nevertheless union of antibody with a particular antigen of the
elementary body is the basis of neutralization of infectivity.
The mechanism by which neutralization is effected is not
clear; there would seem to be at least three possibilities. Firstly
the antibody might have a direct destructive action on the
virus, There is no evidence, however, that antibody has an
effect comparable with bacterial lysis or that the virus s kitled
by the antibody., Complement is not a y adjunct to
neutralization by serum in ritro and non-infectivity of virus-
serum mixtures can be demonstrated by inoculating them into
tissue cultures (e.g. poliomyelitis) in which complement Is
absent, so that it is probably safe to assume, even when such
mixtures are inoculated inte animals, that neutralization does
not depend on complement, L
The second possibility is that union of antibody with virus
’prcven!s the virus from combining with cells which normally it
can infect, This view is commonly considered to bc‘thc most
likely explanation of how antiviral serum neutralizes; it may be
the correct view but there is nio direct proof that it is. The evi-
dence is indirect and does not exclude other interpretations.




ANTIVIRAL IMMUNITY 263

Briefly stated it is that antibody, to bring about neutralization,
must act on the virus before the virus combines with the cell,
This has been shown, for example, by injecting antiserum into
an area of skin before virus and thus preventing infection; but if
virus is injected first, even a few minutes before serum, infec-
tion occurs. Similarly it has been shown in vitro (Rous, McMas-
ter and Hudack, 1935), using suspensions of rabbit embryo cells
and vaccinia virus, that virus which had combined with living
cells was not neutralized by antiserum. By contrast, virus com-
bined with killed cells was neutralized, indicating that some
property associated with the life of the cell was involved in
protecting the virus from the neutralizing action of the anti-
serum.

Further evidence has been deduced from haemagglutination
of fowl red blood cells by influenza virus. To bring about
haemagglutination the elementary bodies combine in large
numbers with the red blood cells, The attachment of virus to
red blood cells and to tissue cells which it can infect is similar so
that factors which affect haemagglutination would be expected
to apply to infection of cells. As antiserum will prevent haem-
agglutination it appears to be assumed that the effect of the anti-
body is to prevent virus attaching itself to cells. The assumption
may well be correct; on the other hand virus combined with
antibody could conceivably attach itself to a cell but not exert
its characteristic effect. It is a point that could be tested by
electron-microscopy, not only with influenza virus and red
blood cells but possibly with other viruses and tissue cells. I
am not aware of any observations of this kind that have been
made,

The third possibility is that elementary bodies having been
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growth might therefore be affected sz:p:;rately, as has been
shown to be the case with some chemical agents.
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There is na evidence that neutralizing antibody acts on cells.
In direct experiments with celf suspensions (Rous, McMaster
and Hudack, 1935) it appears not to do so: and on the basis of
specificity there is no reason why it should.

Piiacocyross

In considering the fate of neutralized virus the question of
phagacytosis arises. Does something comparable with opsoniza-
tion of bacteria occur with elementary bodies and are they
ingested and destroyed by leucocytes or by fixed reticulos
endothelial cells? Comparatively little of a precise nature has
been done on this subject. A number of earlier observations,
mostly with vaccinia, indicate gualitatively that blood leuco-
cytes can take up virus, and some cells, particularly monocytes,
have been known to destroy it.

A more comprehensive study has been made by Meyer {1941)
with psittacosis virus. This virus was large enough to be e
vealed by ordinary microscopy and the virus particles taken
up by leucacytes could be counted. Cell suspensions, consisting
predominantly of polymorphonuclears or monocytes, were ob-
tained from peritoneal exudates of mice or guinea-pigs after
injecting starch or oil. Cell-virus mixtures were rotated in tubes,
films made and stained and phagocytosis estimated by direct
counting. Infectivity of the mixtures could be determined by
injecting mice. The effect of normal and immune serum and
complement could be studied.

Although a little phagocytosis occurred with both poly-
morphonuclears and monocytes in the presence of normal
serum or inactivated immune serum, the striking finding was
the very marked effect of unheated immune serum on the inges-
tion of virus by macrophages. Meyer stated that ‘even a casual
examination of the cells revealed a maximum crowding of th‘c
ired tvpical elementary bodues’, This
Ciiviny en il et nuclears, Virus treated with
unheated immune serunt 2t woed was phagocytosed in the
absence of the serum. Thus it appears that the virus was op-
sonized by the immune serum and that macrophages were much
‘more active than polymorphonuclears in ingesting at. There was

Pnn s
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evidence too that phagocytosed virus was dcstroyed particu-
larly in mixtures of macr ,‘ ges and unh serum.
Leucocytes derived from immune animals showed considerable
antiviral activity in presence of normal serum as though the
cells themselves possessed some immune body.

‘To what extent these results have general application is
difficult to say. The psittacosis virus morphologically and in size
is unlike many other viruses. Nevertheless it would seem
probable that this type of investigation could be applied more
widely perhaps with the aid of electron-microscopy. It is
interesting that Beard and Rous (1938) found that the activity
of vaccinia virus was lessened or suppressed when mixed with a
suspension of living reticulo-endothelial cells and that the effect
of these cells was far greater than that of polymorphonuclear
cells. They also noted that the antiviral principle circulating in
animals recovered from vaccinia may be carried through
washings by blood leucocytes and retains under such circum-
stances its neutralizing capacity.

A method of experimentation which is currently being
carried on in my laboratory is suitable for investigation in this
field. We are engaged in studying quantitatively the fate of
vaccinia virus in tissue z vitro. The rate and amount of absorp-
tion of virus can be measured apd its subsequent decrease or
increase followed. The method is suitable for systems in which
the virus will ultimately grow or 1n those in which 1t will be
destroyed. All the virus in the system can be accounted for and
conditions can be varied at will. A chorio-allantoic membrane is
put into a known amount of virus for a stated time, removed,
ground and titrated. The virus remaiming in suspension is also
titrated These two amounts are not significantly less than the
virus originally in suspension and are often derably more
The reason for this apparent mncrease of infective units is not
known but it may be due to dispersion of virus caused by con-
tact with the membrane or substances derived from it The
amount of virus found on the membrane stated as a percentage
of the original suspension 15 very variable but much of 1t 1s
loosely attached. If the membrane is washed well and the vitus

which remains firmly attached to the membrane is titrated
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then the amount is remarkably uniform and falls within
relatively narrow range of values. This amount may be taken as
a base line for following the fate of the virus, Similarly different
kinds of tissue or cell suspensions can be used and the effect of
different serum components studied. Beard and Rous (1938)
noted the apparent anomaly that although vaccinia virus was
destroyed by Kupffer cells in saline suspension, tissue cultures
of these cells enabled marked growth of the virus to take place,
They state that the two observations were diametrically opposed
so far as the fate of the virus was concerned. Meyer (1941)
noted a similar phenomenon with psittacosis virus. There are
good reasons for accepting that the reticulo-endothelial celfs of
the tissues are sites for growth of vaceinia, psittacosiy and some
other viruses, Obviously there are unresolved problems which
need further investigation. The method outlined above should
be capable of making a contribution in this field.

VirAL Toxins

Some viruses are known to have a toxic as distinct from an
infective property. This has been shown for psittacosis virus and
other viruses of that group, influenza virus, Newcastle disease
virus, and less certainly for the viruses of murps and castern
and western equine encephalomyelitis, The toxin has not been
separated from the elementary body and very large doses of
virus are required to produce the effect. The toxic action has
been differentiated from infection on the grounds of a shorter
time to death accompanied by lesions which werc not typlci‘l
of infection, and by 1njecting virns into an organ in which it
did not multiply yet caused lesions and death. The toxin‘f are
very labile, but influenza virus has been killed by ultra-violet
jrradiation without destroying its toxicity. .

Toxicity can be neutralized by antiserum, In psittacosis
virus the so-called L, or labile, antigen may be the taxic entity
though this has not been proved; it also appears to be the
jmmunizing antigen. The psittacosis-lymphogranuloma vener-
eum group of viruses has been divided into six categories based
on the specificity of neutralization of toxin, Similarly with
influenza viruses, neutralization of toxin has been found to be
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specific for types A and B and to a certain extent for strains
within the types. X
With regard to immunity the role of toxin in the production
of lesions concomitant with infection has not been assessed, and
therefore the importance of its neutralization as a factor in
immunity is not known. Viral toxins have not been separated
from elementary bodies as the classical bacterial toxins have
been separated from bacteria and nothing comparable with
bactenal antitoxic i ity has been isaged for viruses.
The toxin appears to reside in one of the antigens of the elemen-
tary body. Whether this antigen is the immunizing antigen, as
the specificity of neutralization might suggest, is not certain; in
psittacosis it may well be; in influenza it is more doubtful;
there need be no uniformity in this respect. In any case these
considerations apply at present to a few viruses only.

ALLERGY

The existence of allergy in virus diseases is not in doubt. It can
be demonstrated for a number of viruses and probably occurs
10 & greater or less extent in virus diseases generally. Although
it is due to an antigen-antibody reaction, antigens and anti-
bodies other than those concerned in immunity may be re-
sponsible. There is probably no direct relationship between

e S - - e .
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and intensity of the tissue reaction, it is an element in immunity.
The manifestation of allergy in virus diseases may be of two
kinds, a skin reaction and an accelerated response to infection.

The skin reaction is typified by the Frei test in lympho-
granuloma venereum. It is elicited by injecting heated materials
containing the so-called §, or heat-stable, antigen. This antigen
is thought not to be the immunizing antigen and it is shared by
other viruses of this group. The Frei test therefore is not specific
for lymphogranuloma—it may be positive in psittacosis—nor is
it an indication of specific immunity.

A similar skin reaction has recently been demonstrated with
the specific antigen of psittacosis (the L or heat-labile antigen),
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which is probably the immunizing antigen. This reaction js
given only by cases of psittacosis. Probably a comparable result
could he obtained with a specific antigenic fraction of the lym-
phogranuloma venereum virus,

In vaccinia, herpes, influenza and mumps skin reactions
indicating allergy have been described. In herpes and influenza
this oceurrence does not coincide with the presence of neutrali-
zing antibody in the blood. In mumps, however, those who
react are said to be less liable to infection but the correlation is
far from complete. The immunological significance of the shin
reactions to these three viruses is not well defined. The antigenic
fraction concerned in each case has not been adequately
characterized.

In vaccination the introduction of living virus into the skin of
persons who have not previously been vaccinated causes 2
‘normal’ reaction which reaches its peak in 8~12 days; thase
who have been vaccinated before may have an ‘accelerated’
reaction with a peak at 4~ days, which is regarded as a sign of
allergy; the so-called ‘immune’ reaction is minimal and reaches
its peak 1n 2-3 days. The last two responses have to be inter-
preted in terms of immunity and allergy.

Heat-killed washed elementary bodies injected intradermally
wilt cause an allergic reaction in some persons who have been
vaccinated. In appearance it is very like an ‘immune’ reaction
but it gives no indicatlon of the degree of immunity towards
revaccination. The % 4 ion after ion may be
reearded as an ‘allergic’ reaction in an immune or almost

~ - ~ivine this type of reaction are

The accelerated 1eavuv. .. acthing appm:.«c?ung
the normal response after primary vaccination to a mml‘m:ﬂ
“mmune’ reaction. Throughout this range there is infccn?n,
therefore susceptibility, but of varying degree. The accclcra!mr:
may be looked upon as a sign of allergy Thus the ‘acccllcrat.cd
and ‘immune’ reactions to vaccination are due to a combination
of allergy and immunity operating concurrently. The two fac-
tors are ot Jinked and there is no indication that one is 2

function of the other.
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An accelerated reaction is seen also in the generalized skin
cruption in mouse-pox, or ectromelia, as described by Fenner
(1g48) after intradermal inoculation of the virus. The virus
multiplies locally, sprcads through the blood to internal organs
where it i ttiply, causing a vi ia with deposi-
ton of virus in the skm about the sixth day. The r:sulung skin
lesions develop much more rapxd\y than does the pnmary lesion
at the site of inocul thus the lop of
allergic sensitization. A similar pathogeni babt
occurs in narural smallpox and in meastes and other exanthe-
mata, although in these discases the site of the primary multipti-
cation of virus is not evident,

To recapitulate, allergy and immunity may be due to differ-
ent antigens, though not necessarily so for it seems likely that in
some instances the immunizing antigen may induce allergy.
Allergy and other immunity mechanisms can operate at the
same time and their yespective parts in the total response to
infection may be difficult w0 dxscmanglc. Both humoral and
cellular factors in antiviral i may be litioned by
allergy.

Ceroorar hnonmry
As a maucr of com enience cc“ular 1mmumty may | bc deﬁncd as
- PR RO R £ B

tests? Or may they be attached to cells and thus ot found i the
serum? Or are they released locally from lymphocytes ot m.hcr

antibody-producing cells? Such g need to be.

when a tssue appears to be sp A6 Ry 10 inft in
the absence of antibody, asis somcnmcs lht: case, Some cxplana-
tion is ired. The ficity of the , when it ean be

shown, tends stmngly towards the conctpuon of an antigen-
antibody mechanism.
Posatbly in these instances we should lwk for antibodies which

react with below the threshold of d ion by cus-
tomary mexhods of dcmonsu-auon.
There a::, 5 two p of i ion between

cell and virps, namcly m\crfcrcm:e and haemagglutination,
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whfch alti}ough they are clearly independent of antibody, have
an intriguing significance in relation to antiviral immunity,

INTERFERENCE

The ‘interference phenomenon’ means in essence that one virus
by direct contact with cells or tissue of a host so modifies them
that a second virus is prevented from producing its characteris-
tic effects. There are many examples, of which the following
will serve to illustrate. A neurotropic yellow fever virus has pro-
tected against a viscerotropic strain when the two were given
simultaneously to monkeys; a non-neurotropicstrain of influenza
virus in the brain of mice has protected against Western equine
encephalomyelitis and other encephalitis viruses; Coxsackie virus
has interfered with infections by poliomyelitis virus.

The two viruses may have no antigenic relationship and the
effect therefore is not due to antibodies. Interference is exerted
almost at once, before antibodies could be formed. The effect
has been demonstrated by giving the virus that causes inter-
ference after the infecting virus but a much greater dose is then
required. Interference may be partial depending on dose and
time of admunistration,

The effect lasts only a limited time, from a few days up to
2-3 weeks, and is thus much shorter in duration than specific
active immunity.

It is a local phenomenon and depends upon contact of
elementary bodies with cells. It may be limited to one organ
such as brain or allantoic cavity, the rest of the animal or
embryo being unaflected.

Killed virus has caused interference, in particular influenza
virus killed by ultra-violet irradiation or heat. The factor con-
cerned is, however, very labile. But this finding showed that
multiplication of virus was not essential.

The action is not universal. A strain of virus may intcrf.'crc
with other strains of the same species or with some other species,
but not with all viruses. .

The mechanism of this effect is unknown but an explanation
would obviously make an important contribution to the under-
standing of cell-virus interaction.
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Interference thus appears to be a true tissue immunity. In

in the body or persist in the tissues, might exert an interference
effect over long periods. There is no certainty that attenuated
viru, used for active immunization, does persist indefinitely in
tissues but there is cvidence that it may persist for a time in
somc instances, It is possible thercfore that interference does
play a part in immunity induced with living virus, though to
what extent is at present speculative. The duration of active
immunity is however much longer than could be accounted for
by an intetference cffect of the inoculum itself, morcover the
time of onset of immunity is not like an interference effect.
Immunization with dead virus is a different matter and inter-
ference s unlikely to operate, for the property of the virus
resporsible for interference is so Jabile that it is practically
A

Tt o

viruses are known to remain in a symbiotic relationship with
tissues for indefinitely long periods, in some cases for life, There
are many examples, such as herpes after natural infection in
childhood, lymphocytic choriomeningitis after infection of mice
in ulero, or prittacosis or ornithosis in birds. Virus can persist
without sign of lesions or iliness, but may beeome active if the
balance between virus and tissue is upset, Probably more
viruses lie dormant in tissucs than are at present recognized,
both in man and animals. It is certainly conceivable that they
may be exerting an interference effect and thuy protecting the
cclls with which they are associated against pathogenic virnses,
Nothing is in fact known of this possibility but it can be envi
aged as a natural biological pl of great § ial
value to the host.

Further work on interference is likely to lead to new facts and
conceptions; it is one of the fines of virus rescarch most worth
exploring,
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which although they are clearly independent of antibody, have
an intriguing significance in relation to antiviral immunity.
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by direct contact with cells or tissue of a host so modifies them
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virus in the brain of mice has protected against Western equine
encephalomyelitis and other encephalitis viruses; Coxsackievirus
has interfered with infections by poliomyelitis virus.

The two viruses may have no antigenic relationship and the
effect therefore is not duc to antibodies. Interference 1 exerted
almost at once, before antibodies could be formed. The effect
has been demonstrated by giving the virus that causes inter-
ference after the infecting virus but a much greater dose is then
required. Interference may be partial depending on dose and
time of administration.

The effect lasts only a limited time, from a few days up t0
2-3 weeks, and is thus much shorter in duration than specific
active immunity.

It is a local phenomenon and depends upon contact of
elementary bodies with cells. It may be limited to one organ
such as brain or allantoic cawity, the rest of the animal or
embryo being unaffected.

Killed virus has caused interference, in particular influenza
virus killed by ultra-violet irradiation or heat, The factor con-
cerned is, however, very labile, But this finding showed that
multiplication of virus was not essential. 3

The action is not universal. A strain of virus may interfere
with other strains of the same species or with some other species,
but not with all viruses. . i . Vel

standing Of CEl-VILUS it wetivss,
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Interference thus appears to be a true tissue immunity. In
trying to assess its possible role in antiviral immunity there are
two cases to consider. It mxght be a factor in immunization with
non-pathogenic living viruses. Such a virus, should it multiply
in the body or persist in the tissues, might exert an interference
effect over long periods. There is no certainty that attenuated
virus, used for active immunization, does persist indefinitely in
tissues but there is evidence that it may persist for a time in
some instances. It is possible therefore that interference does
play a part in immunity induced with living virus, though to
what extent is at present speculative. The duration of active
immunity is however much longer than could be accounted for
by an interference effect of the inoculum itself, moreover the
time of onset of immunity is not like an interference effect,
Immunization with dead virus is a different matter and inter-
ference is unlikely to operate, for the property of the virus
responsible for interference is so labile that it is practically
certain to be destroyed in killing the virus.

Another possibility Is that interference may result from living
viruses lying dormant in tissues under natural conditions. Some
viruses are known to remain in a symbiotic relationship with
tissues for indefinitely Jong periods, in some cases for Ife. There
are many examples, such as herpes after natural infection in
childhood, lymphocytic choriomeningitis after infection of mice
in uters, or psittacosis or ornithosis in birds. Virus can persist
without sign of lesions or illness, but may become active if the
balance between virus and tissue is upset. Probably more
viruses lie dormant in tissues than are at present recognized,
both in man and animals, It is certainly conceivable that they
may be exerting an interference effect and thus protecting the
cells with which they are associated agamst pathogcnic viruses.
Nothing is in fact known of t}us poss:blhty but it can be env1s-
aged as a natural biologi P of great p
value to the host.

Further work on interference is likely to lead to new facts and
conceptions, it is one of the lines of virus research most worth
exploring.




272 H. B. MAITLAND

HAEMAGGLUTINATION

A number of viruses can causc the agglutination of red blood
cells but the mechanism by which they do it is not the same for
alt of them, and only the viruses of influenza, Newcastle disease
of fow], and mumps, concern this discussion, These viruses
attach themselves to red blood cells in the same way as they
combine with tissuc cells before infecting them, What has been
learned about haemagghutination has therefore been applied to
infection, The facts are well known but may be indicated
briefly.

The virus combines with receptors on the red blood cells
and appears to act as a union between the cells in bringing them
together in clumps. An enzyme of the virus destroys the recep-
tors and the virus is then freed. The red blood cells are no
longer agglutinable because they have lost their receptors. A
similar enzyme was discovered in cultures of some bacteria,
particularly the cholera vibrio; it is known commonly os
R.D.E, the receptor-destroying enzyme. Red blood cells
treated with R.D.E. are not agglutinable. These findings apply
equaly to tissue celis—those of the mouse lung and the allantoic
cavity of the developing hen’s egg. They have similar receptors
and union of virus with them appears to be an essential stagein
the process by which the virus infects a cell. Their receptors are
destroyed by R.D.E. and tissue cells treated by this enzyme are
not infected when exposed to virus. This resistance is of
relatively short duration. Tissue cells i zivo develop mew
receptors and become susceptible to infection again.

The chief interest in this ph in relation to
immunity is that it affords an inst of cellular
due to change in the cell and clearly owes nothing to antibodies.
There is no wndication that it plays any part in immunity
following infectian or active i i i s caused by
these particular viruses. Nor is there any evidence that the
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as such, it indicates that removal or blockage of cell receptors by
whatever means could be a factor in a purely cellular resistance



ANTIVIRAL IMMUNITY 273

to viruses, It is not improbable that future investigations with
other viruses will show that they too combine with certain sub-
stances present in cells, not necessarily in the sense of enzyme
and substrate as with influenza virus, and that this general con-
ception may be valid more widely than is now realized.

IMMUNIZATION AGAINST PARTICULAR Diseasts

The application of general knowledge to the prevention of any
virus disease by immunization always raises particular prob-
lems which may be discussed briefly on their own account
without detailed consideration of any single disease. The anti-
genic structure of the virus is a primary matter. Strains of a
virus may be uniform and stable antigenically as in yellow
fever, smallpox, rabies and many other diseases; they may be
stable but comprise more than one type, as in poliomyehtis or
foot and mouth disease, when it becomes necessary to deter-
mine the incidence and distribution of types and select suitable
immunizing strains; more difficult still there may be, as in
influenza, strain differences which are relatively unstable.

KiLLeD VIRUS AS VAcCINE

Another of the main general problems in active i 101 is
to determine whether 1t is better to use dead or hving virus.
The advantage of dead vaccine 1s its safety; the difficulty is that
viral antigens are so labile that their immunizing potency
is casily destroyed by the method used to kil the viros. Never-
theless vaccines of killed virus have been prepared which have
immunized satisfactorily against infection with the viruses of
influenza, equine encephalomyehtis and rabies.

As an example of antigenic lability some early observations
with foot and mouth disease virus may be quoted (Maitland,
1928). Virus inactivated by o1 per cent formalin at pH 76 and
26° C. for 48 hours immunized guinea-pigs against generalized
Jesions but the antigen was destroyed if the formalin acted for 5
days. Virus kept in phosphate buffer at pH 7 6 and 37° C. for
6-8 days, unul it was dead, was a good vaccine but if killed by
exposure to pH 6 5 in phosphate buffer for only 29 hours it was
useless. A potent formalin-killed vaccine was also made useless

T
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in 24 hours by changing its pH from 76 to 6-5. Heating virus
at 55° C. and pH 7:6 for 45 minutes also destroyed its antigeni-

city,

The problem raised by lability applies to viruses generally
though some viruses are more labile than others. Of the many
agents that have been tried for preparing vaccines of inactivated
virus, formalin and ultra-violet light are probably the most
generally successful. Perhaps a better way to kill viruses for
making vaccines will be discovered. Search in this direction
might be rewarding,

One of the most important recent advances in immunization
with dead vaccines is the use of an adjuvant to increase their
potency. The principle of adjuvants is not new but the type of
adjuvant currently employed is a relatively recent introduction.
The killed vaccine, usually killed by formalin, is emulsified in
light mineral oil of low viscosity by means of an emulsifying
agent so that an emulsion of the water-in-oil type is produced;
the virus is contained in smail aqueous particles surrounded by
an oily matrix (Freund, 1g51). This is injected subcutancously
or intramuscularly. The antibody response is maony times
greater than after vaccine in a saline medium, the titre remains
high for 2 much longer time and the specificity is said to be
broader; for example, with influenza the antibody would caver
closely related, but not antigenically identical, strains. These
advantages have practical significance and may offer new pros+
pects in immunization. Vaccines of this type against influenza
and poliomyelitis have been preparcd and are undergoing
preliminary trials,

Living ViRUS As VACCINE

Living virus is @ much better immunizing agent than lfil}ed
virus, but there are great difficulties inherent in the use of living
vaccine as an immunizing agent. Vaceima virus which sets up
an infection is regarded as an exception to the requirement that
Yiving vaccines must be devoid of all harmful cffects, That it is

ssible to obtain strains of virus so modified that they have lost
completely their pathogeme properties but retain their immu-

nizing capacity is exemplificd by the yellow fever vatus. The
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production of such non-virulent strains is nevertheless a matter
of real difficulty. No standard procedure exists; each virus has
to be investigated as a separate problem, Modification is usually
attempted by propagating the virus in a species or tissue which
it does not normally infect and searching for the desired change
in properties, Having obtained a suitable strain it must be
thoroughly tested for safety and efficacy in animals and then in
man and its continued propagation without reversion of patho-
genicity or loss of immunizing potency must be achieved.
Technically these problems have been overcome with some
viruses and presumably can be for others. Many virologists
believe that the efficiency of living vaccines is so superior to
dead vaceines that the former are preferable on principle and
worth striving for in spite of the difficulties entailed. The idea of
using living vaccines against poliomyelitis and influenza is the
incentive for much current research. It remains to be seen
whether living or dead vaccines will ultimately be preferred for
these discases and for others which await investigation. In some
cases it may perhaps be found advantageous to use the two types
of vaccine in conjunction; an initial injection of a dead vaccine
might be reinforced by a subsequent injection of living vaccine,
the increase in resistance arising from the first injection afford-
ing an added element of safety in respect of the second.

PATHOGENESIS AND InnvunTTY
The ion between pathogenesis and i ity derives
fome a1 \ Pl ot P Y

1

ties are most favourable where a viraemia is a natura‘l‘stage in
the development of the infection and least favourable when a
virus attacks superficial cells directly.

From this point of view at least three patterns of pathogenesis
can be discerned. The first is exemplified by one of the pox
diseases. The course of experimental infection has been worked
out for mouse-pox (ectromelia) by Fenner (1948). The virus was
inoculated into the skin of the foot where 1t multiplied; in
natural infections the primary site of virus growth may be
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unknown or surmised from circumstantial evidence, After local
growth there follows a transient slight viraemia and settling out
of virus in internal organs, probably in reticulo-endothelial
cells, where further multiplication takes place, followed by a
heavier viraemia with deposition of virus in the skin and the
development of skin lesions. The general symptoms of fever,
etc., begin at the time of the second viraemia, The virus has to
pass through the blood at two stages and in either stage it is
exposed to the action of circulating antibody, It is in diseases
of this nature that active or passive immunization may be
expected to be most effective.

A similar course of events occurs in smallpox, The virus can
be isolated from the blood at the time of beginning of symptoms,
i.e. during the secondary viraemia, Measles and chicken-pox
probably have a similar pathogenesis; the incubation periods
are long enough for a succession of stages ta occur. Measles has
been transmitted to human volunteers and monkeys with blood
from carly cases. Both measles and chicken-pox can be pre-
vented by passive immunization during the first few days of the
incubation period.

A variation of this type of pathogenesis occurs when thereis 2
primary site of multiplication of virus followed by spread
through the blood to an internal organ where the main and
characteristic signs of the disease develop. It 1s of great interest
and importance that poliomyeltis has recently been shown to
have a stage of viraemia and probably conforms to this pattern
of pathogenesis. The current view is that the site of primary
multiplication is the intestine and that from there the virus
spreads by the blood to the central nervous system. That being
so there are rational grounds for expecting immunization to be
effective in preventing the paralytic stages of the disease, as
indeed recent work has shown to be the case in limited pre-
liminary trials.

In diseases which have this pattern of pathogenesis ‘preven-
tion’ means suppression of the clinical and pathological signs
of infection; it does not necessarily mean abolition of what goes
on during the early part of the 1cubation period before the
clinical signs become manifest. Thus ‘immunity’ may not pre-
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vent lodgement of virus, primary multiplication and even some
degree of spread. A much higher grade of resistance would be
required to abolish infection completely. In pchomyeht{s, for
example, a degree of immunity that would prevent pafalys‘ls and
be clinically effective might not prevent growth of virus in the
intestine.

A second pattern of pathogenesis is afforded by those diseases
in which infection is acquired through the skin—often by the
bite of an insect—and the virus has to be transported by the
blood to the sites where it can grow and produce its characteris-
tic effects, Such for instance is yellow fever. Here too the opera-
tion of antibodies is favoured and immunization in advance of
acquiring the infection would be expected to be successful, as
indeed itis,

In contrast with these diseases there is a third type of patho-
genesis in which superficial tissues are primarily attacked, the
infection develops fully at the point of entry and there is no
secondary spread through the blood. Influenza is an example of
this type of disease. Antibodies in the blood are here at a dis-
advantage; to be effective they have to reach the epithelial sur-
face of the respiratory tract and it is estimated that the strength
of antibody in this situation is only one-tenth to one-twentieth
of that in the blood. Nevertheless it has been possible to im-
munize actively against influenza.

Some diseases such as herpes zoster or rabies do not fit well
into any of the pathogenic patterns that have been mentioned,
but pathogenesis, whatever the pattern, may be regarded as
conditioning the operation of the processes of immunity. The
length of the incubation period which is one aspect of patho-
genesis has been suggested as having a bearing on the duration
of immunity following an attack of disease. If there is a long
incubation, and especially if this is coupled with a phase of
viraemia as it often is, the situation 1s favourable for a subse-
quent infection to be headed off and overcome even if no anti-
body is present in the blood at the start; there would be time for

a secondary type of response with its characteristic rapid
development of antibodies to take place. Thus immunity would
be long-lasting and such aborted infections would themselves
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unknown or surmised from circumstantial evidence. After local
growth there follows a transicnt slight viraemia and settling out
of virus in internal organs, probably in reticulo-endothelial
cells, where further multiplication takes place, followed by a
heavier viraemia with deposition of virus in the skin and the
development of skin lesions. The general symptoms of fever,
etc., begin at the time of the second viraemia, The virus has to
pass through the blood at two stages and in cither stage it is
exposed to the action of circulating antibody. It is in diseases
of this naturc that active or passive immunization may be
expected to be most effective.

A similar coursc of events occurs in smallpox. The virus can
be isolated from the blood at the time of beginning of symptoms,
i.c. during the secondary viraemia. Measles and chicken-pox
probably have a similar pathogenesis; the incubation periods
are long enough for a succession of stages to occur. Measles has
been transmitted to human volunteers and monkeys with blood
from early cases. Both measles and chicken.pox can be pre-
vented by passive immunization during the first few days of the
incubation period.

A variation of this type of pathogenesis occurs when therc isa
primary site of multiplication of virus followed by spread
through the blood to an internal organ where the main and
characteristic signs of the disease develop. It is of great interest
and importance that poliomyelitis has recently been shown o
have a stage of viraemia and probably conforms to this pattern
of pathogenesis. The current view is that the sitc of primary
multiplication is the intestine and that from there the virus
spreads by the blood to the central nervous system. That being
so there are rational ds for expecting i ization o be
effective in preventing the paralytic stages of the disease, as
indeed recent work has shown to be the case in limited pre-
liminary trials,

In diseases which have this pattern of pathogenesis ‘preven-
tion’ means suppression of the climeal and pathological signs
of infection; it does not necessarily mean abolition of what goes
on during the early part of the incul?ation Pcriod before the
clinical signs become manifest. Thus ‘immunity’ may not pre-
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methods in the treatment of bacterial infections has been

greatly reduced, owing to the highly successful results
that have been achieved with chemotherapy and antibiotics.
The use of vaccines and antibacterial sera in treatment has
therefore been almost letely a d, It seems possibl

Dukmc recent years the importance of immunological

however, that they may yet have an important part to play in
the treatment of some infections at least, in view of certain
limitations and disadvantages of chemotherapy, to which
Professor Garrod refers in his lecture on ‘Causes of Failure
in Antbiotic Therapy’.! I might mention, for example,
the increasing frequency with which drug-resistant strains of
some organisms are being ed, and the tendency for
various toxic and allergic manifestations to develop following
the repeated use of some drugs, which may become more and
more serious problems.

Apart from the possible future need for antibacterial immu-
nization in treatment, it must continue to be a bulwark in
preventive medicine, particularly against some infectious
diseases, The degree of protection afforded, however, by present-
day methods in many cases leaves much to be desired. For
example, there is little experimental evidence that staphylococ~
cal vaccines are capable of producing an effective antibacterial
mmmunity. Chnically also, they have given very variable results

1 See pages g02-13
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serve to maintain the basal immunity. In a disease like influenza
with short incubation period, and no spread through the blood,
there would be neither time for antibody to develop nor the
same opportunity for it to act. Thus the secondary antibody
response in face of a new infection would not function and there
would be relatively short immunity after recovery. This sugges-
tion is no doubt an over-simplification and cannot in itself
account for all instances of either prolonged or relatively short
immunity after an attack of infection, but on the other hand itis
a factor to be considered in the relation of pathogenesis to im-
munity.
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full activity of the enzyme. This was confirmed by experiments
in which extracts of the cells containing the ‘M antigen were
treated with partially punfied enzyme preparations in the
presence of various reducing substances. Under such conditions
she ‘M’ antigen was readily destroyed.

1 have obtained evidence of the immunizing antigen-destroy-
ing actwity of streptococcal proteinase by means of active im-
munization experiments in mice (Stamp, 1953). Treatment of
heat-killed vaccines with a proteinase-containing filtrate at
varying pH in the presence of Na thioglycollate was found to
result in complete destruction of immunizing activity at both
pH 60 and 7-0. No such effect was obtained with filtrates
previously heated to 70° C. for one hour to inactivate the
enzyme.

The proteolytic activity of culture filtrates and partially
purified enzyme preparations has been demonstrated on various
protem substrates such as milk (Elliott and Dole, 1947; Stamp,
1953), casein, fibrin and gelatin (Elliott, 1945), crude muscle
protein, and also a preparation of protein derived from the skin
originally described by Oakley, Warrack and Van Heyningen
(1946}, known as ‘azocoll’ (Todd, 1947). Ellott has also
studied the ability of partially purified proteinase to hydrolyse
two synthetic polypeptide substrates, namely a-henzoyl-l-
argenincamide and l-leucyl-glycylglycine, a test originated
by Bergmann to classify different groups of proteinase (Berg-
mann, 1942). The hydrolysis of the former but not the latter
in the presence of cystemne afforded evidence that the enzyme
is similar to papain and some of the cathepsins.

The activity of the enzyme is greatly enhanced by reducing
agents such as glutathione, cysteme, thioglycollic acid and also
by potassium cyanide, but is ihibited by iodoacetic acid,
suggesting that it depends on the reduction to sulphydryl
groul))s of disulplude groups present in the enzyme (Elliott,
1945).

It would appear that streptococcal proteinase may be iden-
tical with a muscle-digesting enzyme named ‘histase’ deseribed
by Frobisher (1926). The general proteolytic achvity of this
enzyme was not recognized at the time probably owing to the
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in the treatment of chronic staphylococcal infections. Further-
more, immunization with toxoid, which in pre-chemotherapy
days had largely superseded vaccine therapy, though of greater
value, is not effective against all forms of staphylococeal infec-
tion. Improvements in methods of immunization against
staphylococcal infections are afl the more necessary, in view of
the fact that in these infections in particular, the use of anti-
biotics is becoming increasingly restricted. To take another
example, numerous reports indicate that T.A.B. vaccines pre-
pared by the latest methods afford a very incomplete protection
against typhoid fever, particularly in highly endemic areas
(Miller ef al., 1951). It is evident that in general, much still
remains to be learnt of the immunizing antigens of bacteria and
of the conditions necessary for their development and preserva-
tion in vaccine or culture filtrate.

In recent years evidence has been forthcoming that the faflure
of killed vaccines or culture filtrates to immunize in some cases
at least, is due to the destruction of the immunizing antigen by
enzymes produced by the organisms when grown i sifro. It is
this evidence that I wish to discuss in the present lecture.

The species that has been studied most fully in this respect
is Str. pyogenes, While antibacterial immunization agamst this
organism Is not generally considered practicable or necessary,
nevertheless, these studies have produced results of preat
theoretical interest. Moreover the methods used may well prove
of considerable value when applied to simifar investigations on
other organisms of greater practical importance.

STREPTOGOCCAL PROTEINASE AND THE ‘M’ ANTIGEN
In 1945, Elliott {1945) demonstrated the presence of a proteo-
Iytic enzyme in culture filtrates of certain strains of Str. pyogenes.
He showed by means of a precipatin test that this enzyme was
able to destroy the ‘M’ immunizing protein of Str. pyogenes
(Hirst and Lancefield, 1939; Lancefield, 1940; Stamp ax}d
Hendry, 1937}, partcularly when the antigen was present in
living cells, but it was much less active after the antigen had
heen extracted from the cells Tt was concluded that the
reducing conditions produced by living cells were nccessacy for
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full activity of the enzyme. This was confirmed by experiments
in which extracts of the cells containing the ‘M’ antigen were
treated with partially purified enzyme preparations in the
presence of various reducing substances. Under such conditions
the ‘M’ antigen was readily destroyed.

T have obtained evid of thei izing antigen-destroy-
ing activity of streptococcal proteinase by means of active im-
munization experiments in mice (Stamp, 1953). Treatment of
heat-killed vaccines with a proteinase-containing filtrate at
varying pH in the presence of Na thioglycollate was found to
result in complete destruction of immunizing activity at both
pH 60 and 70. No such cffect was obtained with filtrates
previously heated to 70° C. for one hour to inactivate the
enzyme.

The proteolytic activity of culture filtrates and partially
purified enzyme preparations has been demonstrated on various
protein substrates such as milk (Elliott and Dole, 1947; Stamp,
1953), casein, fibrin and gelatin (Elliott, 1945), crude muscle
protein, and also a preparation of protein derived from the skin
originally described by Oakley, Warrack and Van Heyningen
(1946), known as ‘azocoll’ (Todd, 1g47). Elliott has also
studied the ability of partially punfied protemase to hydrolyse
two synthetic polypeptide substrates, namely a-benzoyll-
argenineamide and l-leucyl-glycylglycine, a test omginated
by Bergmann to classify different groups of proteinase (Berg-
mann, 1942). The hydrolysis of the former but not the latter
in the p of cysteine afforded evid that the enzyme
is similar to papain and some of the cathepsins.

The activity of the enzyme is greatly enhanced by reducing
agents such as glutathione, cysteine, thioglycolbic acid and also
by potassium cyanide, but is inhibited by iodoacetic acid,
suggesting that it depends on the reduction to sulphydryl
grou1)>s of disulphide groups present in the enzyme (Elliott,
1945)-

K It would appear that streptococcal proteinase may be iden-
tical with a muscle-digesting enzyme named ‘histase’ descnbed
by Frobisher (1926). The general proteolytic actwity of this
enzyme was not recognized at the time probably owing to the
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fact that thf’- reducing conditions necessary for activation were
not present in other substrates tested (Todd, 1947).

S.trepto'COCcal proteinase appears to be distinct from the
fibrinolysin of Tillett and Garner (1933) since according to
Elliott, proteinase is able to digest this enzyme, and moreover
the two differ considerably in heat resistance.

Elliott (Elliott and Dole, 1947; Elliott, 1950) has also shown
that proteinase is produced initially in the form of an inactive
precursor, which is activated autocatalytically or by treatment
with trypsin. Autocatalytic conversion of precursor to proteinase
is initiated by traces of active proteinase and is accelerated by
reducing C_onditions. Relatively pure preparations of precursor
and proteinase have been obtained in crystalline form by re-
peated recrystallization from (NH,),SO, solutions of varying
concentrations, and at different pH and temperaturcs, and
furthermore, the two substances have been found to be antigeni-
cally distinct,

The proteclytic activity of a culture filtrate depends on a
number of factors. In the first place, the strain used is of impor-
tance. Todd (1947) tested the proteinase-producing ability of
42 strains of Group A Streptococci. Culture filtrates of go gave
titres varying from 4 to z45. The remaining 12 were negative,
Some of these, however, gave weakly positive results on con~
centrating the filtrate with (NH,),50,. It seems probable,
therefore, that the great majority of strains are able to produce
proteinase and that differences in this respect are nearly always
quantitative rather than qualitative.

Proteolytic activity also depends on the degree to which pre-
cursor has been converted into active proteinase during growth
or on storage, and this is influenced by the medium used, the
precise conditions of growth and on the time interval between
filtration and testing. Conversion is accelerated in media con-
taining traces of trypsin (Elliott, 1950}, or in culture media
which maintain relatively low O/R potentials during growth
due to low oXygen-carrying capacity and possibly the presence of
traces of reducing substances. Filtrates prepared under such
conditions have relatively high titres when tested immediately
after filtration and little or no increase occurs on storage.
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Conversion is retarded at a temperature of 22° C. (Elliott,
1945), or by growing under the relatively high OfR potentials
produced by acrating the culture or by using media with 2 high
oxygen-carTying capacity, e.g. certain batches of digest broth
(Hewitt, 1950) put up in a shallow layer and not recently
autoclaved.

Filtrates prepared under such conditions often have relatively
low titres when fresh, but a very marked increase occurs on
storage, particularly if they are kept at an acid pH and if Na
thioglycollate is added. In one experiment, for example, the
milk-clotting titre of the fresh filtrate at pH 8 0 was §. After
adding Na thioglycollate to 01 M and storing at 20° C. for
3 days at pH 6-2, the titre at pH 8 o had increased to 134, but
had increased only slightly, namely to 4, when stored at pH
7-7 under the same conditions (Stamp, 1953). Apart from the
factors mentioned above, it is probable that traces of metals may
also accelerate or retard the autocatalytic process.

The proteolytic activity of a culture filtrate also depends on
the pH developed during growth. When culture filtrates are
prepared in media maintaining a relatively high pH during
growth, ie. circa 7 0, they show no proteolytic activity even
though immunological tests of the heat-killed vaccines prepared
from such cultures suggest that proteinase has been produced.

A low final pH, ie. circa 60, such as is produced in some
batches of digest broth or by the addition of glucose, appears to
be necessary for the liberation of precursor or proteinase from
the cells and their appearance in the culture filtrate,

The activity of proteinase once it has been formed also
depends on the pH at which it is allowed to act. The optimal
PH appears to vary according to the method of testing (Elliott,

1945; Stamp, 1953). It would appear, however, that there is
little difference in the degree of activity within the range of pH
normally developed in streptococcal enltures.

Filtrates derived from cultures grown in different media vary
considerably in proteolytic activity, however, even though the
degree of growth is the same and optimal pH and O/R potential
conditions for the production of active and filtrable proteinase
have been maintained. This suggests that there may be factors
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i!’l the medium not yet determined which influence the produc-
tion of precursor.

I have dealt at some length with the factors influencing the
production of active proteinase since they largely determine
the degree to which the ‘M’ antigen is destroyed during growth
and therefore the immunizing activity of the heat-killed vaccine.

It seems probable that destruction of the immunizing antigen
by proteinase bound to the cells may continue, though more
slowly, during storage, particularly with strongly proteinase-
producing strains, since the heat treatment employed to kill the
vaccine, namely 55° C. for 1 hour, is insufficient to inactivate
the enzyme.

In the light of these observations, we may now attempt to
interpret the results of active immunization experiments
in which vaccines of a weakly proteinase-producing strain
‘Richards’, grown in different batches of digest broth and at
varying O/R potential, were tested for immaunizing activity in
mice against the homologous strain. Each vaccine was tested
by immunizing batches of 30 mice, as far as possible under the
same conditions, the mice receiving the same immunizing and
challenge doses. In some series, the percentage survivals re-
corded represent the average of several experiments with
vaccines prepared under the same conditions.

Taste 1 The Immunizing Activity of Vaccines of Sir. pyogenes Stram

‘Richards® Grown 1n Different Batches of Digest Broth at Varying
O/R Potential (Adapted from Stamp, 1953)

Protei activity P survis in mice
in immunized with vaccines grown at
Batch culture filtrate
of Final of strain low normal | high
digest| pH Eh Eh Eh
broth Con-
+ thio trols
Richards | Wiliam or Static | Shaken
[ascorbate
I
60-6-8 + +++ 00 217 567 17
‘g 72 - ! - 100 103 525 00
c | 64 - o+ 420 | 666 - 33
D 71 - [ - 750 730 800 17
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It will be seen firstly that with Batch A digest broth, which
strongly favours proteinase production, the OfR potential
exerts a marked influence on immunizing activity. The immu-
nizing activity of vaccines grown at a low O/R potential in Na
ascorbate or thioglycollate broth is nil, but when they are
grown at high O/R potentials produced by shaking the culture,
it is relatively high. The same effect, though less marked, is seen
with vaccines grown in Batch B, though owing to the higher
final pH, no proteinase was demonstrated in the filtrate even
with a strongly producing strain. In Batch G which favours
proteinase production to 2 much lesser extent, relatively highly
immunizing vaccines are obtained even when grown at a very
low potential, With Batch D this is even more evident, though
again absence of proteinase production could not be confirmed,
owing to the neutral final pH of the filtrate.

On the other hand, with strongly proteinase-producing
strains, factors such as the batch of medium used and the O/R
potential developed have little or no influence on immunizing
activity, vaccines in general being entirely or almost entirely
inactive, cven when grown under conditions unfavourable to
proteinase production or activation. As already suggested, this
may possibly be due to conversion of precursor into proteinase
and destruction of the immunizing antigen during storage.
A.Itogcthcr, I have prepared vaccines from nine different mouse
virulent strains in media not favouring proteinase production
The vaccines of three weakly proteinase-producing strains were
actively immunizing, while those of five out of six strongly
proteinase-producing strains showed little or no activity.

The experimental evidence taken as a whole therefore
stron'gly supports the view that proteinase activity plays a pre-
dominant role in regulating the i izing potency of’
of mouse virulent strains of Sir. pyogenes, even though certain
anomalies still remain to be explained and some gaps in the
chain of evidence have still to be filled in.

ANTHRAX PROTEINASE AND IMMUNIZING ANTIGEN
Another orgamsm which produces an enzyme apparently able
to destroy the immunizing antigen is the anthrax bacillus.
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Many years ago Bail {1gog) showed that the oedema fluid of
cutaneous anthrax lesions contained a filtrable antigen capable
of immunizing animals against experimental anthrax infection.
Bail's observations have since been amply confirmed and
extended by many workers (Graber and Staub, 1946;
Cromartie, Watson, Bloom and Heckly, 1947). Attempts to
produce an immunizing antigen in vitro have, however, until
recently met with little success. Casagrandi (1go2) and Schilling
(1927) claimed to have produced some degree of immunity in
rabbits by immunizing with filtrates from broth cultures con-
taining high concentrations of serum or plasma. White (1946)
has also produced an appreciable degree of immunity in guinea
pigs by immunizing with a vaccine consisting of a whole culture
of a non-sporing variant of B. anthracis grown in whole blood and
killed with toluol, In none of these experiments, however, was
the immunity induced of a high order. Gladstone (1946), how-
ever, has shown that filtrates of cultures grown in serum or
plasma under carefully controlled conditions contained an
immunizing antigen which was as active as that obtained from
oedema fluid. For its production it was necessary that a small
inoculum be used, consisting of circa 104 spores per 25 ml. of
plasma, and also that the incubation period should be short, i.c.
about 18 hours, After that period the antigen was rapidly
destroyed and in filtrates from 48-hour cultures little or no
immunizing antigen could be detected, Gladstone (1948) later
found that the incubation period could be lengthened to 3 days,
and filtrates twenty-five times more potent could be obtained
if the cultures were dialysed against broth in a special apparatus
designed to ensure a continuous supply of oxygen and fresh
nutrients.

More recently, potent filtrates have been obtained in 2
medium containing hydrolysed casein, yeast extract and char-
coal (Belton and Strange, 1954} and in chemically defined non-
protein medium (Wright, Hedberg and Slein, 1954). It is
evident, therefore, that contrary to the indications of c:\rl{cr
work, high concentrations of serum or plasma are not essential
for the production of immunizing antigen.

There are strong grounds for believing, as Gladstone has
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suggested, that lack of immunizing activity in culture filtrates
grown under certain conditions may at least in part be due to
destruction of the immunizing antigen as the result of enzyme
action, In the first place there is increasing evidence from im-
munochemical studies of the fractionated filtrate that the
immunizing antigen is a protein (Strange and Belton, 1954).

Secondly, it is well known that broth culture filtrates contain
an enzyme attacking casein and other proteins as is shown in
Table 2. Thirdly, Gladstone has found that highly proteolytic
culture filtrates, as well as proteolytic enzymes in general such
as trypsin, destroy the immunizing antigen after overnight
incubation (personal communication). There is also the evi-
dence obtained from the study of a so-called non-proteolytic
variant of the ‘Vollum® strain produced by irradiating with
ultra-violet light (Wright, Hedberg and Feinberg, 1951). This
strain, referred to as NP-A, was assumed to be completely non-
proteolytic since it failed to produce a zone of clearing round
the colonies on milk agar plates, characteristic of the parent
strain, Furthermore filtrates from three-day cultures mn yeast
extract broth showed no proteinase activity. Active immuniza-
tion of rabbits with plasma culture filtrates showed that the
NP-A strain could be grown for a longer period than the parent
strain without loss of immunizing activity. This suggested that
the destruction of the i izing antigen on prolonged culture
noted by Gladstone was partly due to protemnase activity,
though the fact that the antigen was destroyed eventually even
. cultures of the NP-A strain seemed to indicate that other
factors were also responsible,

On the other hand it seems possible that these results might
be explained solely on a basis of proteinase activity, since I have
found that the NP-A strain when grown under particularly
favourable conditions does in fact produce some proteinase
though not as much as the parent “Vollum’ strain (Table 2).

It would seem, therefore, that the NP-A strain is more
correctly referred to as a weakly proteinase-producing strain
analogous to those of Str. pyogenes. Nevertheless it might be
thought that it would prove superior to the parent strain for the
production of immunizing antigen. This, however, has not
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Many years ago Bail (1904} showed that the oedema fluid of
cutaneous anthrax lesions contained a filtrable antigen capable
of immunizing animals against experimental anthrax infection.
Bail's observations have since been amply confirmed and
extended by many workers (Graber and Staub, 1946;
Cromartie, Watson, Bloom and Heckly, 1947). Attempts to
produce an immunizing antigen in vitro have, however, until
recently met with little success. Casagrandi (19o2) and Schilling
(1927} claimed to have produced some degree of immunity in
rabbits by immunizing with filtrates from broth cultures con-
taining high concentrations of serum or plasma. White (1946)
has also produced an appreciable degree of immunity in guinea
pigs by immunizing with a vaccine consisting of a whole culture
of a non-sporing variant of 8. anthraeis grown in whole blood and
killed with toluol. In none of these experiments, however, was
the immunity induced of a high order. Gladstone (1946}, how-
ever, has shown that filtrates of cultures grown in scrum of
plasma under carefully controlled conditions contained an
immunizing antigen which was as active as that obtained from
oedema fluid. For its production it was necessary that a small
inoculum be used, consisting of circa 101 spores per 25 ml. o
plasma, and also that the incubation period should be short, i.c.
about 18 hours. After that period the antigen was rapidly
destroyed and in filtrates from 48-hour cultures Little or no
jmmunizing antigen could be detected. Gladstone { 1948) later
found that the incubation period could be lengthened to 3 days,
and filtrates twenty-five times more potent could be obtained
if the cultures were dialysed against broth in a special apparatus
designed to ensure a continuous supply of oxygen and fresh
nutrients.

More recently, potent filtrates have been obtained in 2
medium contaimng hydrolysed casein, yeast extract and char-
coal (Belton and Strange, 1954) and in chemically defined nost-
protein medium (Wright, Hedberg and Slein, 1954). It 13
evident, therefore, that contrary to the indications of carlicr
work, high concentrations of serum or plasma are not essential
for the production of immunizing antigen,

There are strong grounds for believing, as Gladstone has
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proved to be the case according to Wright and his colleagues
(Wright, Hedberg and Slein, 1954), and Belton and Strange
(personal communication), possibly owing to the fact that in
the medium used proteinase production was completely inhi-
bited even with the strongly proteinase-producing parent
strain. I have, in fact, failed to demonstrate any proteinase in
culture filtrates of the ‘Vollum’ strain grown in hydrolysed
casein yeast extract charcoal medium, prepared by Belton.

Further evidence of the destructive action of proteinase on the
immumzing antigen might be obtained by establishing a
correlation between the presence of proteinase and absence of
immunizing antigen and vice versa in filtrates of cultures grown
under varying conditions, Such evidence is however very in-
complete.

Gladstone (1948) found that, judged by protein estimations,
proteolysis was absent in highly immunizing serum filtrates
grown under the special conditions referred to above, whereas it
was markeqd in ordinary stagnant cultures, particularly in the
later stages of growth when the immunizing antigen was des-
troyed.

On the other hand, proteolysis was also absent 1n aerated
plasma-culture filtrates showing little or no immunizing activity.
It seemed, therefore, that under such conditions other factors
such 25 denaturation of the antigen or inhibztion of its produc-
tion due to the antifoaming substances used mght also be
responsible for lack of izing activity.

I have recently been studying the effect of varying the growth
conditions on the production of proteinase, with particular
reference to the influence of OfR potential. The results of this
investigation, taken in conjunction with the findings of other
workers with regard to the conditions required for the produc-
tion of immunizing antigen, appear to have some bearing on
the problem.? Cultures of the “Vollum’ strain were grown at 37°
in very shallow layers (ro” spore inoculum/6o ml. of medium
P wielmot il nellloialoove PR,

1 Some of these observations were made after this lecture was delivered.
u
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significant that other workers have found this medium to favour
the production of immunizing antigen provided incubation is
not prolonged. In 20 per cent serum broth, proteinase produc-
tion though marked after prolonged culture is also delayed, and
this may perhaps be related to the delayed fall in O/R potential.

The second peint to be noted is that the titre of proteinase
varies considerably with the agé of the filtrate. Many filtrates
show little or no activity when fresh but are markedly proteo-
Iytic after keeping for 14 days. This phenomenon is reminiscent
of that which occurs with streptacoccal proteinase. It suggests
that anthrax proteinase like streptococcal proteinase may under
certain conditions be produced in the form of an inactive pre~
cursor which is activated autocatalytically, though unlike
streptococcal proteinase at a relatively high O/R potential. Not
all filtrates show this phenomenon however. For example, in the
24-hour Na thioglycollate broth culture filtrates the reverse
process occurs, indicating that under certain conditions pro-
teinase may be destroyed These findings, however, show that
in any attempt to study the protemase activity of a culture fil-
trate in relation to its immunizing activity, it is important that
the filtrate should be tested some time after filtration as well as
when fresh, since it is quite possible that antigen may be
destroyed by proteinase formed during storage, and possibly
even after the introduction of the filtrate into the tissues during
the process of immunization,

Thirdly, 1t will be seen that anthrax proteinase, or at least
that produced by the ‘Vollum’ stram, unhke streptococcal
proteinase is most active in the absence of Na thioglycollate
particularly when gelatin is used as substrate.

It would seem therefore that the O/R potential conditions
necessary for its activation are the reverse of those required for
its production. The necessity for high oxygen tension conditions
for the activation of proteinase varies considerably with differ-
ent filtrates and according to the time of testing. Fresh filtrates
in general show no activity in the presence of Na thioglycollate
unless grown at a particularly low O/R potential, but after
storage considerable activity is evident under reducing con-
ditrons. The reasons for this are not clear. It may be that, as it
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tested for proteinase activity immediately after filtration and
also after storage for 6 and 14 days in a shallow layer at room
temperature,

The substrates used wete 25 per cent powdered milk sus-
pension and 4 per cent gelatin with and without the addition of
o1 M Na thioglycollate. These figures in each case represent
the final concentrations in the substrate filtrate mixtures. The
results are given in Table 2,
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Fic 1. The O/R potentials recorded 1n static cultures of B, anthracs
{Vollum) grown 15 different media
In the first place it will be seen that in these media proteinase
production appears to be related to the mean OfR potentials
developed during growth (Figure 1). In horse serum, 20 per
cent horse serum broth, infusion broth and Na thioglycollate
broth, proteinase production increases and the mean O/R
potenti;\l js lowered 1n that order. In horse serum, in w}uch. the
O/R potential 18 maintained at a relatively high level, hul.e
proteinase is formed and then only after prolonged culture. It is
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STAPHYLOCOCCAL PROTEINASE AND COAGULASE

It seems possible that Staph. pyegenes also may produce an
immunizing antigen~destroying enzyme. In the first series of
these lectures, Professor Miles {Miles, 1953), discussing various
aspects of antibacterial immunity, drew attention to the in-
creasing amount of evidence incriminating coagulase as an
important offensive mechanism of staphylococci. He suggested
that it only remained to prove the protective value of anti-
coagulase sera to establish beyond doubt the pathogenic role of
coagulase in staphylococcal infections.

Contrary to the findings of earlier workers (Walston, 1935;
Smith and Hale, 1944) recent work has shown that coagulase is
in fact antigenic (Tager and Hales, 1948; Rammelkamp et al.,
1950; Duthie and Lorenz, 1952). Furthermore W, C. Boake
from Dr. Gladstone’s Jaboratory, in a paper given before the
Pathological Socicty in January 1953, produced evidence that
immunization with coagulase induced the formation of protec-
tive antibodies. While Boake’s claim that coagulase is an
immunizing antigen has not so far as I know been confirmed, it
seems appropriate to discuss in this lecture evidence recently
obtained that staphylococci produce an enzyme capable of
destroying coagulase.

1t is well established that coagulase is destroyed by proteolytic
enzymes such as pepsin and trypsin (Tager, 1948; Duthie and
Lerenz, 1g52). Furthermore Lominski and his colleagues (1953)
have described a factor believed to be a proteolytic enzyme
produced by colomal variants of Staph. pyogenes which is also
capable of destroying coagulase. During the past two years 1
have come across evidence of a simlar enzyme in the coursc of
an investigation of the action of extracellul
by staphylococc) on the immunizing activity of the heat-killed
vaccines. It appears to be responsible for the rapid disappear-
ance of coagulase from culture filtrates of certain strains on
storage, and particylarly on incubation. This is demonstrated
in the experiment recorded in Table 3, in which filtrates
obtamed from cultures of various strains, grown for 48 hours at
22° C and used for the preparauon of vaccines, were tested for
gelatn-liquefying activity and also for their ability to coagulate
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ages, proteinase becomes less exacting in its need for a high
oxygen tension for activation. Evidence that this may be so is
afforded by the fact that some filtrates when fresh produce
liquefaction of gelatin only in the upper § or 1 of the tube,
while on repeating the test liquefaction may be complete. It
may also be that proteinase gradually becomes converted inta a
form requiring the reverse conditions for activation,

On the other hand, it is possible that the anthrax organisms,
as appears to be the case with staphylococci, produce two forms
of proteinase, one active at a high and the other at a low OfR
potential, The development of activity in the presence of
thioglycollate on storing the filtrate might be due to the
delayed conversion of the latter form from an inactive precur-
sor. It seems probable, however, that this form may be relatively
unimportant in so far as destruction of immunizing antigen is
concerned, since development is delayed and moreover the O/R
potential conditions present in the stored filtrate and after
introduction into the tissues are unlikely to favour its activation.

While there is every reason to believe that the immunizing
activity of culture filtrates is largely determined by the presence
or absence of proteinase, this does not appear to be the only
factor concerned. The immunizing antigen appears to be
unstable on storage in filtrates apparently containing no pro-
teinase, as in the chemically defined non-protein medium of
Wright and his colleagues (Wright, Hedberg and Slein, 1954),
though stabilization can be brought about by lyophilization or
alum precipitation. It has been suggested that it may be des-
troyed as the result of oxidation. This does not seem likely in
view of Gladstone’s observation that it is not destroyed as the
result of aerating the culture filtrate (personal communication).
The other factor or factors bringing about destruction of the
antigen have yet to be determined.

The farlure of culture filtrates to immunize is morcover not
necessarily due to destruction or inactivation of the antigen.
Production may be deficient. As Wright and his co”e:?gll:!
point out, elaboration of the amig‘cn appears to be assoa?!ed
with a particular type of metabolic actity of the organism,
to which many media may not be suited.
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ascorbic acid, but that this effect is blocked by serum. This may
possibly be due to the poising effect of serum on O/R potential.
It would appear, therefore, that the activity of coagulase is
influenced by O/R potential and is maximal at a relatively high
level, The filtrates of fourteen other strains have been tested for
proteinase activity in the presence and absence of a reducing
agent. Seven gave results similar to that of strain 17, five similar

TasLe 4 The Infl of Na thioglycollate on Protei and Coagulase
Activity of Culture Filtrates of Different Strams of Staph. pyogenes

Proteinase titre Coangulase titre

Gelatin Milk .

Strain substrate substrate Human Rabbit
X no + no + no -+ no
thio  thio thio thio | thio the thio thio
17 st s o | — — — —
mex | 203 2 T Z T C
.5.1 — & - ES - - = -
51 - — - — — s~

-=<1}

to strain 46, and two similar to strain 51. The fact that culture
filtrates of some strains, even when grown under widely
different conditions, consistently show proteolytic activity only
in the absence or presence of Na thioglycollate suggests that
Staph. pyogenes may produce two types of proteinase. One, which
for convenience may be referred to as proteinase ‘0, like that
produced predominantly by the “Vollum’ strain of B, anthracis is
mactive in the presence of Na thioglycollate. The other,
referred to as proteinase ‘R’, hike streptococcal protemnase
requires reducing conditions for activation.

The ablity of proteolytic filtrates containing one or other or
both types to destroy coagulase was studied by mixing with a
coagulase-containing filtrate, incubating, and testing the mix-
tures for loss of coagulase activity, The mixtures were incubated
with and without the addition of Na thioglycollate (o 1 M), and
controls containing the proteolytic filtrates, previously heated
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rabbit plasma immediately after filtration and after incubating
for 3 days at 37° C. Apart from the filtrate of strain 46 which
contained very little coagulase even when fresh, the rapid
disappearance of coagulase from the filtrates on incubation can
be seen to be associated with gelatin-liquefying activity.

‘Tasre 3, The Relationship between Gelatin-liquefitng Activity and

Instability of Congulase in Culture Filtrates of Diffcrent Strains of
Staph. progenes

Rabbit coagulase titre of

Strain | Gelatin-liquefying titre Filtrate after
Fresh filirate  lincubation for 3 days,
37°C.

Y17 } —

46 — J{ —

51 - * &

139 — - *

134 3 x =

152 1 h —
221 —

BS.I * b *

-=<$

The proteolytic and coagulase activity of culture filtrates of
some of these strains was investigated in greater detail, Cultures
were grown for 48 hours at 37° C. and aerated by shaking, in
order to obtain as high titres as possible, and the filtrates were
tested immediately after filtration (Table 4). Two protein
substrates were used, namely milk and gelatin, and the tests
were carried out both in the presence and absence of Na thio-
glycollate (0-2 M). It will be seen that the filtrate of strain 17
is proteolytic both 1 the presence and absence of the reducing
agent, that of strain BS.1 is only active 1n its absence, and that
of strain 46 only in its presence. Essentially the same results
were obtained with both substrates. The filtrate of strain 5¢
showed no proteinase activity and is the only one to coagulate
human or rabbit plasma. It will be noted furthermore that
coagulase activity is inhibited by Na thioglycollate. Tager (1948)
has recorded that coagulase is akso exceedingly sensitive to
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ascorbic acid, but that this effect is blocked by serum. This may
possibly be due to the poising effect of serum on QfR potential.
It would appear, therefore, that the activity of coagulase is
influenced by OfR potential and is maximal at a relatively high
level. The filtrates of fourteen other strains have been tested for
proteinase activity in the presence and absence of a reducing
agent, Seven gave results similar to that of strain 17, five similar

‘Taste 4 The Influence of Na thioglycollate on Proteinase and Coagulase
Activity of Culture Filtrates of Different Strains of Staph. gyogenes

Proteinase titre Coagulase titre

Gelatin Mk .

Strain substrate substrate Human Rabbit
+ no + no + no + no
thio thio thio thio | thio thio thio thio
g LI ri-r s — = - -
¥ — — - - = =
BSI — * — S -— —_ -
51 —_ — — - — [

=<3

to strain 46, and two similar to strain 51. The fact that culture
filtrates of some strains, even when grown under widely
different conditions, consistently show proteolytic activity only
in the absence or presence of Na thioglycollate suggests that
Staph. pyogenes may produce two types of proteinase. One, which
for convenience may be referred to as protemnase ‘O”, like that
produced predominantly by the “Vollum’ strain of B. anthracis is
inactive in the presence of Na thioglycollate. The other,
referred to as proteinase ‘R’, ke streptococcal proteinase
requires reducing conditions for activation.

The ability of proteolytic filtrates containing one or other or
both types to destroy coagulase was studied by mixing with a
coagulase-containing filtrate, incubating, and testing the mix-
tures for loss of coagulase activity. The mixtures were incubated
with and without the addition of Na thioglycollate (o 1 M), and
controls containing the proteolytic filtrates, previously heated
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to 807 C. for one hour to inactivate the enzyme, were also set up.
The results are recorded in Table 5. It should perhaps be men-
tioned that the amount of Na thioglycollate present in some
of the mixtures after incubation was insufficient to affect the
titration of coagulase apart from producing a slight prozone of
inhibition in one or two cases.

Taser 5. The Destructive Action of Proteolytic Filtrates on
Coagulase Activity of Strain 51 filtrate

Proteinase titres of Coagulase titres
Culture filtrate of strain mixtures before of muxtures
51 1ncubated with incubation after incubation
filtrates below (grown > -
° -

48 hrs, 37°C , shaken) -t‘ }lz ’;o 3 (t)}:;o “Human  $Rabbit
17. - thio (2 days 37°C.) s & — —
17. 4 thio (2days37°C) | 315 > & s
B.S.IL ~ thio unheated

(10 days 37°C.) — 3 _ P
B S.I. + thio unheated

(10 days 37°C) —_— — & s
B.S.I. - thio heated

{10 days 37°C ) — — E% e
46. - thio unheated

(10 days 37°C ) * _ & o
46. + thio unheated

(10 days 37°C ) * — & e
46. + thio heated

(10 days 37°C.) — — & e
139. + thio unheated & — & poas
Fresh broth - thio — — i s
Fresh broth + thio - — - MY

Before incubation * 3z, t 5ty
=<1

1t will be seen that while the unheated proteinasc ‘O’ con-

taining filtrates produced a marked reduction in coagulase

titre, those containing the ‘R’ form were inactive, apart from

that of strain 17 which contained both types. A similar result

as obtained on heating the mixturc.s at80° C.for 1 hour bef'orc

testing, in order to destroy the protmr:asc prc.scnt,'wllec leaving
[

the activity of the b g T
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There appears, therefore, to be a marked difference in the
ability of these two presumably distinct forms of proteinase to
attack coagulase. The reasons for this have yet to be determined.

‘THE SeARCH FOR ANTIGEN-DESTROVING DxzvMmes
IN OTHER BAGTERIAL SPECIES

It seems most improbable that the production of antigen-
destroying enzymes in cultures of bacteria is confined to those
species in which it has so far been demonstrated. Nor is there
any reason to assume that only protein antigens are liable to
be destroyed in this way. In this connection I might mention
the destruction of hyaluronic acid present in the capsular
material produced by some strains of haemolytic streptococci
as the result of the action of autogenous hyaluronidase (Sea-
stone, 1943; McLean, 1941, 1942). This substance, however,
though possibly an important offensive factor is non-antigenic.
There is, furthermore, no reason to assume that antigens may
only be destroyed by enzymes liberated from the cells during
growth, It seems likely that the process may occur much more
frequently than is generally realized and may be responsiblein a
number of instances for the irregular or inconstant production of
i izing anti in bacterial cul and their instability
in vaccine or culture filtrate.

For example, some of the peculiar characteristics of the Vi
antigen of the typhoid bacillus may be explained on the
assumption that it is subject to destruction by enzyme action. It
is well known that this antigen is present most abundantly in
relatively young cultures of Salm. fphs, and that it tends to
disappear in the later stages of growth, ie. after about 10-12
hours, It is also known that cultures of some strains, such as
Ty.2, retain it for a longer period than others, and in cultures of
other Salmonella species which produce it, such as Salm, ballerup,
it may be quite stable. This behaviour may well be due to the
fact_ that these strains produce varying amounts of a Vi-
antigen-destroying enzyme.

l‘:urt.hermore, Felix and his colleague (Felix and Petrie, 1938;
F:Ix.x, rg41) showed that while the immunogenicity of the T Vi
antigen was lost following heat treatment at 60° C. for one
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hour, it was largely unimpaired in alcohol-killed suspensions.
Later (Felix, 1952) it was shown that the degree to which it
was lost following heat treatment varied with the strain, and as
before in some strains, particularly those of other Salmonella
species, it was relatively stable. According to Peluffo (Peluffo,
1941), the normally heat-sensitive T Vi antigen is highly
resistant to heat when the bacilli are suspended in absolute
alcohol or acetone or when they are dehydrated in vacuo. In
explanation of these observations I would suggest that the T Vi
antigen may be destroyed not so much by the heat treatment as
by enzyme action which continues after heating and may be
accelerated by it, and that this process is partially if not com-
pletely arrested by alcohol. Felix, in a recent paper (1g52), con-
cludes that ‘the physicochemical behaviour of , . . the T Vi
antigen may vary as the result of the presence in, or absence
from, the bacterial cell of some other substance which itself may
be either antigenic or non-antigenic’. If such a Vi-antigen-
destroying enzyme does exist and is responsible for the effects
1 have described, it may well remain bound to the cells and
have to be extracted in some way before it can be studied.

ConcLusioNs

But to return from surmise to the more definite conclusions to
be drawn from the experiments I have described. Besides
affording evidence of the destruction of certain antigens by
bacterial enzymes, they have also shown that factors such as
OfR potential are of considerable importance in regulating the
activity of these enzymes. The antigenic make-up of an organ-
ism growing under the relatively low OfR potentials developed
in bacterial cultures may therefore be guite unlike that of the
same organism growing in rico, where the oxygen tension con-
ditions are likely to be very different. This may possibly be one
reason for the superior results sometimes obtained with living,
as compared with dead vaccines.

In conclusion it may be useful if I give a summary of the
methods used 1 these investigations, including those that may
prove successful in the study of possible intracellular antigen-

destroying enzymes.
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The first step is to attempt to produce a highly i xmmumzmg
antigen either in the vaccine, as with Str. pyogenes, or in culture
filtrate, as with B. anlhmm, by the usual methods, given in
Table 6. The next step is to reverse the procedure and, by
changing the strain or by slight modifications in growth con-
dutions, to obtain, if possible, preparations which are com-
pletely non-immunizing. If successful, the next step is to deter-
mine whether this lack of i lmmumzmg activity is in fact due to

‘TABLE 6. Stages in the A
Enzymes (LA D.] E ) of Bactenia

1. Production of fully immunizing vaccine (or culture filtrate) by varying
(a) stramn (including artificially induced vanants)
(8) medium
(¢) growth conditions (c.g. Eh and pH)
d) method of killing vaccine
conditions of storage.
It Producion of monc -immumzing vaccine (or culture filtrate) by modifying
(), {8) or {c) above.
Preparanion of filtrate (or cell extract) from ron-immunizing vaecine
culture.

TII. Treatment of immunizing vacene (or culture filtrate) from I wath cul-
ture filtrate (or cell extract) from II by incubating (at varying Eh and
pH), and tests of treated product for destruction of I.A by

(a) immunization experiments
(4) serological methods.

1V. Parallel tests of filtrates or extracts from II with substrates of same
chemcal nature as immuntzing antigen (where known).

V. Establishment of correlation between presence of I A and absence of
LAD E naculture (and vice versa).
VI. Canfirmatory tests with punfied I.A D.E

the production of an immunizing antigen-destroying enzyme.
This is done by treating the immunizing antigen with the cul-
ture filtrate from the non-immunizing preparation, including
also heated filtrates as controls, and testing the treated product
for destruction of the :mtigen by active immunization, sero-
logical or other tests. If’ neganve results are obtained, it may be
due to the fact that the enzyme is only developed mtracellular]y
Prcparauans should therefore be made of intraceltul
by extracting, lysing or disintegrating the cell, and these should
be tested in the same way.

When the chemical nature of the immunizing antigen is
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hour, it was largely unimpaired in alcohol-killed suspensions.
Later (Felix, 1952) it was shown that the degree to which it
was lost following heat treatment varied with the strain, and as
before in some strains, particularly those of other Salmonella
species, it was relatively stable. According to Peluffo (Peluffo,
1941), the normally heat-sensitive T Vi antigen is highly
resistant to heat when the bacilli are suspended in absolute
alcohol or acetone or when they are dehydrated in vacuo. In
explanation of these observations I would suggest that the T Vi
antigen may be destroyed not so much by the heat treatment as
by enzyme action which continues after heating and may be
accelerated by it, and that this process is partially if not com-
pletely arrested by alcohol. Felix, in a recent paper (1952), con-
cludes that ‘the physicochemical behaviour of . . . the T V1
antigen may vary as the result of the presence in, or absence
from, the bacterial cell of some ather substance which itself may
be ecither antigenic or non-antigenic’. If such a Vi-antigen-
destroying enzyme does exist and is responsible for the effects
I have described, it may well remain bound to the cells and
have to be extracted in some way before it can be studied.

Concrustons

But to return from surmise to the more definite conclusions to
be drawn from the experiments I have described. Besides
affording evidence of the destruction of certain antigens by
bacterial enzymes, they have also shown that factors such as
QYR potential are of considerable importance in regulating the
activity of these enzymes. The antigenic make-up of an organ-
ism growing under the relatively low O/R potentials developed
in bacterial cultures may therefore be quite unhke that of the
same organism growing iz vito, where the oxygen tension con-
ditions are likely to be very different. This may possibly be one
reason for the superior results sometimes obtained with hving,
as compared with dead vaccines.

Tn conclusion it may be useful 1f I give a summary of the
methods used in these investigations, including those that may
prove successful in the study of possible intracellular antigen-

destraying enzymes.
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known the enzyme concerned may also be studied by additional
tests, using more readily available alternative substrates,

Again, as has been demonstrated in the studies of staphy-
lococcal coagulase and proteinase, the establish of a cor
relation between presence of enzyme and absence of antigen
and vice versa in a culture affords additional evidence of anti-
gen-destroying activity, and may give some indication as to
whether the action of the enzyme is solely responsible for lack of
immunizing activity. Lastly, it is necessary to isolate the enzyme
in as chemically pure a form as possible and to carry out con-
firmatory tests with the purified product. But this is likely to be
a long and laborious task, as was found to be the case with
streptococcal proteinase,

The study of antigen-destroying enzymes is obviously only in
its infancy, and much more experimental work is required
before it is possible to assess their importance as factors if-
fluencing the immunizing activity of vaccines in general,

1 believe, however, that the evidence is sufficiently promising
to warrant further extensive research along these lines.
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chick embryo for viruses and in ordinary culture media for
fungi.

An antibiotic will naturally be useless in a condition which is
not infective at all, and it seems appropriate to point out that
fever is not invariably the result of bacterial actton, since this
symptom appears sometimes to be considered an indication in
itself for antibiotic treatment. Some conditions have the features
of an infection, and yet the part played in them by bacteria is
only secondary: among these I am inclined myself to place
ulcerative colitis, in which on the whole antibiotic treatment
has been disappointing. How secondary a part, if indeed any,
bacteria may play in an ulcerative process was brought home
forcibly to me by two patients recently in St. Bartholomew’s
Hospital under the care of my colleague, Dr. E. F. Scowen. One
of these was a boy with extensive ulceration of the mouth and
fauces, in which no specific bacteria could be found, and the
second a man diagnosed as having ulcerative colitis but giving a
history of a similar mouth condition at the onset: the condition
in both was quite irresponsive to antibiotics, but cleared up
rapidly and completely when cortisone was given.

It should also be remembered that although a condition may
be clearly infective in nature, its existence may depend on an
underlying structural defect: unless this can be remedied per-
manent cure cannot be hoped for. Almost all authors who have
studied the chemotherapy of urinary infections have emphasized
that in the presence of calculi or any form of obstruction relapse
is certain to occur even though the urine may for the time be
sterilized. Another example of the effect of stagnation in pre-
disposing to infection is bronchiectasis: chemotherapy can
afford complete temporary relief of symptoms, but—except per-
haps in the mildest cases in children (Franklin and Garrod,

1953 )—Testoration of the stafus quo ante occurs eventually, Many
examples could be cited of conditions in which antibiotic
treatment 1s only an adjunct to surgery, and cannot replace it.
Closed foci of suppuration still require drainage and large arcas
of tuberculous caseation or any tissue which has undergone
necrosis must be removed before resolution can take place.
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Causes of Failure in Antibiotic Therapy

LAWRENCE P. GARROD

inclusion in a series with so high-sounding a title as “The

Scientific Basis of Medicine’. It involves a somewhat prosaic
story of mistakes, most of which can casily be avoided, although
admittedly the avoidance of some of them calls for rather
deeper thinking and a knowledge of bacterial behaviour which
is at least not universal.

The causes of failure in chemotherapy may obwiously be
found in the patient, in the choice of the drug and/or the mode
of its use, or in the micro-organism itself. I propose to consider
them in that order.

I AM not very sure that the subject of this lecture qualifies for

ConptTIoNs INSUSCEPTIBLE TO ANTIBIOTIC TREATMENT
Most pathogenic organisms are sensitive to one or more of the
major antibiotics, but there are still important exceptions, It is
interesting that these are found at the extremes of the scale of
microbic dimensions, At one end are the smaller viruses; so far,
in spite of immense efforts and some interesting findings, there
is no prospect that any antibiotic will influence the course of
most virus diseases. At the other end are the fungi, and with the
important exception of actinomycosis, none of the systcma!ic
mycoses is amenable to chemotherapy, unless the recently dis-
covered antibiotic ‘nystatin’ should prove this to be untrue. So
resistant are both these classes of organism to the major anti-
biotics that the latter can be used in high concentration to
facilitate their isolation from contaminated material, in the
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demands treatment with one of the newer antibiotics: the
nature of the infection can usually be determined by simply
staining a film of the sputum, and there need therefore be no
delay.

Two other parts of the body in which infection may be due to
any of a number of bacteria are the meninges and the urinary
tract. There is no condition in which expert laboratory help is
more urgently necessary than meningitis. Both here and in the
urinary tract the infection may be caused by a species of Gram-
negative bacillus, such as Ps. pyocyanea, which is highly resistant
to most chemotherapeutic agents. The antibiotics to be con-
sidered in such infections should include polymyxin: Ps. pyocyanca
and other coliform bacilli are highly sensitive to it, and in the
doses required it is non-toxic as well as effective (Jawetz, 1952).

Sometimes no single drug will succeed, and a combination of
two is indicated. This is much less often necessary than the
present popularity of ‘combined’ treatment would suggest, but
it may be life-saving when the organism is comparatively resis-
tant and must be completely eradicated, as in Str. faecalis
endocarditis. Gunnison and Jawetz (1950) have shown that
penicillin even in optimal concentration will not exterminate
this organism i zitro, but 1f streptomycin be added, even in a
concentration which acting alone permuts growth, the culture
will be sterilized, This combination of drugs is in fact the only
successful treatment for this form of endocarditis (Robbins and
Tompsett, 1951; Cates, Christie and Garrod, 1951). The
sensitivties to antibjotics of four strains of Str. faecalis from cases
of endocarditis treated at St. Bartholomew’s Hospital are stated
in Table 2. All the patients responded to this treatment

(although not all recovered) and several of them had had
previous prolonged but ineffective treatment with the antibiotics
—aureomycin or in one case chloramphenicol—to which their
streptococci were most sensitive by the ordinary method of test
(Garrod, 1953).

Domtatir i it

been proposed by Jawetz and Gunnison (1953); suffice it to say
X
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‘Wrone Citorcs or AnTisroTic
The bacteriological diagnosis, as in, for instance, carbuncle or
gonorrhoea, is sometimes as self-evident as the clinical, but in
many forms of disease it can only be ascertained with certainty
in the laboratory, and if it is simply guessed at, and the guess
proves to be wrong, the antibiotic chosen may be ineffective.
Preumonia, for example, may be caused by any of five species
of bacteria, apart from viruses. If penicillin be the drug chosen,
it will be seen from Table 1 that it is likely to be effective in two

Tante 1. Action of Penicillin on Bacteria Causing

eumonia
finimum inhibitory
Species (units/ml.)
Str. pneumoniae 001
Sir. ppogenes 001
Staph. pyogenest 002
H, influenzae 05-50
K. prewmontae 52100

1 Many strains much more resistant

of these infections, including of course the commonest (pneus
mocoecal), and to be ineffective in infections due to the two
Gram-negative bacilli, while in a staphylococcal infection it
may or may not be according to whether the strain is sensitive
or resistant. It has been claimed for the broad spectrum anti-
biotics, and in particular aurcomycin (Herrell, 194g) that all
kinds of pneumonia, including those due to viruses, can be
successfully treated with them, and it was thus to be expected
that routine use would yield better results than treatment with
penicillin. The Medical Research Council Trial (Report, 1951)
of aurcomycin and chloramphenicol in pneumonia did not bear
this out: these drugs gave no better over-all results than pre-
viously standard treatment (usually penicillin) and were dis-
liked by the patients because of their effects on the digcsuyt:
tract. This series included only 3 KL pneumoniae and 1 H. in-
fluenzae infection, and all of these happened to be in the groups
treated with aurcomycin or chloramphenicol. A p ia due
to cither of these organisms, particularly the former, urgently
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neglect of this preliminary treatment js a common cause of
failure, and I have seen an illustration of this quite recently.

Derects 18 Dosace
There are several reasons why inadequate dosage of the newer
antibiotics is uncommon. The obvious one is that oral admini-
stration presents no difficulties: others are the well-sustained
blood levels after infrequent doses and the fact that the smaller
the dose the greater the proportion of it absorbed.

Penicillin presents a different problem. Unless it be admitted
that oral administration is satisfactory-—and about this there is
some doubt in more serious infections and those less readily
susceptible to treatment—the difficulty is that of providing for
repeated injections. It is usually feasible in any circumstances
to give these once daily, and some years ago it was frequently
said and generally supposed that a sufficiently large dose of
sedium penicillin given once daily was adequate. A colleague
and I (Garrod and Shooter, 1950) gave 500,000 units of sodium
peniallin to each of 32 subjects and assayed the drug in the
blood by an exceedingly sensitive and accurate method at
intervals after the injection, The average period during which
penicillin could be detected was slightly less than 8 hours. It has
been shown by Eagle and Musselman (1949} that a period of
up to 4 hours elapses after non-lethal exposure to peniallin
before bacterial growth is resumed. It therefore seems reason-
able to suggest that this dose should be given twice daily and
not once for full therapeutic effect.

It is often argued, on the other hand, that the high initial
blood concentration produced with sodium penicillin favours
diffusion into foci of infection, and that the drug persists in such
foci long after it has disappeared from the blood. The first part
of this argument is probably true, the second true only of foci
where there is a collection of exudate such as an abscess. In an
infected area where the circulation is normal or increased and
po tissue breakdown has occurred, there is no reason why
penicillin should accumulate and persist, and the 1ngenious
experiments of Eagle, Fleischman and Levy (1gsga), who
assayed the penicillin content of infected muscle at intervals
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that antagonism may result from the combination of 2 bac-
teriostatic drug with a bactericidal one, the latter only exerting
this effect on multiplying organisms. There is plentiful evidence
of such an interfering effect (e.g. by chloramphenicol or aureo-
mycin, which are ’static, with penicillin, which is *cidal) both iz
vitre and in experimental infections in mice. There is also one

TasLr 2, Antibiotic Sensitivities of ¢ Strains of 8ty faecals Isofated from
Cases of Endocarditis, St. Bartholomew’s Hospital, 1950-2

Minimum Tabibitary C. fons (pg./ml)
Sex Age  Penicithn p i A yein Chl henicol
F 36 25 30 015 20
M 57 18 30 01 6
M 63 25 125 015 25
F 25 25 10 03 06

clear example, in special conditions, in the clinical field. Lepper
and Dowling (1951} obtained a recovery rate of 70 per cent in

seoccal ingitis by tr with penicillin alone, in
intramuscular doses of 2,000,000 units two-hourly. When
aureomycin was added to this treatment recoveries fell to 21 per
cent. Both drugs evidently reached the eerebrospinal fluid in
the critical rather low concentrations necessary for antagonism,
and the meninges are a situation in which a full bactericidal

effect is necessary.

Derects v ADJUVANT TREATMENT

A minor cause of failure is in not providing the conditions under
which an antibiotic can exert 1ts full effect. An example of this,
apparently not even yet g Hy famliar, is failure to atkalini

the urine before giving streptomycin for a urinary tract infec-
tion. This antibiotic depends more than any other antibiotic
for its effect on pH, and alkalinity favours it. The pH almost
everywhere in the body (collections of pus are one exception) is
on the atkaline side exceptin the urine. 1t is thercfore imperative
that the urine should be rendered constantly alkftl'inc, as
judged by examining the first morning specimen, by giving full

i{ases of sodium bicarbonate, before treatment 1 begun. The
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system of administering penicillin would have to be recon-
sidered.

Penicillin treatment may fail, whelly or in part, because
doses are inadequate or intervals between them too long, but
also because treatment is stopped too soon. If the course given
for streptococcal angina, including scarlet fever, is too short,
recurrence is common. Diseases for which exceptionally long
courses are imperative are subacute bacterial endocarditis and
actinomycosis.

MisoubEp ProPryLAKIS

There is much difference of opinion about the indications for
antibiotic prophylaxis, including a strong body of well-informed
opinion that this proceeding is resorted to much too freely.
When it is, there should be a clear idea of its aim. Few would
deny that penicillin should be used as cover for dental extrac-
tion in a rheumatic subject, but is the object of this to destroy
bacteria entering the crculation, or to destroy them before-
hand in the mouth itself? If the former, the first dose should be
given immediately before extraction: if the latter, presumably
several days beforehand. In fact the former should be the
object: sterilization of the mouth is impossible, and attempts to
do so merely eliminate the sensitive part of the flora and so
encourage the growth of resistant organisms. The grave danger
of thus selecting as a cause of subsequent infection an organism
insusceptible to the preferred antibiotic is well fllustrated by the
Iustory of a recent patient at St. Bartholomew’s Hospital (Cates,
Christie and Garrod, 1951) A man who had been cured of
subacute bacterial endocarditis with penicillin five years earher
had to have ten teeth removed. He was admitted to hospital and
given 500,000 umts of penicillin 4 times a day for 6 days,
extractions being done 2 and 4 days after the beginning of this
course, He promptly developed a second attack of bacterial
endocarditis due to a streptococcus 200 times more resistant to
penicillin than that causing his original infection, and is for-
tunate to be still alive, although with damage to the vestibular
branch of his eighth nerve, after a prolonged course of heavy
doses of penicillin and streptomycin.
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after a single therapeutic dose, prove that it does not, Many of
the: conditions for which penicillin is used, such as celluliti,
preumonia, acute catarrh, are of this general nature—acute
inflammation with hyperaemia and no tissue breakdown.

_ This vexed question of how often sodium penicillin should be
given may well be regarded as having been settled by an
elaborate and well-designed series of experiments reported by
Eagle, Flelschman and Levy (rgssb). Tables 3 and 4 ate

Tastr 3. Btreptococeal Infection 1n Mice Treated with 4 Doses of Fenicitlin
Data from Eagle £t al., 1953b)

Interval between

inyections {hours) 3 1 3 6 12 24
Total dose {mg /kg)

required to cure 68 3 3 6 76 210

extracted from the large mass of data in this paper, and both
show in different ways that there is an optimuw intexval for 2
given dose: if this is either shortened or exceeded, not only must
a greater amount of the drug be given to achieve the same effect,
but—and this applies to a lengthened interval only—the dura-
tion of treatment necessary for cure is greatly extended.

TasLe 4, Strcpmc:;n:cal Infection w Mice Treated with Penicillin in Doses

2 mg./kg. {= + 250,000 unus 1n man)
{Data from Eagle ¢ of., 1953h)

Intenval between dose

{houxs) H 13 3 6 12 24
“Treatment tune necessary

for cure 456 69 69 1218 3648 192
L.e,, number of doses 6-8 &8 3-4 23 34 >8

1t is much easier to secure a continuous effect by using pro-
caine penicilln, and this form of the drug has been increasingly
papular, particulardy for domiciliary and cut-patient treatment.
In some quarters its use is now being discouraged because itds
said to be more liable to produce shock, sometimes fatal, in
sensitized patients. I the severe restrictions on its use proposed
by Kern and VWimberley (1953) were to be adopted, the whole
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some extent in the entire population of large arcas. This general
change chiefly occurs and has been extensively studied in Gram-
ncgauvc, especially coliform, bacilli, and in smpb)lucocu, and
it seems possible that these two varieties of org:xmsm may be the
chief ultimate survivors in the contest now in progress between
pathogenic bacteria and a succession of antbiotics. That coli~
form bacilli are more ﬁ-cqucndy resistant to streptomycin than
in the past is common experience, and the rapid increase in

NUMBER OF
KL AEROGENES
PER MLOF URINE
oooxio*
100X I
1ox10t
-4 Orgamsms from these
cultures mhxblled onfy by
ot 1 P
{previously by l ng)
[
24 48
46
CELES0 mMENTiOURS

Fic 1. Effect of streptomycin (o 5 gm four-hourly ;!aﬂmg at o hours) on
bacterial content of urine 111 a case sn which treatment fuled.

prevalence of resistant strains in a country where the drug has
been widely used is illustrated in the findings of Romansky and
his colleagues (1951). The same change is following the exten-
sive use of aurcomycin, chloramphenicol and terramycin
{Thomson, 1952).

The whaole of this heterogeneous group of bacteria is perhaps
of less importance as a cause of antibiotic-resistant infections
than one other single species, Staph. pyogenes. This organism is
not only very frequently penicillin-resistant, but in the United
States is now commonly resistant to the newer antibiotics as
well. The observations of Needham and Nichols (1953) and
Kirby and Ahern (1953) make it clear that the proportion of
resistant strains in any given population dcpends directly on the
extent to which the drug has been used in the immediate past,
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Acquirep Bacteriat Resistance

The last cause of therapeutic failure with which I propose to
deal is perhaps the first which would occur to many people’s
minds, and it is certainly growing steadily in prominence,
Acquired bacterial resistance to the antibiotic used, whether of
moderate or of so high a degree as to render the drug useless,
has to be considered from two points of view, that of the patient
in whom the change occurs, and that of the community in which
these resistant strains become prevalent.

In the individual patient, the use of penicillin involves little
risk of this kind. Some important bacteria are incapable of
developing penicilfin-resi in any cir : others
can do so i vitro but in fact do not in zio. I have never seen the
organism causing an infection acquire resistance during its
treatment with penicillin except in a few cases of actinomycosis
and of subacute bacterial endocarditis: here the increases were
moderate and occurred during prolonged treatment. Peniallin
resistance in staphylococci is of course a serious problem, but
its prevalence is due not to habituation but to sclection, or in
the individual to substitution. The position is very different
with streptomycin: all bacteria can acguire a high degree of
resistance to this drug with astonishing rapidity. In Figure 1 is
shown the course of events in a case of urinary tract infection
unsuccessfully treated with streptomycin. The bacterial count
in the urine fell within two hours of the first dose to a low level,
but persisted there and rose again overnight, the organism cul-
tivatedt on the following morning being already 1,000 times
more resistant than 1t had been 24 hours earlier, That the same
change can occur, although more slowly, in tubercle bacilli is
well known, and the combinations of other drugs with strepto-
mycin now umversally employed in treatng tuberculosis are
designed 50 far as possible to prevent it. Resistance to the newer
antibiotics can also be acquired by meer - isms, but tf}c
process is much slower »=~ f difficulty in
thai=s *°

ot

o and strains which possess or

b3 . u 1t pass from person to person, eventually attain-
ing widespread prevalence, particularly in hospitals, but to
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this process had been accepted as the method of human infecs
tion. But, as soon as expenmental inoculations for the malarial
therapy of G.P.I. were carried out at the Malaria Reference
Laboratories at Horton, it became evident that blood-inoculated
malana (truphozmtes) had a different natural histery from
x itted infection (sp itesy. Though p

could be found in the blood of the recipient of trophozoxtcs from
the moment of infection, and fever developed quite soon,
sporozoites on the other hand disappeared after an hour and it
was a week or nine days before the clnical attack developed. It
was evident that sporozoites, injected either by the mosquito or
the hypodermic needle, underwent an exo-erythrocytic phase
before they could cause parasitaerma, The original work with
P. cynomolgs of monkeys was confirmed for P. vizax and P.
Jfalaparum in man, and has recently been demonstrated for P.
ovale 2lso Infection starts with an exo-erythrocytic cycle in the
liver So it was that in 1948, the London School of Hygiene and
Tropical Medicine converted Ross’s bicycle into Shortt’s
tricycle, and placed the life cycle of the malaria parasite on a
more stable basis. It was not long before the same team of tri-
cyclists were able to add a fourth wheel to account for the re-
lapsing phase of P. vivax and presumably of P. malariae and P.
ovale. For, unlike P. falciparum, these parasites undergo further
stages of exo-erythrocytic development in the liver associated
with the return of parasitaemia and the clinical relapse.

We are thus confronted by a four-phase mechanism which
can be conveniently likened to 2 car on four wheels. The near
front wheel represents the process of asexual schizogony in the
blood stream, with its cycle of 48 to 72 hours. The near s!de
rear wheel symbolizes sexual sp y in the »’
stomach, the speed of which depends on the a\mosphenc
temperature which gears up or down the rate of arrival of
sporozoites in the salivary glands.

Malaria transmission occurs via the rear axle to the offside
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Tur Dirrerent Staces or THE MArARis Parastre

N order to get an historical and parasitological backgrourd
Ilct us review the stary of the discovery of the life history of

the malaria parasite.

From the millennia of myth and mystery, the first solig fact
in the pathology of malaria was the discovery in 1846 by
Meckel, of httle brown-black dots of pigment in the viscera
of patients with malaria. In 1872, Delafield demonstrated that
this pigment was surrounded by transparent, granular proto-
plasm. Laveran, in 1880, identified these bodies in the red blood-
cells of malasia patients, and Marchiafava in 1884, using the ofl
immersion lens, noted that they were amoeboid.

The malarial cycle of asexual erythrocytic schizogony was
established and ane could watch the wheel turn full carcle in 48
or 72 hours according te the periodicity of the parasite.

Ten years later, Manson, watching the exflagellation of the
male gametacytes in shed blood, suggested that it was the mos-
quito which provided the milien for the evolution of this
mechamsm outside man., ‘Look for the parasite’s dung in the
mosquite’s stomach’ was his advice 1o Ross, referring to the tell-
tale pigment, and, sure enough, Ross found it in the stomach of
his dapple-winged quito. Manson i ined that the mos-
quito thus infected might convemently die in water and if this
were drunk by human beings, transmission might occur.

But this penny-farthing hypothesis was soon converted by
Rass into a modern bicycle when he found the sporozoites in
the salivary glands and infected his sparrows from a mosquito
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3. The Primary Clinical Attack. The pre-erythrocytic merozoite
from the liver invades the red cell and grows through tropho-
zoite schizont and merozoite stages, each 48 or 72, hours long,
and this asexual schizogony is dtill i
A drug actmg at this stage is called a schizonticide or sup-
pressive drug in that it abolishes the clinical attack. In this
class are quinine and the other cinchona alkaloids, mepacrine,
chloroquine and the other 4-aminoquinolines. Proguanil and
pyrimethamine only act slowly at this stage, and the 8-amino-
quinolines hardly at all in safe doses, with the possible exception
of primaquine.

4. The Lalent Phase follows the primary clinical attack and is

ic. During it g; tes appear in the blood and a
dmg “which causes them to degenerate and disappear is called
gametocidal, or more strictly gamemcymcxdal Here again the
B-axmnoqmnohnes, rcmforccd with quinine or chloroquine, are
the most effe Obviously all schizonticides have an effect
on gametocyte control by preventing their formation,

5. The Relapse. During the latent period the process of asexual
schizogony is reduced to sub-clinical proportions. In P. faldi-
parum malaria there may be a recrudescence of parasitaemia
due to a revival of this process. But in the other three forms of
malaria latency is regularly interrupted by relapses due to the
emergence of persistent tissue forms from the liver. A Curative
dmg 1s one whxch will _prevent this happemng, and again the

pri par bined with
quinine or chloroqume, are effective. Other drugs which help to
prevent the relapse do so by scotchmg the exo-erythrocytxc
merozoites when they reappear in the blood, e. g mepacrine.

6. This ds on gony in the i
which embraces the processes of exﬂagcllauon, fertilization and
oocyst maturation. Thus latter fails if sufficient, albeit mnute
quantities of certain drugs are ingested by the mosquito along
with its blood meal. Such a drug can be called sporonticidal and
proguanil and pynmethamine taken regularly by man, the
intermediate host, prevent maturation of oocysts in the defim-
tive host, the mosquito, and bring transmussion to a standstill.




3!5 CLEMENT ©, CHESTERMAN

rear wheel where sporozoites injected by the bite start 2 pre-
erythrocytic cycle in the liver cells. A re-invasion of the liver by
th;lz r;su]ting schizonts in the relapsing malarias adds  fourth
wheel.

The motive force of the malarial chariot is 2 blended mixture
of the mating instinct of the male mosquito and the blood last
of‘th‘e female. If these are cooled down to below 65! F, trans-
mission comes 1o a standstill; neither of the back wheels can
revolve,

This man-mosquito~man mechanism has menaced the high-
ways 2nd byways of human progress. It is interesting to specs
late how it started up. Did it get a first push off from some
grinning chimpanzee who afterwards hopped up hehind and
curled up like a spare wheel? It seems certain that P, molariae at
feast is common both to man and the chimpanzee and it would
not be surprising if gorillas were found to harbour other species
in common with man. The fear of an animal seservoir need not
worry as much for we are rarely fellow travelters.

Our concern is to see how drugs can wreck this car or janm its
mechanism,

The Natural History of Malarial Infectian
“Fhis can be divided into the following stages:

1. Infection, during which sporozoites are injected into the
blood stream. It is probable that only those which reach the
Fver survive. A drug which would kill sporozoites during their
prief stay in the circulation would be a True Causal Prowhvfortis,
Unfortunately none is known

2, Prosmeetil
the ons . ewsas the chnical attacks
It lasts ways tor P, faleiparum and nine for P. viver and
P. ovale. This corresponds to the duration of pre-erythrocytic
schizogony in the hver till the rupture of the cysts liberating
up 10 40,000 cryptozoites m the blood stream. A drug which can
prevent this tissue stage from reaching maturity would be &
Causal Prophylactic in that it would prevent clinical malgna
though ot infection. Primag in and the 8-aminoquinol
act in this way and also proguanil and pyrimethamine.
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ANTIMALARIALS AND THEIR AcTioN
We may therefore classify the antimalarials as follows:

1. Sporozoiticidal or True Causal Prophylactics
{Not yet known)

2. Pre-erythrozoiticidal  Causal Prophylactics

{Attack-preventing)
3. Schizonticidal Suppressives (Attack-abolishing)
4. Exo-erythrozoiticidal ~ Curative {Relapse-preventing)
5. Gametocytocidal Reservoir-sterilizing, in man
6. Sporonticidal Tr ission-blocking, in quit
It is easier h w ider antimalarials in groups accord-

ing to their chemical constitution, and to mention the parts of
the spectrum of activity which each exhibits. (See Table 1.}

The Cinchona alkalonds. Quinine js the most important and was
isolated from the bark in 1820, Jis formula was described in
1goy and it was synthesized in 1044. Quinine consists of a quino-
line ring (6-methoxy quinoline) linked by a carbinol group to
a quinucleidine nucleus. It is quickly absorbed and rapidly
eliminated but 1 gm, daily, in divded doses, is sufficient to
maintain a serum concentration of from 5 to g mgm./L, Itisa
sure and rapid schizonticide. In daily doses of 1 to 15 gm. for
three weeks it is curative for P. falaparum but not for the se-
lapsing malarias,

It is not a causal prophylactic but in daily doses of 0-3 to 05
gm. it acts as an efficient suppressive of moderate and occa-
sional infections such as those to which non~-immune civitians
may be exposed when residing in an endemic area. If the daily
dose is regular, and doubled at the shghtest pr story sign of
a clinical attack, satisfactory protection 15 afforded. But under
the rigours of mlitary operations with repeated heavy wmfec-
tions, chronic malaria may develop, despite daily quinine
prophylaxds, with the consequent risk of blackwater fever. There
is same evidence to show, however, that a weekly or twice-weekly
dose of quinune to natve nfants in welfare clinics in tropical
Africa may be the ideal method of prevenung severe fever \v{(h‘
out completely interfermg with the acquisi!}on of immunity,
which depends on some degree of parasitaemia for 1ts develop-
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crine nucleus from which had been removed the benzene ring
carrying the methoxyl group, or in other words a modified
quinoline ring with the same basic side chain as in pamaquin.
Chloroguine was soon followed by the variants named sonto-
chin, camoquin (amodiaquin) and plaquenil.

These are the most rapidly-acting schizonticides known and
a complete cure of P. falciparum malaria can often be effected by
as little as 1-5 gm. of chloroquine in three days or of only 1 gm.
of camoquin in 24 hours, As a prophylactic, good suppression
is achieved either by 03 gm. weekly or by 0-6 gm. fortnightly.
In treatment it is best to give a loading dose in order to get a
10 mgm. /K, serum concentration for there is preliminary selec-
tive concentration in the tiver. Nevertheless, none of the 4-ami-
noquinolines act directly on the pre- or exo-erythrocytic liver
phases, so they are not causal prophylactics though in com-
bination with the 8-aminoquinolines they are effective in relapse
control.

Biguamdes and Pyrimethamine. In the spate of actwity during
World War II to find new substitutes for the almost unobtain-
able quinine, 14,000 drugs were studied in the United States
and summarized by Wiselogle in 1945. Most attention was pad
to the well-known quinoline and acridine derivatives, but
British workers Curd, Davey and Rose {1g945) turned their
attention to drugs resembling the pyrimidines because these are
found m nature in the chromatin of cells, and certain deriva-
tives, the sulphanamides, were known to be effective in malaria.
Proguamil (chlorphenyl-isopropyl biguanide) was the first
reward of their efforts and has recently been shown to owe its
activity to a metabolite which 15 almost identical with pyri-
methamine discovered by Hitchings (1952) and described as
2-4-dtaminopyrimidine.

Both paludrine (proguanil) and daraprim (pyrimethamine)
are only slowly schizonticidal, and are not therefore the drugs
of choice in the clinical attack. But a daily dose of o 1 gm, of
paludrine or a weekly dose of as little as 25 mgm. of daraprim
are excellent prophylactics. They have the additional property
of rendering gametocytes, which may be ingested up to a week
after the dosing of a human carrier, icapable of developing to

1'S
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ment. It supplements the naturaf refractoriness of breastfed
mfams duc to the deficiency in milk of para-amino-benzoic
acid. Quinine is gametocidal to P. sivax when used synergically
with the 8-aminoquinclines,

The 8-aminoguinolines, Pamaguin was first synthesized in 1926
and consists of the quinoline ring as in quinine, with an open
basic side chain identical to that which is found in mepacrine
and chloroquine {vide infra). There followed the variants of
pentagquine and ise-p quine, but primaguine is the latest,
the least toxic and the most active, Primaquine has an action
on pre-erythrocytic liver forms and can be wused as a causal
prophylactic though the other members are too toxic for con-
tinued administration. It also acts on the exo-erythrocytic fiver
stage in the relapsing malarias and is therefore curative, especi-
ally when combined with guinine or chloroquine. For this
purpose 15 mgm. daily with ¢ gm. of quinine or o-3 gm. ehloro-
quine s sufficient if continued for 14 days. Primaquine is also
strongly gametocidal, rendering the gametocytes non-infections
to mosquitoes in 24 hours and banishing them from the circula-
tion in three days.

The g-arano acridines, Mepacrine was synthesized in 1932 and

ists of a quinoli leus to which is fused a benzene ring
to give the acridine nucleus, To this is added the same open side
chain as in pamagumn {dialkylamino diatkylamina).

The action of mepacrine is exclusively schizonticidal, but it
arcts on a younger stage of the trophozote than does guinine.
But the y serumr ration of 20 mgm./L. is only
slowly built up so that a loading dose is necessary, 0-6 gm. in the
first 24 hours, and this 1s mamntained by o1 gm. daily, Pardy
for this reason it 15 2 surer suppressive than quinine and will
prevent the overt attack and cure P. faldiparum infection al-
though 2. visax will become patent about go days after cessation
of the daily prophylactic dose, m those infected with this para-
site. Its value as a prophylactic under war conditions was first
proved by Field in Malaya in 1930 and fully investigated and
confirmed by Fauley (1945) and colleagues at the and Head-
quarters Medical Research Unit at C:ums in Australia.

The g-aminogumaliaes were sy h d in 1934, using a mepa-
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the gametocytes which are formed two or three weeks later are
also devoid of pigment but are nevertheless viable in mosquitoes
and produce sporozoites infective to man.

It appears therefore that quinine and mepacrine, and pre-
sumably the 4-aminoquinolines also, exert a deleterious action
on growing forms of the parasite which are metabolizing haemo-
globin. It is noteworthy that both gametocytes and sporozoites
which are in a resting phase are untouched by these drugs, so
that we may conclude that anabolic rather than bolic pro-
cesses are blocked by schizonticidal drugs.

Pamaquin, on the other hand, acts as a general protoplasmic
poison and takes about five days to slow down schizogony when
given in the safe dose of 0 03 gm. a day. A single dose however
causes gametocytes to lose their infectivity to mosquitoes in 42
hours. Proguanil does not appear to interfere with the growth
of schizonts, but like pyrimethamine prevents proper chromatin
synthesis and blocks cellular division. A failure of mitosis may
result from their anti-folinic acid action which prevents chroma-
un from shedding its ribonucleic acid into the cytoplasm. The
theory is that this renders it ‘sticky’ and unable to separate.

The task of correlating chemical constitution with plasmodi-
cidal action is more difficult. It is presumed that the function of
the side chain is primarily concerned with the transport and
distribution of the drug in the host and its penetration into the
red cells, or the parasites, up to the particular point where the
toxic action of the other part of the drug can be exerted. Plas-
modicidal action is probably the function of the quinoline,
acridine or pyrimidine nucleus. The process can be likened to a
confidence trick in which a contact man is employed to effect
the introduction of a crook who can thus get his bogus bonds
accepted by an unsuspecting victim. The substitute metabolite

must be a perfect fit in the metabolic chain otherwise it may be
rejected or so changed that resistance develops.

Resistance .
Tt has long been known that various natural strains of malaria
parasites, P. falcsparum notably, show very different responses ta
a given drug. This is a constant factor and reflects differences
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mature oocysts in the mosquito’s stamach, Thus although they
are not strictly speaking g ytocides they can o pletely
lock malarial transtmission, Daraprim especially is openung up
the possibility of having, even in a hyperendemic area, ano-
phelism without malaria, for the weekly administration ofa
Tew milligrams to every member of the community will reduce
the parasite rate to zero and bring \ransmission to a standstifl

How Antimalasials det

tI'he effectiveness of any antimalarial drug is dependent on
interaction of the parasite, the host and the drug.

The four specics of malaria parasite show cuffering respo!
and different strains of P. faleiparum, especially, vary widely
virnlence quite apart from a possible acquisition of &
resistance. In the host, the degree of matural of acquired i
munity and the condition of the reticuloendothelial system
well as the general nutrition may snflucnce chemotherapet
response. Food deficiency states may actually prolong the ¢
patent period so that clinical malaria only develops wl
famine relief has begun to operate. Similarly Hawking (19
has shown that the failere of malaria to develop in milk-
anitmals first reported by Macgraith e ol. {1g52) is reversed
the addition of para-aminobenzoate to the diet, Allison {19
has shown that the abnormal erythrocytes of individuals »
the sickle-cell trast are less easily parasitized by P Jalape
than are normal red cells.

The dose, the manner of its administration and absorpti
and the rate of its ehmanation, degradation or concentratiox
ifferent tissues of the body all affect plasmodicidal acti
Fnally biological mterference of two species in a double in:
tion may vary the picture, as akso the stage of growth of
parasite when confronted with the drug.

Observable morphologteal changes 1n parasites from patie
undergoing guinine treatment show that there is considera
delay in the growth of trophozontes whach tend to lose their
ment. No true schizonts are formed. Using mepacrine sim
changes ate 5een earlier, and at 10 hours some half-gro
trophozoitcs have actually extruded their pigment Moreor
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Whether? Is your treatment really necessary? This may be a
pertinent question among native children and older residents
in hyperendemic areas who have to buy their tolerance at the
price of some fever. It becomes then a question of price control,
of protecting them from paying too high a price.

When? As a rule treatment, especially of non-immunes,
should be started as soon as a real suspicion of malaria exists.
Delay is dangerous and a blood slide should be taken but treat-
ment should not await the result. Moreover a negative thin
smear may not rule out impending cerebral malaria.

What drug and what dose? can be learnt from the table which
summarises the situation to date.

Malaria Conirol is a vast subject outside the scope of this
lecture, but the accompanying diagram illustrates the bare out-
lines of the problem and stresses the role which the antimalarial
drugs may play in malaria eradication.
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Nets,clothing
Screening
Repellants
MOSQUITO CONTROL l HUMAN CONTROL
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of virulence. But the term ‘strain resistance’ is given to a change
in sensitivity in a given strain after exposnre fo 2 given drug.
This is not found with quinine and the other schizonticides, but
has been noticcable both in avian and human malaria treated
with proguanil. It is manifested by a diminution of schizonti-
cidal activity and can generally be explained by insufficient or
irregular dosage. Strain resistance is conserved through the
mosquito, but it does not involve a diminution of foxicity to the
pre-erythrocytic stage in the liver. Strains which have become
resistant to paludrine remain so for the similar daraprim also
but not to the other chemically different drugs.

Apprication 70 TReATMENT AND ClonTROL OF MArARIA
With such complete knowledge of the malaria parasite and with
such a variety of drugs acting in different ways and with various
advantages, or unpleasant side effects, we need to ask a number
of preliminary questions before prescribing any treatment.

Who? Who is the patient? Is 1t 2 non-immune person suffer-
ing from the first attack of M.T. malaria, caught possibly
during as air voyage through an endemic area? If so, schizon-
ticides like chloroquine, mepacrine or quininc are indicated.
Or is it a settler who has had a number of previous attacks and
may have an enlarged spleen when quinme might precipitate
blackwater? Or is it an indigenous inhabitant born and bred
with his malaria who only needs a dose or two of any anti-
malarial to tide him over?

Whick? Which of the four human parasites is concerned?

P. faleiparum of malignant tertian fever (M.T.).
P. vivax of benign tertian fever (B.T.) with a tendency to
relapses for up to four years.

P, malariae of quartan fever (Q) and its relapses up to 30

years,

2. ovale causing a mild self-dimiting infection.

IWhy? The choice of drug and the course prescribed depends
on why the patient is being treated. :rhxs may be for:

{a) Control of symptoms hy SCh}zomicxdcs,

()] Anti-relapse by 8-amm‘uqumolmcs., )

{¢) Prophylaxis by Paludrine, Daraprim or Chloroquine.
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of virulence. But the term strain resistance’ is given to a change
in sensitivity in a given strain after exposure to a given drug.
This i5 not found with guinine and the other schizonticides, but
has been noticeable both in avian and human mataria treated
with proguanil. It is manifested by a diminution of schizonti
cidal activity and can generally be explained by insufficlent or
irregular dosage. Strain resistance is conserved through the
mosquito, but it does not involve a diminution of toxicity to the
pre-erythrocytic stage in the liver, Strains which have become
resistant to paludrine remain so for the similar daraprim alse
but not to the other chemically different drugs.

Arpricarion 70 TREATMENT AND CONTROL OF MALARIA
‘With such complete knowledge of the malaria parasite and with
such a variety of drugs acting in different ways and with various
advantages, or unpleasant side effects, we need to ask a number
of preliminary questions before prescribing any treatment,

Who? Who 15 the patient? Is it a non-immune person suffer-
ing from the first attack of M.T. molaria, caught possibly
during ax air voyage through an endemic area? If so, schizon-
ticides like chloraquine, mepacrine or guinine are indicated.
Or is it a settler who has had a number of previous attacks and
may have an enfarged spleen swhen quinine might precipitate
blackwater? Or is 1t an indigenous inhabitant born and bred
with his malaria who only nceds a dose or two of any anti-
malarial to tide hum over?

1#4ick? Which of the four human parasites is concerned?

P, faliiparam of mahgnant tertian fever (M.T.).
P, vizex of bemgn tertian fever (B.T.) with a tendency to
relapses for up to four years,

P, malarize of quartan fever (Q) and its relapses up to 30

2ats,

P.{n‘alz causing a mild self-limuting infection.

11y The chaice of drug and the course prescribed depends
on why the patient is being treated. This may be for:

{a) Control of symptoms by schizonticides,

(8} Anti-relapse by B-Lmuz}aqumolincs, .

(¢) Prophylaxis by Paludrine, Darapnm or Chloraguine.
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of protecting them from paying too high a price.

When? As a rule treatment, especially of non-immunes,
should be started as soon as a real suspicion of malaria exists.
Delay is dangerous and a blood slide should be taken but treat-
ment should not await the result. Moreover a negative thin
smear may not rule out impending cerebral malaria.

What drug and what dose? can be learnt from the table which
summarises the situation to date.

Malaria Control is a vast subject outside the scope of this
lecture, but the accompanying diagram illustrates the bare out-
lines of the problem and stresses the role which the antimalarial
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XIX

Chemotherapy of Cancer

E. BOYLAND

much of the work which will be discussed is concerned with
leucaemia and allied diseases rather than with so-called
sokd tumours, Sccondly, there is as yet no true chemotherapy
of cancer, in that the drugs used have only a _temporary pallia-
tive action in relieving symptoms and prolonging Tife. But this
does not mean that the situation will not change. I think that
drugs which can effectively destroy or control cancer cells will
eventually be found for the treatment of those cases of malig-
- nant disease which cannot be effectively handled by surgery or
radiotherapy. The fact that a lecture with this title should
appear in this series is an indication of the progress which has
already been made. So much has been done in this field during
the past decade that I can only deal with a few of the interesting
advances.

IN some ways the title of this lecture is misleading. Firstly,

CARCINOGENIC ACTION OF AGENTS USED I Cancer THERAPY
Although this lecture is concerned with therapy of cancer, much
of the work described 1s of value for the study of carcinogenesis
and so to the possible removal of the cause of cancer. This is
because many of the means used in the control of cancer at the
present time are themselves carcinogenic. Thus we have an
apparent paradox. Qestrogens and iomzing radiations from
X-rays or radium are well-known examplesofagents which have
therapeutic action in cancer and are carcinogenic. Substances
with both types of action include the oestrogens, urethane,
nitrogen mustards and the other alkylating agents which are
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coqsidered later in this Jecture, Carcinogenic hydrocarbons and
amines have been wsed in treatment of cancer and Jeucaemia i
man (cf. Engelbreth-Holm and Stamer, 1947). The only thera-
Peutic agents which are not known to be carcinogenic are those
whx;h havenot been tested, such as aminopterin and mercapto-
purine,

Haddow (1948) has suggested that by exact and quantitative
knowlcdge of the process of cancer induction we may possibly
be able to reverse the process and so convert the cancer cells
back to normal tissye, Such a process would be an ideal form
of therapy, If the change of 2 normal cell into a malignant celt
is of the nature of a mutation and the reverse change a back
mutation, then to bring about the same back mutation in every
cell in a tumour would be difficult by any means which we are
Likely to have available for some time, 1 any of the tumour cells
remain unchanged then such cells will grow again. Other ways
of treating cancer include celt destruction as is attempted by
radiotherapy, and control of growth by deprivation of factors
necessary {or growth or neutralization of such factors with anti-
metabolites.

Tur Seeciricrry op ANTI-CANCER AcENTS
One feature which is becoming clearer 1 the treatment of can-

types of cancer or on cancer of specific sites (cf. Table 1), For
example, oestrogens are effective in treatment of cancer of the

Tamee §
Drugs Type of disease mitgoneed
e
Qestrogens Cancer of Prostate
estrogens Cancer of Breast
Androgens Cancer of Breast
Mitrogen Mustard Lymphadenoma
Myleran Myelord Leucaenua
b15~(8-Chilorocthylamino.
phemIbutyne acd) Lymphauc Leucaemia®
(CB1318)
ACTH and Cortisone Acute Leucaemma
Antifolic Aad C 1. Acute L
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prostate in man and a proportion of cases of cancer of the breast
in women. Androgens have some beneficial action in a few
young women with mammary cancer. Thus there is not one
means for treatment of cancer but different methods or drugs
are effective for specific types of cancer. This specificity is in
some ways an advantage, in that specific agents are less likely to
damage many normal tissues of the body. Because of this, how-
ever, potential agents for cancer therapy should be tested
against a range of different tumours.

Screenmvg TesTs

Stock, Sugiura, Dobriner and Rhoads (1951) working at the
Sloan Kettering Institute in New York developed a technique
of assaying possible agents so that new compounds are tested
on a range of different tumours or a tumour ‘spectrum’ as it
is called. Some results (Table 2) show the type of specificity
which is obtained with animal tumours. One interesting
example which is shown by this data is the effect of 8-azagua-
nine which Kidder, Dewey, Parks and Woodside (1949) found
to be an inhibitor of tumour growth when tested against the
mouse adenocarcinoma EO 771. This substance inhibits only a
few types of animal tumour but it has been found to have some
clinical value when combined with antifolic acid compounds in
the treatment of acute leucaeria.

The methods used for testing agents may depend upon
measurements of the changes in growth of tumours or of dura-
tion of life of the host caused by treatment. The increase in
length of life is perhaps the most practical criterion, but in the
case of animals with sp tumonurs, the expected survival
Ej.xg:c of untreated animals is so variable that any increase is

) 1 s
cytology can help in indicating the possible mechanism of drug
action.

Once a substance has been found to be effective in animal
tumours it must be tried clinically to find out what type of
human disease it 15 likely to benefit and secondly to determine



E, BOYLAND

33¢

*SIONUOD 3 50 ST SFLIALE 3 03 Yim
[RORUGD 201 Jo Jajawelp alesdsE i § 01 § WOIIPAOIL) +

“nowsny 19 uSNINDG + + 4
o GIMoIR On; + +

$|03T07 Y J0 INIWEIP 3Feaoe 2
ROUAT It 3 SHIGEP SFtuave vy ¥ WEQ ds0m Yoy -

T o1} woy mmazyy

BORIGIU] mesang, ja arperey

B e S SR AN - ++ - ¥ + - ++ ST0 PO Mg
-fhosnd UL -4
dbh bt b (Fa- 4 - - - F $Z-0 FunweiIu ausy iy,
- F - ~- - - - - - 09 uaznma:_smﬁ.w <z
- - - - - - ++ ~ - (A wumweniery.g

R F ++ - F - ¥ 05 TIHE awipudd

TAg1aw-g-dn.0aphy

.m.i:.uELkaEvE

~PAgRwounge
CAQR10p-¢)) g

44+ 4 - +orF - ~ - - (1] 1O raunue
(t2sonp-g) ng gy

952 EWOU | CWwones vwodiey vooU 1208 IhEL 081
TIOOTES  G¢ ~paeny oydwd ool “ERRJY  Pwod  ®mod  wwmaed Arp
-QUIE]) vwooses funqof |  wos O  Losse  -ozed -reg -1eg /8y/3m punadutory
AFFfeM NAUGLT | Iy wuSesy ,Mcm«:mm “OUIPY MMP 1%I0I) asogy
SI00WTS Uy smowny asnopy
(0561 “ooig woag) N
RMOWNY, 3 Pue 2snojy Jo S =y 0 30 1Y Sumqrpuy 7 wevy,



CHEMOTHERAPY OF CANCER 33t

the most effective method and schedule of administering the
drug.

Egarlier work on compounds used in treatment of cancer has
been discussed by Haddow (1948), Hohl and Schinz (1949),
Karnofsky, Burchenal and Escher (1950) and Gellhorn {1953}
In this lecture only a few types of treatment of cancer or leucae-
mia are discussed. There is not space to consider the use of
sodium arsenite, benzene, colchicine, viruses, haemorrhagic
agents and other agents many of which are used in medicine at
the present time and any of which might form a point of
departure for future investigations,

THERAPY BY SURGICAL MEeANs

A method of therapy which might be described as negative
chemotherapy, in which the organ producing hormones neces-
sary for the growth of the tumour is removed, is effective in a
proportion of cases of some types of cancer. The first example of
this was ovariectomy used successfully in treatment of breast
cancer by Sir George Beatson in 1896. This operation was
abandoned for a time but is now used with success in a pro-
portion of cases. The operation of orchidectomy for treatment
of cancer of the prostate is analogous to that of ovariectomy for
breast cancer. It, too, was tried at the end of the nineteenth cen-
tury but was introduced on sound experimental and clinical ob-
servations by Dr. Huggins of Chicago in 1940. In the first series
beneficial results were obtained in 31 out of 45 patients treated.
The procedures of pvariectomy and orchidectomy are probably
effective only with cancers which are hormone-dependent.

Huggins has more recently shown that some patients with
tumours of the prostate or breast do not respond to castration
although the tumours are probably hormone-dependent. With
the idea that tumour growth in these cases might depend on
hormones produced by the adrenal glands, these glands were
removed and health maintained by continued administration
of cortisone. In a number of patients prolonged bencficial results
have been obtained by this procedure.

Hypophysectomy is another form of treatment depending on
hormone deprivation. 'This has been suggested for treatment of
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cancer of the adrenal, prostate or breast when the tumours are
depcndcnt. on the presence of pituitary hormones. This hetofc
treatment is being investigated and may prove to be of value.

Hormones

As improvement in patients suffering from some forms of cancer
was obtained by removal of organs which would change the
hormone balance, attempts to change this balance were made
by administering sex hormones, The treatment of cancer of the
prostate with oestrogens intraduced by Hervold (1941} (see alo
Haddow, Watkinson and Paterson, 1944) is still the most effec-
tive form of chemotherapy of cancer. The mechanism of action
of oestrogens in treatment of prostatic cancer is still uneertain.
The effect may be due to neutralization of androgens, depression
of the pituitary or other glands or a direct action on the tumont
tissue.

Oestrogens have also produced beneficial effects i some
women with cancer of the breast. Thus Haddow ¢ ol. {1944
observed temporary retardation in a proportion of patients
suffering from breast cancer treated with synthetic oestrogens.
These workers had been led to test such compounds clinically
because the synthetic oestrogen triphenylchloreethylene in-
hibited the growth of the Walker carcinoma in rats. The clinical
ohscrvations have been frequently repeated and it has been
found that post-menopausal patients ase more likely to henefit
from this treatment than are younges swomen. The tnechanism
of action in this case is unknown but it may be an direct action
through the patwitary or ovaries.

Some patients with mammary eancer benefit from androgen
treatment {cf. Galeon, 1950), In this there would appear tobe a
rational basis for the treatment as the androgen might neutral-
1ze the action of endegenous oestrogens and so have an effect
analogous to that of ovariectomy. The treatment only produces
benefit in abont one-fifth of the cases treated (see Table 3}, and
these cases cannot be pre-selected by climcal means. On the
whole, however, androgen therapy 1s more likely to be cffective
in younger women who have bone metastases,

Within the Jast few years the adrenal hormone, cortisone and
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the adrenocortical hormone (ACTH) have been widely used
with limited success in acute leucaemias, particularly in chil-
dren. More than half of the children generally respond favour-
ably but the response is usually of only short duration. When
the disease is resistant to these hormones it may, however, still
respond to medication with antimetabolites.

ANTIMETABOLITES

Substances which have a structural resemblance to vitamins,
co-enzymes or normal intermediate metabolic products, but
differ sufficiently to act as competitive inhibitors of essential
metabolic processes, are known as antimetabolites. Thus ephe-
drine is presumably an antimetabolite and competitive in-
hibitor in adrenaline metabolism. Many such substances have
been tried in chemotherapy of cancer. Thus sodium malonate,
2 competitive inhibitor of succinate oxidation, was found to
reduce the growth of mammary tumours in mice (Boyland,
1940}, but on clinical tral in cases of mammary cancer it was
relatively ineffective.

The first anti bolites to find ful apphcation in the
treatment of leucaema were the anti-folic acid compounds
aminopterin and amethopterin (cf. Figure 1). Aminopterin,
which only differs in structure from the vitamin folic acid m
that a hydroxyl group is replaced by an amino group, is a very
toxic substance but both this and its less toxic methyl derivative
amethopterin have produced beneficial results, including pro-
longation oflife, 1n a proportion of children suffering from acute
leucaemia. The leucaemias mvariably become resistant to these
drugs and some mouse I became inopterm-
dependent.

A number of purine analogues which mght act as com-
petitors have been synthesized and tested in biological systems
and some of these inhibit the growth of animal tumours. One of
these, azaguanine (Figure 2), an analogue and antagonist of
guanine, has been discussed. Others are 2 6-dratmmopurine
and 6-mercaptopurine. The latter has found apphcation in
treatment of acute leucaemia in combination with anti-fohe
acid derivatives,
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Amino-acid derivatives such as thienylalanine and 4-bis-
(choroethyl)-aminophenyl alanine which are related to phenyl-
alanine and azaserine which is an antibiotic have also been
found to be tumour inhibitors. Carbohydrate antagonists have
also been investigated for cancer therapy. 2-Desoxyglucose in-
hibits the glycolysis of tumours and mitosis in tissue cultures but
does not appear to influence the growth of cancer in animals.

Urethane was found by Paterson, Ap Thomas, Haddow and
Watkinson {1946) to be a useful drug in the treatment of mye-
loid leucaemia. It has alse been shown to induce tumours,
mutations and chromosome breaks. The induction of chromo-
some damage in tumours can be partially neutralized by ad-
ministration of thymine (Boyland and Koller, 1954), indicating
that urethane may be an antimetabolite.

ANTIBIOTICS

Following the successes which have been achieved in the search
for bacteriostatic agents in cultures of micro-organisms such
cultures have been extensively examined for anti-cancer agents,
« particularly in the United States. Active substances of this type
are called antibiotics and are often analogues or derivatives of
natural metabolites and 1n some cases probably act as anti-
metabolites.

Workers in the Parke Davis Laboratories in Detroit found
that culture fluids from an unidentified Streptomyces in-
hibited the growth of the Crocker Sarcoma 180 in mice and
also the growth of the yeast Xloeckera brevis. The active principle
has been isolated and shown to be O-diazoacetyl-L-serine

0 NH:

7
N:C C-0- CH,CH ~ COOH. Diazoacetyl derivatives usually
have very high chemical reactivity so that it is remarkable that
such a compound should occur naturally. Stock, Reilly, Brock-
ley, Clarke and Rhoads (1954) found that the laezo isomer was
E ) :

ahevt clviaer fimes VoSt

Ce
Frar ot . B (R
amino acid serine is modified by substitution with the chemi-
cally reactive diazoacetyl group. This diazoacetyl group could
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alkylate or esterify acid groups and so this substance resembles
the nitrogen-mustard derivatives (which are discussed later). It
is a natural amino-acid derivative with 2 sting in the tail and s0
resembles the type of substance which Ehrlich recommended
many years ago for ‘Eisenbahn’ therapy. In this therapy a sub-
stance with affinity for a tissue is combined with a toxic group-
ing which will destroy the target tissue. In azaserine, serin is
polslzibly the train which carries the diazo residue to the tumour
cells.

A series of coloured antibiotics, Actinomycins, have been
isolated from Actinomycetes. One of these, Actinomycin G,
inhibits the growth of animal tumours and of other tissues with
dividing cells, particularly the lymphatic system, spleen and
intestine. In clinical trials Actinomyecin C has produced im-
provement in the condition of patients with Hodgkin's disease
(Schulte, 2952), The molecule of Actinomycin G contains a
nitrogenous pigment and a polypeptide {Brockmann, 1954). The
polypeptide portion of the molecule is made up of six amine
acids including the unusual amino acid sarcosine.

RaproacTive Isotores
Therapy with radioactive isotopes is another example of ‘Eiten-
bahn’ therapy where some chemical substance by virtue of ity
biological properties carried radicactive atoms to a specific
tissue. Radioactive fodine 121f hias been used in this way in the
treatment of cancer of the thyroid where the jodine becomes
localized. This method produces improvement in a small pro-
portion of the patients treated. Radioactive phosphorus is of
value in therapy of polycythenua vera but has been somewhat
disappointing as a means of treating other forms of cancer of
leucacmia.
NITROGEN-MUSTARD DERIVATIVES

‘The group of sub which are fund; Uy derived from
nitrogen mustard have been described as radiomimetic agents
on account of the simlarity of thesr actions to those of romzing
radiations. The mtroduction of mtrogen mustard into thera-
peutics was a result of research s chemical warfare during the
last war. Recogmtion of the similanity of the blisters produced
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by mustard gas {di-2-chloroethyl sulphide) and X-rays led to
the discoveries by Auerbach and Robson (1g47) that mustard
gas and nitrogen mustard are mutagenic and by Darlington and
Koller {1947) that they produce chromosome damage similar
to that caused by irradiation.

Experiments on animals and investigation of men acciden-
tally exposed to mustard gas or nitrogen mustards showed that
these substances had a leucopenic action. Following this obser-
vation, Goodman, Wintrobe, Dameshek, Goodman, Gilman
and McLennan (1946) tried the nitrogen mustards HN2 or bis-
(2-chloroethyl)-methylamine and HN3 or tris-(2-chloroethyl)-
amine in a number of patients with leucaemia and related
diseases. Improvement in condition was obtained in most of the
patients suffering from Hodgkin's disease treated with these
drugs. The nitrogen mustard HN2 which now has the official
names chlormethine and mustine has been used with some
success in treatment of lymphadenopathies in clinics all over the
world. Although the first treatment usually produces a marked
beneficial effect, the disease generally recurs and patients
develop resistance to treatment. A few cases of Hodgkin's
disease which have become radio-resistant following radio-
therapy still respond to nitrogen-mustard therapy. The dis-
advantages of the aliphatic nitrogen mustards are that they
must be given intravenously, preferably in large volumes of
saline, that they cause nausea and vomiting possibly analogous
to radiation sickness and that the disease eventually becomes
Tesistant to the drug.

Since 1946 many investigators have studied compounds
related to the mtrogen mustards but 1t is doubtful if any sub-
stances produce better effects than HN2 and HN3 in the treat-
ment of Hodgkin’s disease. In the Sloan Kettering Institute and
in London a number of aliphatic chloroethylamnes were syn-
thesized and tested. One of these substances, tetra-(2-chloroethyl)-
CH,N(CH,CH,Cl),
ethylenediamine |

CH,N(CH,CH,Cl),
tion of growth of ammal tumours but on clinical trial had
no advantages over the original compounds. These investiga-

z

was effective in mhibi-



338 . E. BOYLAND

tions showed clearly that active compounds usually contained
more than one chemically reactive chloroethyl group {cf. Boy-
land, Clegg, Koller, Rhoden and Warwick, 1948).

Aromatic Nrrrocen Mustarns
In c:.xte}xsio‘n of research on carcinogenic and growth inhibitory
derivatives of g-aminostitbene, a compound, 4-N:N-bis(2
chloroethyl}-aminostilbene (CB 1087}, was prepared, examined
and found to have growth inhibitory properties when tested
against the Walker carcinoma. Following this observation a
number of aromatic &is-{2-chloroethyl)-amines were synthesized
and examined for biological activity (Haddow, Kon and Ross,
1948). The N:N-bis-(2-chloroethyl) derivatives of anilinc, o-
m-, and p-anisidine, f-naphthylamine, and p-aminobenzoic acid
all have marked inhibitory action, and have prolonged the lives
of tumour-bearing animals, These substances have some of the
properties of mtrogen mustards, but they are much Jess toxic
and are effective when administered by mouth,

In this series of aromatic nitrogen mustards, Haddow and
Ross (see Ross, 1953) have shown that the biological activity
as measured by the ability to inhibit the growth of the Walker
carcinoma in rats is paralleled, to some extent, by the chemical
reactivity of the compounds. Compounds of this type which
react with water or with acid groups at less than a certain rate
are biologically inactive. Ogston (1948) had shown that mustard
gas and the mitrogen-mustard compounds react readily with
amions or acid groups such as the carboxyl groups of proteins
and the phosphoric-acid residues of nucleic acids in noutral
solutions to give complex esters. These substances are therefore
alkylating agents.

The first of the aromatic nitrogen-mustard compounds to
have wide chinical use (cf. Galton, 1951) was 2-bus-{2-chloroethyl)-
naphthylatune (CB 1048) which like chlormethme produced
some improvement in patients suffermg from lymphosarcoma
and lymphadenoma, It had great advantages in that 1t was less
toxic, could be given by mouth and did not produce nausea.
The drug, however, 158 much fess active than HN2 but 1s still
used for some cases of Hodgkin’s discase.
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Since theintroduction of 2-bis-(2-chloroethyl)- naphthylamine
into clinical use many more aromatic nitrogen mustards have
been synthesized and tested on animal tumours by Professor
Haddow. OF the series of the bis-{2-chloroethyl) phenyl fatty acid
derivatives the compound with n = 3 or bis(2-chlorocthyl)
phenylbutyric acid (CB 1348) (Figure 3) is a powerful cytotoxic
agent and inhibits the growth of animal tumours. It has been
investigated in animals by Professor Haddow and Dr. Elson and
in patients by Dr. Galton. In animals it shows a preferential
action on the lymphocytic elements rather than on the myeloid
cells. This phenylbutyric-acid derivative seems to be a better
drug for Hodgkin’s disease than is CB 1048 and it has had a
beneficial effect in a few cases of lymphatic leucaemia in which
it has been tried.

Bergel and Stock (1954) have synthesized a new type of nitro-
gen mustard in which the is-(chloroethyl)amino group is
introduced into the molecule of the amino acid phenylalanine
to make corresponding p-brs-(2-chl hyl)aminophenyl ala-
nine. This compound CB 3007 (Figure 3), a carboxy aromatic
nitrogen mustard, ltke CB 1348, acts preferentially on lympho-
cytic cells in animals.

OruEr SupsTaNces DERIVED FROM NITROGEN MUsTARD

All the substances of the nitrogen mustard type cause chromo-
some d ding chr breakage similar to (but
not always identical thh) that caused by X-rays and other
radiations, Investigations in this and other series showed clearly
that not only was a mimmal rate of chemcal reactivity neces-
sary for biological activity but substances with two or more
groups generally were the most effective. For this reason Gold-
acre, Loveless and Ross (194g) advanced the hypothesis that the
active compounds were able to cross-ink some constituent of
chromosomes and so inhibit cell mitosis and cause chromosome
damage. This hypothesis of the action of these drugs has still not
been proved, but it has been a valuable idea which has sumu-

lated work and development of the subject.

In the first place it was suggested that the known cross-linking
agents used in the textile industry mught be of value as chemo-
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therapeutic agents for cancer. Diep are a class of ¢t
compounds used in the textile industry for this purpose and
many of these including the simplest, butadiene diepoxide, were
found to be potent inhibitors of the growth tumours in auimals.
Butadiene diepoxide was tried clinically but was found to cause
renat damage in relatively small doses.

Because of the suggested hypothesis and because aliphatic
nitrogen mustards are known to react through the intermediate
formation of ethylenimines another known cross-linking agent
2:4:6-triethyleneimino-s-triazine  or triethylene melamine
was Investigated simultaneously in London (Haddow, 1950),
Manchester (Rose, Hendry and Walpole, 1950}, and New York
(Burchenal, Crossley, Stock and Rhaads, 1950), and in all these
centres it was found to inhibit tumour growth. This drug also
known as TEM is now widely used in America for chemo-
therapy of Ilymphadenapathies. It has the advantages that it can
be administered by mouth, and that by giving divided doses,
nausea and vomiting can be avoided. It is, however, less certain
in its action than chlormethine and in some cases has produced
very distressing reactions of bone-marrow depression.

MUYLEZRAN

Another line of investigation in the aliphatic alkylating agents
has been pursued by Haddow and Timmus {1953). Starting
with the assumption that nitrogen mustards are alkylating
agents, compounds were made m which the active chlorine of
the mustards was replaced by a p-toluene-sulphonic ester or
tosyl group. Such compounds could react with acid radicals o
with amino groups. A simple tosyl analogue (435, Figure 3) of
bis-(chloroethyl) anilme (CB 1074) was found to mhibit zh.c
growth of the Walker carcinoma m rats. Compounds of this
type had less destructive action on the bone marrow and the
corresponding meth Iph y or mesyl derivatives, had
greater chermeal reactivity and also greater biological activity
than the corresponding tosyl comp ds. Although bt chloro-
ethyl ether GICH,CH,OCH,CH ,Cl was inactive, the br-mesy!
diethylene glycol CH,80,0CH,CH,0,CH,CH,0-50,CH,
(CB 1020) was on inhibitor.
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therapeutic agents for cancer, Diepoxides are a class of chemical
compounds used in the textile industry for this purpose and
many of these including the simplest, butadiene diepoxide, wese
f'ound‘to be potent inhibitors of the growth tumours in animals.
Butadiene diepoxide was tried clinically but was found to cause
renal damage in relatively small doses.

‘Becausc of the suggested hypothesis and because aliphatic
nitrogen mustards are known to react through the intermediate
formation of ethylenimines another known cross-linking agent
2:4:6-triethylencimino-striazine  or tricthylens  melamine
was investigated simultancously in Londen (Haddew, 1950}
Manchester {Rose, Hendry and Walpole, 1950), and New York
{Burchenal, Crossley, Stock and Rhoads, 1950), and in all these
centres it was found to inhibit tumour growth. This drug alo
known as TEM is now widely used in America for chemo-
therapy of lymphadenopathies, It has the advantages that it can
be administered by mouth, and that by giving divided doses,
nausea and vormting can be avoided. It 1s, however, less certain
in its action than chlormethine and in some cases has produced
very distressing reactions of bone-marrow depression.

MyzERAN

Another line of investigation in the aliphatic alkylating agents
has been pursued by Haddow and Timmis {195g). Starting
with the assumption that nitrogen mustards are alkylating
agents, compounds were made m which the actve chlorine of
the mustards was replaced by a p-toluene-sulphonic ester or
tosyl group. Such compounds could react with acid radicals or
with amino groups. A simple tosy} analogue (435, Figure 3) of
bis-{chlorocthyl) anilme (CB 1074} was found to inhibit the
growth of the Walker carcinoma in rats. Compounds of this
type had less destrucuve action on the bone marrow and the
correspondmg methanesulphonoxy or mesyl derivatives, had
greater chemical reactivity and also greater biological activity
than the corresponding tosyl pounds. Although bus chlore-
ethyl ether CICH,CH,OCH,CH,Cl was inactive, the bis-mesyl
diethylene glycol CH,SO,0CH,CH,0,CH,CH,0-S0,CH,
{CB roz0) wasan inhilutor.
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neutropenic action and produced delayed aplasia of bone
marrow. When it was tried in repeated small daily doses on a
group of patients suffering from myeloid leucaemia, consider-
able relief and improvement of condition was observed (Galton,
1953). The changes usually included an increase in the haemo-
globin concentration, a decrease in the total white-cell count,
and particularly in the immature forms, with hittle effect on the
platelets. Myleran now seems to be established as the best drug
for the treatment of chronic myeloid leucaemia: it is more certain
inits action and has less side effects than arsenite or urethane.

Elson (1953) has carried out investigations on the compara-
tive effect of X-rays, aromatic nitrogen mustards and Myleran
on the blood picture and the growth of rats. When rats are given
a sub-lethal dose of bis~(chloroethyl)-aminophenylbutyric acid
(CB 1348) a rapid fall in the number of circulating lymphocytes
occurs followed by a temporary rise in neutrophils and un-
differentiated cells some days later (see Figure 4). In contrast to
this a sub-lethal dose of Myleran (15 mg./kg.) causes a gradual
fall in the circulating neutrophils, with only slight effect on
lymphocytes. There is also a fall in the platelet count, and
multiple haemorrhages (particularly in the intestinal tract)
develop a week later. This dose of Myleran causes the same fall
in neutrophil count as would whole-body 1rradiation with a
dose of 400 r. Such irradiation, however, also causes an 8¢ per
cent fall in lymphocytes. Thus, while X-rays destroy both
neutrophils and Iymphocytes, Myleran has a more specific
action on the neutrophils and CB 1348 attacks the lymphocytes.
By treatment with Myleran and CB 1348 together effects
similar to those produced by X-rays are seen. This shows that
by treatment with chemicals one can obtain more specific
effects than can be obtained with radiation.

DRruG RESISTANCE
One of the difficulties in chemotherapy of infective diseases is
the develop of drug resi and this difficulty 1s even
greater in cancer treatment. Most of the agents which are used
for the treatment of cancer are mutagens and cancer cells tend
to have less genetic stability than normal cells. Thus, in treating
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Following these observations the series of dimesy! glycols
CH,S0,0(CH,),080,CH, was prepared and tested in anima}
experiments, The compound with a chain of four carhon
atoms, 1 :4-dimethanesulph ybutane (CB 2041} was
found to have maximal chemical reactivity and maximal in-
hibitory action on the Walker carcinoma. This butane glycol
derivative, now called Myleran, was tested clinically. Short
courses of relatively lavge doses were found to have a strang
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In this lecture a few of the aspects of research on the chemo-
therapy of malignant diseases in which progress is being made at
the present time have been discussed. That there Is so much to
report may be, as Volker suggested a century ago, because ‘the
degree to which a disease is open to attack is inversely related to

Taste 3. Response of Patients with Breast Cancer to Different Androgen
Preparations (from Galton 1950)

Moderate
Preparation Success success  Failure Total

Testosterane {implant) 5(3) 7(5) 14(6) 26
Methyltestosterone (sublingual) 12(5) 8(2) 20(7) 40
Testosterone propionate

{intramuscular) 20y 43 31 9
Combined—Testosterone and

Methyltestosterone 2(1) (1) — 3
Testosterone and Testosterone

propionate [} [ 0 0
Methyltestosterone and Testosterone

propionate 1 3 2 6
Testosterone, Methyltestosterone and

Testosterone propionate 1(1) 0 [ 1

Figures n parentheses mdicate cases with skeletal involvement
Cases treated concurrently with X-rays omatt

a number of remedies which we possess’. Woglom said only
seven years ago that ‘to find a remedy for cancer is almost—not
quite, but almost—as hard as finding some agent that will dis-
solve away the left ear say, yet leave the right ear unharmed, so
slight is the difference between the cancer cell and its normal
ancestor’, The progress which I have described may suggest that
‘Woglom was perhaps unduly pessimistic.
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cancer one is often treating unstable cells with substances which
cause mutations, so that it is not surprising that resistant cells
arise. Tumours and Jeucaemias become resistant to irradiation
or to drugs. In treatment of tuberculosis the chance of resistant
organisms developing is reduced by using combined therapy
such as streptomycin with p-aminosalicylic acid, or strepto-
mycin with isenicotinic hydrazide. By such treatment organisms
resistant to streptomyein are killed by the second drug before
they are present in large numbers. Such combined therapy
would seem to offer special advantages in cancer therapy but
the drugs used must be chosen so that they work through differ-
ent mechanisms. It has been suggested that by blocking of
sequential processes in cell metabolism, enhanced inhibitory
effect could be obtained, Thus, by using  folic acid antagonist
(aminopterin) and a purme (6-mercaptopurine) a
mate prolonged inhibiton of turour growth is obtained than
by using each drug separately. This combination is being used
in treatment of acute leucaemia,

Variation or Response

An outstanding phenomenon in chemotherapy of cancer is the
great variation m the response which is observed. None of the
remedies which have been discussed 15 effective in all cases of
the type of discase m which it has beneficial action. For example
although the treatment of prostatie cancer with oestrogens i
perhaps the most eflicacious form of chemotherapy of cancer, it
is only effective m about two-thirds of the cases treated. In the
treatment of mammary cancer with androgens only about one-
quarter of the treated cases show improvement (see Table 3,
from Galton, 19s0}. In both these types of cancer it 1s not yet
possible to decide by previous exammation whether a patient is
likely to respond to the treatment or nat.

This uncertamty as to the outcome of treatment also applies
to a less extent to the chromc leucacmuc condition, The most
recent advances have been made m treatment of leucaemia but
the knowledge and esperience gamed in this field wilt be of
g the ¢ of other mahg con-

value m inv
ditions.
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The Scientific Approach to Dermatology

R. M. B. MACGKENNA

would still be prepared courteously to express a little

scepticism concerning the title of this lecture Derma-
tology—they would say—is largely a matter of clinical study;
the practitioners of this art are addicted to giving 1 prehen-
sible names of considerable length and dubious latinity to a
variety of eruptions; to the normal, non-dermatological eye
many of these eruptions look remarkably similar; and, if our
critics are feeling a little rancorous, they may add that it is
typical of a dermatologist that, having laboriously reached an
erudite diagnosis, he usually hastens to the matter of treatment,
and—apparently with no feeling of anti-climax—gravely but
invariably prescribes one of three simple remedies, calamine
lotion, zinc cream or Lassar’s paste. One can—our critics imply
—save a lot of time by prescribing treatment first and adding
the diagnosis to the case sheet afterwards.

There is, perhaps, a modicum of truth in these reproaches,
but I hope that this lecture will show that there is a good deal
more in dermatology than our critics suggest. Expressed more
tersely, our difficulty has been that dermatology has taken
longer than most other branches of what used to be called the
“Natural Sciences’ to pass through the era of classification and
nomenclature, and this greatly affects our approach to our sub-
Jject. There are almost exact parallels in zoology and botany:
for years the exponents of these sciences argued and wrote
about species and genera and names; but nowadays biologists
are much more interested in physiology, chemistry and even

THERE is little doubt that many members of our profession
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active professional life was the initiator of the scientific approach
to dermatology. He published over 6oo papers (many very
brilliant: a few not so commendable); and was a pioneer in
histo-pathology, histo-chemistry and bacteriology. His career
was illumined by a long series of investigations based on his
original application of the knowledge of the physical and
biological sciences of his day to the problems of dermatology.
His influence on all dermatological schools has been tremen-
dous, greater than that of Hebra whose major interest was
clinical work and clinical demonstration. It was Unna who
taught us to appropriate all the aids of the modern sciences of
our time for the investigation and comprehension of our prob-
lems.

Unna, however, was a dermatologist whose work was chiefly
addressed to dermatologists, and for many years this state of
affairs largely persisted—no one except the skin specialist was
very interested in the skin. It is only comparatively recently, in
this country at any rate, that—perhaps stimulated by the
researches of Sir Henry Dale and Sir Thomas Lewis—men who
are ‘scientists’ and not ‘clinicians’ have become more and more
interested in the integument, so that now in many laboratories
throughout the country research-—and very erudite research
too—is being undertaken concerning the structure and activities
of the skin in health and in disease.

This neglect of the skin—the largest organ of the body—has
been due to the great difficulties which beset those who try to
fathom its secrets. If the skin was thicker, investigation would
be easier, but the investigator finds himself confronted by what
is almost a membrane which is wide in length and breadth but
~—if Muchow’s (1925) estimates are accepted——has an average
thxckncss of only 22 mm.; the epxderxms whxch isa laboratory
of ity synthesizing keratin, vitamin
D precursor, hpxds, enzymes and anu-enzymauc factors, has
an average thickness of o 12 mm.: the corium which,besides its
physical propertxes of elasticity, resilience, and ensheathment,
has functions in metabolism—collagen formation, for example

y and heat regulation, undertakes these and other
very diverse duties all in an area that on the average is reported
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psychology than they are in the disputes which made and
mayred reputations two gencrations ago. Today I find myselfa
member of a generation which is much more interested in how
an eruption has materialized than in the classical accaracy of
the terminology in which the diagnosis is written. The diagno-
sis, of course, has to be accurate but we are not particularly
concerned whether the terms we use would be approved by
Ferdinand Hebra or one of his immediate successors, For
example, as the nodules of erythema nodosum fade the affected
skin has a bruised appearance; classically the eruption in this
stage is Dermatitis Contusiformis, but most of my generation
would prefer to forget this and give the name Erythema Nodo-
sum in which the actiology is connoted by custom.

Now the reason why dermatology has lain so long in the
doldrums of classification and norenclature is because the
associated sciences, particularly anatomy, physiology and bio-
chemistry, are only now reaching phasesin their development in
which they are able adequately to investigate the structure and
the metabolic processes of the skin; until we know mare about
these it is impossible fully to comprehend what may occur in
disease and thus to understand not only how a rash appears but
how it is that, for example, in the group known as the Lichens
the primary and—classically—the persisting lesions are papules,
whilst in the Herpetiform group the primary lesions are vesicles.

1t follows, in my view, that, briefly, the scientsfic approach to
dermatology is the path whereby we will discover how the skin
functions in health, how it is impaired in disease and how

~—benign and mahg ¢ formed. Alatergeneration
may be permatted to ask not ‘how’ these things happen but
‘why" they occur; why, for example the skin s chosen in a given
case to produce a definite But, as I. Macalpine (1953)
has stated, ‘why’ is not at present a legitimate question to ask of
the natural sciences, for as yet both the guestion and its answer
Jie in the domain of plulosophy.

Basic Data
It is usually accepted that Paul Gerson Unna who was bors in
Hamburg in 1850 and who died in rgzg after nearly 6o years of
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these have perhaps received less attention. E. H. Leach (1952)
has described a technique whereby sections of skin 500y in
thickness can be cut, stamcd wnh amhraccne blue and exam-
ined with a (stere ic) t )t pe. By cutting
sections in planes parallcl to the surface he has shown that two
or more separate sebaceous glands may open into the same
follicle, and that there is no evidence for the concept of ‘rete

a

RETE PEG OF
{— EPIDERMAL TISSUE

b

EPIDERMAL
PARTITION

DERMAL PAPILLA

L I T LU S S, T
ere

LursoLLAL SetLons THTOUgN the dermal papulae {irom Leach, 1952).

pegs’. No longer may we regard the epidermis as having finger-
like projections extending downwards to the corium, for 1t seems
that the cone-shaped dermal papillae indent the inner surface
of the epidermis. The papillae are so closely placcd that only
thin partitions of epithelium separate them. ‘It is as though the
dermal papillae were surrounded by flexible plastic cups set
upside down and squeezed together until their sides touched.”
In the standard, thin, vertical sections the walls of these ‘cups’
e . h SOERTY MR

note that Malpighi himself gave a correct description, which
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to be but 2 mm. in depth. The hypoderm, which is ferra incogaite
at present, is said to be 008 mm. thick. When we consider this
we can und d why physiologists and athers turned from
the skin to other organs more amenable to the techniques which
they had elaborated or could devise. Yet, despite its thinness,
knowing as we do the infinite capacity of Nature, working by 2
process of selective evolution to obtain a maximum of efficiency
from all the essential argans of the bodies of higher vertebrates,
it would have been reasonable to assume, on purely phifoso-
phical grounds, that the skin had a complexity of functions
beyond those classified in the elementary text-books under
headings such as integ Y, tactile, heat regulation, etc.

The skin, of course, is the largest organ of the body. Morris
Leider (1949) has estimated that if by ‘skin’ is meant epidermis,
corfum, and that portion of the hypoderm which ensheathes the
deepest appendages, its weight is 6 per cent of the body weight.

Here I cannot forbear referring to an illustration of a statue
of the patron Saint of St. Bartholomew’s Hospital (Plate VI,
Figure 1);! this statue is in Milan Cathedral and was exccuted
by Marco d’Agrata of Ferrara who was born about 1500. St
Bartholomew was one of the twelve apostles; according to the
traditional account he suffered martyrdom by being flayed alive
and then crucified head downwards at Albanopolis in Armenia
or Urbanopolis in Cecilia, Here he is shown carrying his skin
over his shoulders; and if his weight was 12 stone, the weight of
that skin (disregarding the subcutaneous tissue which seems
also to have been removed) was a fraction over 1o b.—more
than twice the weight of the liver and nearly three times that of
the brain,

AnaTOMY AND PrysioLocy
It is interesting to note that in the University of Oxford in
recent years much valuable pioneer i igation has been done
in several differcnt departments concerning the skin. The work
done by Sir Rudolph Peters and his colleagnes concerning
Vitamin B pyrophosphate (‘Co-carboxylase’} and the elabora-
tion of dimercaptopropanol is widely known, but at the
moment, I wish to turn to matters concerning anatomy, for
1 The plates referred 10 10 this Jeeture will be faund at the end of the book
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hair follicles, myelinated parent fibres enter the follicles, and
end in a profusion of filaments disposed in two planes, Encap-
sulated nerve endings are seen only in glabrous skin and
mucons membrane. The capsule is formed of epithelial cells and
connective tissue fibres and within it the parent axon pursues a
tortuous course and from it springs a profusion of short, fine,
naked filaments which branch repeatedly and terminate among
the cells of the capsule.

In summary, therefore, all the nerve fibres which end in the
skin ultimately give rise to a series of fine, naked, axoplasmic
filaments,

Weddell (1953) believes that the conception of one nerve
enditig for each nerve fibre, forming one pathway for one per-
ception—a concept based on the validity of the law of specific
irritability—can no longer be regarded as a sound working
hypothesis.

Sir Thomas Lewis (1942) comed the name ‘nocifensor” for a
system of nerves in the skin and mucosae which are concerned
with local defence against injury. Lewis’ observations suggested
that there was a dorsal roat efferent system of nerve fibres which
formed a network just below the epidermus and which was
concerned, among other things, with the spread of flare and
with hyperalgesia. He argued that this system was independent
of nerves subserving ‘pain’, for nocifensor reactions are not
necessarily accompanied by that sensation. Woollard, Weddell
and Harpman (1940}, on the other hand, demonstrated that in
an area of skin subserved by terminals from a single nerve
fibre, the skin was hyperalgesic although only pam could be
evoked.

Weddell believes that the nerve terminals ending in relation
to the capillaries are so disposed that local responses arising
from stimuli involving short segments of superficially situated
neighbouring terminals can easily spread far enough in the
arborization of filaments to produce a flare without necessarily
extending all the way to the main fibres which they subserve.
Thus these nerve terminals and the ramufication of nerve
fil could be ded as an independent physiological
system. This accords with Lewis’ conception of a nocifensor

2A
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has been followed in a few texts, but that the error of describing
rete pegs had crept into many books by the end of the nine-
teenth century.

The problems of cutancous innervation used to be dogmati-
cally taught and easily learned. It was said that there were no
nerves in the epidermis, whilst in the corium there were Paci-
nian corpuscles, Krause’s end bulbs and various structures
which subserved not only the sensations of pain, heat, pressurc
and so forth, but also—nicely drawn—provided decorative
illustrations for the text-books. But, as Ovid wrote in the
Metamorphoses, ‘quod fuit ante, relictum est’ (‘that which was
previously is left behind’), and G. Wedell and W. Pallie (1954)
of Oxford have shown that when improved histological
methods are used, employing the enzyme hyaluronidase, the
nerves can be seen to terminate in the skin in a manner which
so far has only been hinted at and which has not previously been
demonstrated unequivocally. ‘Briefly, numerous nerve fibres
reach the skin after branching and ramifying in the cutancous
nerve plerus. These fibres may be myelinated or non-myeli-
nated. In some cases, the myelinated ones lose their myelin
sheaths and travel for several millimetres as non-myelinated
fibres before giving rise to a profuse arborization of fine, freely
ending, naked filaments.” These filaments are usually enlarged
at their points of termination. Nerve terminals in the skin may
be divided into three groups: first, unencapsulated; secondly,
encapsulated; thirdly, endings related to hair follicles.

Numerous naked axoplasmic filaments ramify in the epider-
mis among the cells of stratum germnatizum, A wide area .Df
cpidermis, which in the forearm may be a square centimetre in
extent, may be supplied by an arborization of those filaments
which spring from a single stem axon in the corium. The
filaments do not enter the cytoplasm of the cells.

Unencapsulated nerve endings are found in rich }‘)rofusian

Just below the sites where the sebaceous glands open into the



THE SCIENTIFIC APPROACH TO DERMATOLOGY 355

that prolonged itching is—for many—a most demoralizing
symptom. In the initial stage scratching is commonly pleas-
urable, but the pleasure is soon lost; the patient often despises
himself for having to give way to what he regards as a bestial
habit. The itching subsides, or is mitigated when pain super-
venes. No one, I believe, has yet estimated whether the intensity
of itching must be countered by an equal intensity of pain before
the attack is controlled. My impression is that if you compare
the excoriations caused by scratching to relieve an itching
eruption on the forearms, with the excoriations sometimes in~
flicted for a similar purpose on the hand, the lesions on the
latter part are more closely set than on the former—as though
the patient can obtain relief by much less trauma on the fore-
arm than on the hand; does this fit in any way with Weddell’s
observation that maked axoplastic filaments arising from a
single stem axon ramufy 1n a much smaller area (a few square
millimetres in extent) on those parts of the fingers which he has
examined than on the forearm where their area of ramification

Present; and in doing t}‘ﬁs not only will we be able to relieve
more human suffering, but we will undoubtedly hasten the
rate of cure in many eruptions which are kept active—often for
months—by friction and scratching

MEeTABOLISM
1 would like now to draw attention to matters concerning the
metabolic activity of the skin i health and disease. Untl
recently it was taught that when ultrasviolet rays fall on the
epidermis certain sterols in the skin are yrradiated and vitammn
D is formed; the individual is thus safeguarded from rickets in
early cluldhood. Both in childhood and in later life 1t is probable
that his resi: to tub losis is enh d, for, as G. B.
Dowling (1953) has shown, the vitamn whilst having no effect
on the growth, viability and virulence of the tubercle bacillus
nevertheless stimulates the host's specific cellular reaction to the
orgamism. V. R. Wheatley informs me that most hiochemusts
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system behaving independently of the sensory system of pain
nerves. It is of course to be assumed that the local responsc is
connected with changes whereby chemical substances are
released which influence the state of the capillaries.

From the clinical aspect dermatologists welcome any infor-
mation which increases their knowledge of cutaneous innerva
tion; we are interested in inflammatory responses and ‘flare’,
but patiently we wait for someone to shed new light on the
problem ofitching. The last important paper on this subject was
probably that published by S. Rothman (1941); he showed that
tickling, itching and diffuse burning pain all represent the same
sensory quality and are felt in turn as the intensity of the
stimulus is increased. Possibly a full consideration of Weddell’s
observations may ‘tic up’ with some of Rothman’s data.

Ttching may be central or peripheral. J. H. Sequeira, J. T.
Ingram and R. T. Brain (1947) have suggested that the im-
mediate cause of itching is a change in the surface tension
between the prickle-layers of the epidermis. .

Severe itching encountered in eczema, in dermatitis herpeti-
formis and lichen planus is, so many patients say, worse to
endure than pain. The same remark has heen made by some
patients suffering from Hodgkin’s disease, and by very many
who have pruntus ani or pruritus vulvae.

In the present state of our knowledge I would not like to say
that the aetiology of the symptom is the same in all these mala-
dies; in the first group—eczema, dermatitis herpetiformis and
lichen planus—the itch may be due solely to peripheral causes:
is it solely peripheral in the early stages of psychogenic pruritus
ani or in Hodgkin’s disease?

Wittkower and Brian Russell (1953) regard itching as being
an epidermal and upper dermal function, but they are carcﬁ_ll
to emphasize that dermal reactions such as angio-neurotic
oedema do not itch It is difficult to understand why the lesions
of urticaria itch whilst those of erythema multiforme cause more
a burning than an itching sensation. .

Perhaps it may be thought that I have spent too much time
on this matter of itching® but, as a chnician, I would like to
emphasize that it is much casier to relicve pain than itching, and
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‘impetigo® was giving concern to the military authorities and
the average duration of stay in hospital in these cases seemed to
be far too long. It was thought that when penicillin cream
became available, men with ‘impetigo’ would be treated in
their units: they would be rapidly cured and sick wastage would
be greatly reduced. It was soon found that this did not happen.
The sick wastage from this maladay remained about as great
as ever. Twiston Davies and his colleagues (1945) investigated
the climcal aspect of the matter. He found that a large propor-
tion of these men were suffering from seborrhoeic dermatitis (see
Plate V11, Figure 4). The lesions often had become infected and
mimicked impetigo contagiosa—but the primary cause of thexr
trouble was seborrhoeic. Amongst other things he pointed out
that a characteristic sign was a chronic, often crusted, sore on
the sulcus half-way between the lower lip and the point of
the chin. One cannot cure seborrhoeic dermatitis with penicillin,
and these ‘seborrhoeic impetigos’ remained a problem until the
end of the war.

These, then, are but two examples of the wide variety of often
unrecognized seborrhoeic maladies, and most dermatologists
can give examples of the seborrhoeic state as the ‘onhe begetter’
of a variety of cutancous lesions which cause a great amount of
human suffering and sick wastage.

It seemed therefore that if at St. Bartholomew’s we could dis-
cover some basic facts about sebum and its secretion many
things would be yielded unto us.

We had little to go on, although in 1936 H. W. Barber in a
summary of his views concerning the seborrhoeic state had
defined seborrhoea as ‘an excessive and altered secretion from
the sebaceous glands and (i.e. associated with) a change of the
composition of the fat in the horny layer (of the epidermis)’. At
that time it was believed that seborrhoca was the most impor-
tant factor leading to seborrhoeic eruptions. The bacteriology of
seborthoeic eruptions had been a cause of controversy for two
generations, and we decided, at first at any rate, to leave this
matter alone; perhaps we were wise for I. Martin-Scott (1952)
has since shown that so far as Pityrosporon ovale is concerned 1t 1s
Probably a non-pathogenic saprophyte which can be cultured
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now believe that the vitamin is not formed in the skin, but is
photo-synthesized on the surface of the epidermis from 2
precursor (probably 7-dehydro-cholesterol}; oddly enough this
sterol has not yet been demonstrated in sebum. Once formed
the vitamin is rapidly absorbed—though how this happens it
not known—and probably reaches the blood stream in the
corium,
Sepum

At St. Bartholomew’s Hospital and Medical College we have,
in recent years, taken smuch interest in sebum, Professor A,
Wormall and myself agreed that we would endeavour to stimu-
Iate research under our joint aegis, and we have been fortunate
in securing the generous interest of the College in our efforts.
Qur plan was that I should suggest the problems from the
clinical side and would discuss them with Wormall who would
assess them from the biochemical standpoint. In V. R. Wheatley
we have found a very competent junior colleague who first
studied the clinical problems with me and then, under Wor-
mall’s direction, bent to the arduous task of solving them in the
laboratory. A little later I, S. Hodgson<Jones was able to add
his contribution to the project. The first problem was dic-
tated by the enigma of seborrhoeic dermatitis. This malady is
common in most—probably all—parts of the world. Its mani-
festations are so protean that I know of no adequate comprehen-
sive survey of them n the literature. To give but two examples.
‘When P. F. Botrie and 1 worked together at what was then
called the Wellhouse Hospital, we noted on many occasions 2
chronic eczematous eruption on the lower legs of elderly men
which to the casual eye was just a variety of hypostatic eczema.
These patients, however, were schorrhoeic subjects, often with
chronic petalloid seborrhoeic dermatitis on their chests, dan-
druff in the scalp, and with the stigmata of the sehorrhoeic state
which H. W. Barber has 5o excellently described. In our view
these rashes on the legs—on limbs often tightly ensheathed in
woollen undergarments and socks—svere but mamfestations of
seborrhoeic dermautis. The second example of the nature of
seborrhoeic dermatitis was observed by J. . Twiston Davies
during World War IL The incidence of eruptions recorded as
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secondly it contains 30 per cent of free fatty acids—an unusual
feature in a naturally occurring fat; thirdly, for the first time
the unsaturated hydrocarbon squalene was shawn ta be present
in significant amounts in a normal human tissue fat; fourthly
the presence of & large proportion of paraffins way surprising as
these rarely accur in antmal tissues. In addition we failed to
discoser vitamins A, B, C, or K, prowitamins D2 and Dy, or
B-carotent, and were able to detect only a trace of vitamin E-
we had expected that fat-soluble vitamins or pro-vitamins wonld
bepresent,

The discovery of squalene has aroused some interest: not only
did many industrial chemists working for cosmetic firrs write
for reprints of our report—so that we expested to see ‘Squalence
Face Cream® being marketed in New Bond Street and Fifih
Avenue—but it also stimulated inquiry whether squalene is a
P of chol l; we nate how that certain labora-
tory animals do not have squalene in their sebum although they
appear ta secrete cholestero! from their sebaceous glands.

Tarez 2. Comparison of the Compositian of Human and Sheep Sebum

Man Bheep
Free fatty acids 30% trace
Tnglycendes -+ N
Wazes + *
Cholesteroland its esters + *
Lanosteryl esters - +
ene + -
Other hydrocarbons + trace
Nature of free and combined fatty acds nseries a-seney
(oded and {even)
even) Branched-chain
{aso- and anteiso-}

In 2n attempt to discover the origin of squalene, Wheatley
([953) analysed sebum obtained from rats, rabbts and gunea~
pigs; he found that unlike that derived from humans, this sebum
Wwas not a mixture of fats and waxes, for only a trace of togly~
ceride could be detected. This observation was of some 1sterest
?ccausc it has for long been known that schum from the sheep
is also a wax and not 2 fat {m parenthests, clinicians will note
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fromnormal adultsas frequently asfrom seborrhoeic subjectsand
is not usually found alive in cases of acute seborrhoeic dermatitis.

We noted that there was some controversy concerning the
mechanism of sebum secretion. In 1934 J. Boeke had des-
cribed a nerve plexus investing sebaceous glands: he thought it
was derived from the sympathetic system, but noted that the
individual cells of the glands were not innervated. G, R.
Cameron and W. G. Spector (1953) have recently reached the
conclusion that whilst experiments in animals afford some
evidence in favour of nervous controf, on the whole there is little
in favour of the view in the case of man; our work has done
something to support this opinion—but I still find it very
difficult to believe that these glands are independent of nervous
control, and at the outset I had hoped we would find evidence
in favour of Boeke’s view.

Thus it was some four years ago we embarked on our project.
Wheatley’s first task was to investigate the chemical composition
of human sebum. The material was obtained by immersing the
forearms of volunteers in acetone and recovering the sebum
thus extracted from the liguid. The material he obtained was
an amber-coloured wax-like substance resembling the ear wax
of Europeans, Analysis showed that its average composition
swas as shown in the following table.

TABLE 1. Average Composition of Human Sebum
(MacKenna, Wheatley and Wormall, 1950; 1952)

Per cent
Free fatty aads: unsaturated 15
saturated 15
Trglycerides 25
Waxes (including cholesteryl esters) 15
Sterols: Cholestero (free) -5
Cholesterol (combined) @50
Other sterol 25
Squalene 5
Paraflins 75
Unidentified {including oxidized ! 5

! Included 1n waxes

There are several important features about this analysis.
First, human sebum is shown to be a mixture of fats and waxes;
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200

s

SEBUM LEVEL(MG PER 5QCM)
- 3
3 S

1 o W 2 25
DAYS FROM ONSET OF MENSTRUATION

Fig 5. Variations in sebum levels during the menstrual cycle Measure-
ments made on the upper back of a woman aged 18 years,

Finally an attempt was made to show changes in the seba-
<ceous activity in seborrhoeic dermatitis. The sebum levels of
certain areas were estimated, and the sebum analysed. The
levels in subjects suffering from seborrhoeic dermatitis were
very little different from those in normal subjects but the
results showed a slight but definite alteration in the composition
of scbum in cases of this malady (Table 4).

Mame 8 Can et et Phetma —mat o am ol o
Normal  Seb. Derm.
Acid No. 4 £15 44416
Jodine No 67 £7 59 % 11
Cholesteral (%) 41£13  46%25
Squalene (%) 85117 12123

More detailed investigation of the chemical changes in seb-
horrhoeic dermatitis and other skin diseases is now required;
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that although Lanolin is, in practice, a satisfactory substitute for
human sebum, its chemical composition is surprisingly differ-
ent)—but sheep's sebum differs considerably in composition
from the schaceous secretion of rabbits, rats and guinea-pigs. We
learned from these investigations that for our purposes we
would have to concentrate on sebum derived from human
beings; we also had to note certain problems: for example
Flesch and Goldstone (1952) showed that when squalene was
applied once to the skin of rabbits and guinea-pigs loss of hair
occurred some 1o days later. Within a few weeks the fur is re-
placed, Unfortunately we found that squalene does not similarly
cause epilation in human subjects, but this was to be antici-
pated, squalene being a normal constituent of human skin fat.

Besides studying the nature of sebum it was necessary also to
study the quantitative activity of the sebaceous glands. For
such an investigation the amount of sebum covering a measured
area of skin has to be estimated—this is termed the sebum fevel.
Wide individual variations are found in the sebum levels of
different areas of the body. There is, however, a definite grada-
tion in the sebum levels of different areas, the highest occurring
in the scalp and the lowest in the extremities (Table 3).

TasLz 3. Some Scbum Levels of Various

Sites of the Body
(Hodgson-Jones and Wheatley, 1952)

Site of Body Average sebum level

(¢g /5q- em.)

Farchead 212 £ 73
Chest 120 + 61
Back 106 3 56
Axlla 84 459
Grom 75+ 28
Abdomen 67 £ 45

58 +34
Leg 36 19

It was observed that in men the sebum level for a given area
remained fairly constant from day to day, but in women the
sebum level follows a recurrent pattern during the menstrual

cycle (Figure 5).



THE SC;ENTIFIC APPROACH TO DERMATOLOGY 363

organisms; the finding has caused considerable surprise, which
has been increased by the report that the acne bacillus, which
is an anaerobe, is numerically the preponderant resident organ-
ism of the skin.

In the matter of relative inviolability of the skin to transient
microbic infection we have much of practical experience, some
knowledge, and a good deal of theory. Let us for a moment con-
sider two forms of infection of the skin, usually attributed to
staphylococcal infection, namely furunculosis and impetigo.

Boils are—or used to be—occupational maladies of house
physicians and house surgeons towards the end of their period
m office. They occur readily in persons who have had a good
deal of emotional stress, too little fresh air and exercise, and
who have lived on a diet too rich in carbohydrates. We can, in
our jgnorance, omit considering the factor of stress; but I
suggest quite dogmatically that boils seldom oceur in healthy
subjects with reasonably sun-tanned skin living an open-air
life: that is in those persons whose environment is conducive
to adequate cutaneous metabolic activity. The dietetic factor is
Important. In cases of chronic furunculosis in non-diabetic
Subjects, the patient often takes an enormous amount of carbo-
hydrate; many such persons will admit having an average of
8-10 cups of tea a day with 3 teaspoonfuls of sugar in each cup:
much of their solid food is also excessively sweetened; their
lesions often disappear when they submit to a reasonable cur-
tailment of their consumption of sugar and starch. On clinical
grounds the theories of E. Urbach and J. W. Lentz (1945)
deserve consideration, but I am informed that no one has been
able to confirm or disprove their views. These workers, particu-
larly Urbach, found that the average sugar level in the skin was
58 mgm. per 100 grammes and regarded a level above 68 mgm.
as pathological They suggested that there is an independent,
Intermediary carbohydrate metabolism in the mtegument and
used the term independent cutaneous glycohistechia to desig-
nate a rise in skin-sugar level not accompanied by or preceded
by a rise in blood-sugar level; they considered that this occur-
rence is not related to the general sugar metabolism of the body
2and therefore is not related to ordinary diabetes mellitus,
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this wil} entail the development of ‘ultra-micro-chemical
methods” of analysis in order that the composition of schum
from small aveas of skin can be examined in detail. In view of
the dietary restrictions which some clinicians customazily im-
pose on patients suffering from seborrhoeic disorders—and for
c?her reasons—it will be interesting to investigate the effect of
diet on the composition of sebumm. Also there are the matters of
the origin of squaleae, its function, vitamin D formation and
other problems which Wheatley hopes to jnvestigate in the
near fature.
InvEcTION OF THE SRIN

The penultimate subject to which I wish to drayw attention is a
consideration of the bacterial flora of the skin and some views
concerning the protection of the integument from bacterial
invasion. Clinically this matter is not so remote from the prob-
lems of seborrhoea as it may appear to be to the scieatists in my
audience, for there 1s some clinical evidence to show that in the
seborrhoeic state there is frequently some degree of breakdown
in the mechanismy of self-disinfection of the skin.

D, M. Pilisbury and A. M. Kligman (1953) have receatly
reviewed the topic. They point out that the skin is never sterile,
and cannot be rendered so by any practical means; a varisty of
nitrogenous and lipid constituents enable it to support a
tuxuriant flora, which is predotoinantly bactenial, on its surface
and in the orifices of its specialized glands.

They believe that individual variability of the cutaneous
flora of dafferent persons is perhaps a charactenstic feature, for
there are real differences in the average number of organisms
supported by the skin of different individuals. Certain persons
may unquestionably be charactenized by having consistently
high counts whilst others—just as conustently—have low
counts. There stems to be some agreement amongst those who
have studied these matters that most bacteria are not oa the
skin surface, in or between the Diving cells of the epidermis,
but Yie within the openings of the glandular appendages. This
may explain why Evans and s colleagues (1950) have been
able to show that the anacrobic bactersa on—or m-!}3c
wnspecialized glabrous skin are greatly m cxcess of the acrobic
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SymeaThY: PsycroLocy
At the beginning of this lecture I suggested that the scientific
pproach to der logy itated, among other things, a
study of how the skin reacts to morbid agents in disease. In
connection with this, I would like to suggest that a study of
‘sympathy” and homology might be of some interest.

For many years ophthalmic surgeons referred to sympathetic
ophthalmia meaning an inflammation of the uveal tract of one
eye, due to the effects of a similar inflammation in the other; it
is not very common nowadays, but is still recognized as a
clinical entity, The suggestion I wish to make is that in derma-
tology there is a sympathy or homology between some areas of
skin, so that when the first area is affected, another definite area
15 likely to develop some form of secondary eruption. I propose
using the word ‘sympathy’ when referring to interrelated
phenomena occurring on analogous areas of the skin, and
homelogy in reference to interrelated phenomena occurring on
differing areas of the integument,

There is, T submit, a small amount of clinical evidence to
suggest that ‘sympathy’ may properly be regarded as a derma-
tological phenomenom as well as an ophthalmic one. The
subject is difficult, because 1t is Iinked with the problem of
distribution of skin eruptions (of which we know nothing
except the visible facts) and the psychological matter of
umlateralness and bilateralness

If 2 man develops tinea pedss, he may later develop an “d’
eruption, in which event the “id’ is more likely to be on the
hands than on any other arca. In my view that is one example
of homology. The matter may be hghtly distmssed by saying
that both hands and feet are peripheral areas remote from the
heart. If he has a sluggush circulation 1n his hands the toxic
products from his feet will naturally concentrate in the vessels
of his hands and thence damage the skin of his hands; but I
would suggest that this argument is not entirely valid, for if he
deve}ops tinea cruris without tinea pedis, although the tinea
cruris would be caused by one of the same varicties of fungus
that attack the feet, it is most unlikely that he would develop

an 14’ eruption,
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_I‘ am well aware that these views have been adversely
criticized and even ridiculed; from the solely clinical point of
view they provide an explanation of a phenomenon which ane
has obsz:.wed in many patients; and if Urbach and Leniz were
wrong, it would be interesting to know the correct explanation
of the diatetic factor in furunculosis to which T have referred.

_From the foregoing observations, we can assume that stress,
diet, environment and the seborrhoeic state are factors which
the clinician has o ber when he considers cases of the
two named infections.

Now there are two principal theories concerning the ‘de-
germing’ of the skin (I hasten to add that ‘degerming’ is an
accepted nonce-word of technical jargon), The first is a chemi-
cal matter and refers to the acid mantle of the skin: Marchionini
(1928 and 1929} thought that acids in sweat and the low iso-
electric point of keratin were of much importance. Burtenshaw
(1948) cautiously suggested that long-chain fatty acids were
chiefly responsible. The second theory is physical: Norton and
Novy (1931), Rebell ¢ alia (1950) have favoured the belief that
the sclf-disinfecting mechanism is due to desiccation. Richetts,
Squire and Topley (1951) have reconciled some of the diver-
gent points of view by showing that desiceation and chemical
sterilization may both be :mportant, but the importance varies
in accordance with the organism that 1s being studied, Thus
E. coli anQ Psewdemonas are removed easily from the skin by
desiccation but multiply in moist areas. Whilst there are many
gaps m our knowledge Pillsbury and Kligman (1953) have
suggested that desiccation and not chemical stersfization would
appear to be a significant factor 1n causing the disappearance
of Gram-negative organisms: both desiccation and chemical
effects infl the rate of disappearance of Staph. aureus.

Time will show whether the factors T have thus briefly men-
tioned are the sole ones which we have to consider in regard to
self-disinfection of the sk, but it 18 worth while emphastzing
that the mechanisms are extremely cfficient, as witness the
great difficulty which Shechan and Fergusson (1943}, Bigger

and Hodgson (1943), and others have had i their efforts to
co exper Hy on human skin.

produce 10p
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Now, for the present argument, I suggest that the pattern of
skin eruption may be influenced by sympathy and homology to
a degree which we do not realize. They may at any rate be
invoked, to explain the symmetricity and pattern of certain
eruptions.

But, it may be said, the symmetry in distribution of a second-
ary syphilitic rash or psoriasis, and the pattern of, say, chronic
lupus erythematosus are more features of the disease process
itself than anything to do with the patient. For present purposes
1 suggest that is too sweeping a statement, and would like to
elaborate this view.

‘When Staphyplococcus ppogenes is on a culture plate, it may cause
afew changes in the medium, but it does not cause a boil. It will
only form a beil if it achieves a suitable breeding-ground in a
pilo-sebaceous follicle and if the host reacts to the stimulus of the
microbe. The reaction to the daemon is the concern of the host
and it is this which produces the boil. If the host does not
respond, commensalism may ensue, or the daemon may be
destroyed by those processes of self-disinfection which we have
been discussing. It is probably only given to a few daemons—
the bacilli of anthrax and glanders for example, granted that
t!lcy are really virulent—almost invanably to produce the
signs and symptoms with which they are accredited.

Now microbic infection is the easiest example by which I can
emphasize the importance of the host’s reaction in producing
what we call disease.

We tend to postulate that some d or oth d the
daemon may not necessarily be bacterial or viral, but may be a
n_letabolic disorder, an allergen, a hapten, or even an involu-
tonary process—some daemon or other is responsible for the
host reacting to produce psoriasis, lichen planus, pemphigus or
dermatitis herpetiformis. But these diseases can be described in

text-books as following certain well-defined trends and having
certain well-defined patterns of eruption, not so much because
the daemon causing say pemphigus vegetans is, we presume,
the same in all cases, but because the reactions of the hosts tend
to be much the same in most cases. If this is accepted it means
that the Paragraphs concerning aetiology in our text-books will
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There is therefore, I think, some slight evidence to suggest
that there may be some degree of homology between the feet
and the hands, so that if the former sustain a fungus infection
the latter are likely to react.

When suspender dermatitis occurs on the thighs (the eruption
being caused by an allergic hyper-sensitivity to the metallic
plating of the suspenders), it is not unusual to find an itching,
papular, secondary eruption on the surfaces of the upper limbs
adjacent to the elbow. Why should this be the site of efection for
the secondary eruption®

Plate VIII, Figure 6 and Plate IX, Figure 7 show cases of
fairly acute eczema limited to the limbs, and of lichen planus,
The latter illustrates ‘sympathy’, the former both ‘sympathy’
and ‘homology’.

Besides the homology which seems to exist between the lower
and upper limbs, there is also same degree of sympathy between
one leg and the other. Take a2 man with an cozing dermatitis on
his right leg: seal in the rash with soft paraffin and it is guite
probable that he will get a secondary rash on the other leg.
Similarly there may be sympathy between one arm and the
other, one foot and the other, one hand and the other. I am not
certain that the homology that seems to exist between the feet
and the hands, and the legs and the arms occurs as easily in
reverse; for, if a patient develops an eruption on the upper lmbs
it does not seem to be so likely that he will get an homologous
eruption on the lower ones. If the conception of sympathy :\x}d
homology is accepted as vahd, then it may be that in certain
maladies such as generahzed exfolianve dermatitis of the
Pautrier-Worringer type, for example, sympathy and homology
play some part m perpetuating the eruption, and sornething
might be done to explmt these factors in treatment. But we
know little or nothing about the h which are 1o~
volved, and therefore are powerless to do much except theorize
at present Nevertheless, out of theory, mvestigation may ensue:
it is part of the scientific approach—just as it is part of that
approach very carefully to scrutinize any such ideas without
bias, to see if the chaical observations on which they are founded

are valid,
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daemon, when his cutaneous resistance breaks down he
develops a recurrence of say his lichen planus, his endogenous
eczema, or his psoriasis. The type of the eruption will depend
both on the nature of the daemon and the resistance and re-
action of the host; the pattern of the eruption and its extent may
be influenced to some degree by the factors of homology and
sympathy, as well as by the extent of breakdown of resistance.
How—in dermatology—is there a breakdown in resistance?
We have considered breakdown in relation to bacterial infec-
tion. In eczema, in psoriasis, in lichen planus, the breakdown
may be due to somatic causes. It may also be due to those

factors of stress to which Selye has devoted so much attention.
And here it ic that wa snnennch tha inflaancae Af tha wlnd A

this aspect which was broached to a surprising degree by the
Victorians and scorned by a later generation, slowly become
accepted by the majority. Much of the present difficulty is that
the seientific discipline is one whereby the individual is taught to
assess his results not by the light of his own experience but by
comparison with controls and standards which are acceptable
toand may have been st by others.

Controls and standards are not so readily available to the
psychiatrist; his method is perforce ‘individualistic’; his data
cannot be measured; possibly the modern scientist who finds
himself, in physics at any rate, dealing with intangibilities, is
for this reason more tolerant of the psychologist than he used
to be. But although each submits to different disciphines, the
place of the dermatologist is between the two: he can learn from
both—his knowledge of his Art Taust teach hira when to request
help from one and when from the other, But eventually it will
be the triumph of the anatomist, the biochemist and the
P}}ysiologist to explain the exact mechanisms whereby the
$Xin can—in certain individuals—be the mirror of the emotions.

2B
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eventually acquire a different ‘slant’, Impetigo contagiosa will
not, for example, be defined as a disease due to invasion of the
cepidermis by Staphylococeus progenes, but as a cutaneous reaction
provoked by the organism in certain subjects whose mechanism
of cutaneous self-disinfection has broken down in such and such
a way, because of such and such factors, but whose follicular
resistance is sufficiently strong, for such and such reasons, to
prevent them from having boils ot carbuncles instead of
impetigo,

Disseminated lupus erythematosus is usually associated with 2
severe generalized cutaneous eruption. At the Mayo Clinic they
are sure that many women having malaise, arthralgia and
arthritis without rontgen demonstrable bony changes, albu-
minuria, leucopenia, a high E.S.R. and reversal of the albu-
men globulin ratio but with no cutaneous eruption, are
suffering from this malady. These women have no dermato-
logical signs probably becanse their cutaneous reactions are
different from most of their fellow sufferers.

Psoriasis 15 2 malady in which the pattern of inheritance has
baffled the geneticists. I suggest that all persons in a psoriasis
family have the daemon which they pass on to their offspring;
but that—in most families—only a minority of these offspring
react with cutaneous lesions. They may react sn other ways and
it would be interesting to see if, for example, there is 2 pattern
in the medical histories of so-called non-psoriatic members of
these families: are they prone, for example, to levkoplakiaz or 3
the daemon able to change its attack so that instead of con~
centrating on ectodermal tissue it can eventually wreak its
vengeance on structures or organs derived from the mesoderm
or endoderm? Ave there, in fact, unsuspected relatiomhjps
between some cutaneous discases occurring in one generation
and visceral, endocrine, cardiovascular and skeleto-muscunlfar
diseases occurring in futare generations? If this is not just wild

P ion, then the ph occurring in atopic families
(that is the asthma, eczema, hay-fever, migraine groups) aré
not 50 unigue as we suppose.

‘We began this part of the lecture by conuidering problems of
homology and sympathy. Granted that a man possesses 2
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directed towards a search for regularities and concurrences in
behaviour and aims at establishing principles which describe
them and from which predictions can be made.

HyrpoTHEses

Experimental studies of psychopathological states began during
the early years of this century as a result of observations made in
Pavlov’s laboratory. Here investigators, quite incidentally to the
main purposes of their research, produced behaviour abnor-
malities which, in their opinion, were analogous to the neuroses
in man (Pavlov, 1928). The characteristics of the conditioned
salivary response in dogs were being studied. One animal had
been conditioned ta salivate when a circle of ight was projected
on ascreen in front of it and to inhibit salivation to an ellipse of
the same size and intensity, This differential conditioned re-
sponse continued to be evidenced as the shape of the ellipse was
brought closer and closer to that of the circle until a point was
reached when the ellipse was nearly circular and dramatic
changes occurred in the animal’s behaviour. As Pavlov {Pavlov,
1928} described the event, the differential conditioned response
*... not only disappeared spontaneously, but caused the loss of
all earlier differentiations . . . the dog which formerly stood
quietly on his bench, now was constantly struggling and howl-
ing’. Breakdown of the animal’s usual behaviour had been pro-
duced in a laboratory under conditions which investigators
could control. Here, as has been so frequently the case in the
history of science, more or less casual observations opened up a
new field of experimental investigation.

.As is characteristic of early stages of development in all
sciences, these and similar observations gave mse to a variety of
hunches, in this case hunches regarding the conditions essential
fo the production of behaviour abnormalities and the character-
Istics of the abnarmalities themselves. Pavlov couched his
hul:u:hes in physiological terms, in terms of processes having
their locus in the cerebral cortex. Psychologists emphasized
relations between behaviour disorders and certain crtical en-
vironmental and organic conditions, All found it necessary to
refine their hunch by sy ic preli y studies before
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Experimental Psychopathology
ROGER W. RUSSELL

InTrODUCTION

INTEND to limit the discussion which follows to one, rather
Iyoung, branch of experimental psychology, consideration of

which s certain to Hflustrate the kinds of problems faced by
those with an experimental bent who study the behaviour of
living organisms, As I understand my present obligation to you
it is to indicate how the methods of experimental science have
been applied towards the solution of these problems. The
examples I have chosen to iltustrate my discussion all deal with
some aspect of behaviour or its neurophysiological correlates.
In a number of cases they are the contributions of persons sub-
scribing to disciplines other than psychology—physiology,
zoology, and biochemistry to name three. Psychologists have no
monopoly of interest in the behaviour of Hiving organisms. They
may differ from other mterested parties in those aspects of
behaviour which constitute their primary concern and in the
terms 1 winch therr theores are formulated, but all have in
common the rigorous requremnents of the experimental methods
of science which determune their approach to rescarch.

‘The researcher who employs experi H hods in his
study of behaviour starts, as do other scientists, with certain
articles of faith Among these basic assumptions are two of par-
ticular comncern 1o us at thus moment. First, what happens in
nature—and this includes the behaviour of hiving organisms—
occurs in accordance with principles or laws. Second, these
pnnciples or laws are such that human reason can discoyct
them. He who starts with these attitudes finds his attention
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who, a number of years ago, wrote in his General Introduction to
Pgychoanalysis (Freud, 1920): “. . . As to the neurotic symptoms,
we already know that they are the result of conflict.” The evi-
dence supporting statements of this kind has come mainly from
ex post faclo T T ditions which may have
affected the dcvclopment of behaviour disorders already present.

The methods of experimental psychopathology make it possible
to begin observations on subjects who do not show symptoms of
abnormal behaviour, to expose these subjects to known and
clearly defined conflict situations, to measure changes in
behaviour elicited by such exposure, and to do all this under
conditions over which the experimenter has complete control.
The real value of the experimental approach lies in the fact that
these advantages allow more precise analysis of conditions
critical to the production of behaviour disorders, thus increasing
the confidence which may be placed in any general principles
that may arise from the observations made.

A few examples may help to illustrate how hypotheses re-
garding the aetiology of behaviour disorders have been put to
experimental test. Earlier T pointed out how analysis of the
Pavlovian techniques for producing ‘experimental neurosis’ in
animals suggests that conflict may appear in its simplest form as
competition between two incompatible response tendencies
elicited simultaneously. One series of experiments (Miller,
1944}, using rats as subjects, was designed to investigate the
validity of this hypothesis and to identify those attributes of the
environment and of the organism which are critical to the dis-
organization of behaviour. Hungry animals were first trained to
run from one end of a simple straightaway to the other in order
to reach food. When this approach response was well established
the animals were given an electric shock on reaching the food-
end of the apparatus. As would be expected, the shock produced
an avoidance response, and a slmple conflict, which we might
refer to as an af ition, resulted. The
investigators had prednctcd on (he basis of preliminary studies
that behaviour under these conditions would be characterized
by vacillation round a point in the straightaway where the
competing tendencies were of approximately equal strength,
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proceeding to final experimental verifications, For example, one
way qf analysing the Paviovian observations may take the
following form. The differential conditioned responses originatly
established had two major components. Presentation of the
circle, always accompanied by food, led to the development of a
conditioned response in which the circle became a signal for
salivation. On the other hand, the ellipse, which was never
reinforced by food, became a signal for the inhibition of saliva-
tion. In other words, the two stimuli, through training, came to
clicit responses which were completely incompatible. As the
ellipse was made more circulor 2 point was finally reached
when the dog could not discriminate between the two shapes,
At this point the stimuli simultaneously eficited two incom-
patible responses and it was under these conditions that the
breakdown in normal behaviour occurred. Following this hunch
further several investigators studied the possibility that the
essential condition in the production of behaviour disorders is
conflict between two or more mutually exclusive responses.
The investigators found it necessary to make certain basic
assumptions regarding the charactenstics of the competing
response tendencies and to test these assumptions by preliminary
observations. Such refinement of hunches eventually led to the
statement of hypotheses which could be put to experimental
test. The clear statement of hypotheses is an essential prelimi-
nary step in any experimental study. Darwin once wrote: ‘How
odd it is that anyone shauld not see that ali observation must be
for or against some view, if it 1s to be of any service.' It is not
infrequent in psychology to find those who refuse to recognize
this important point, who declare that they are mnterested in
“facts’ and ‘facts’ alone, Huxley said to those in another science
subscribing to such an attitude: ‘Those who refuse to go beyond
fact rarely get as far as fact, . . . Almost every great step (in the
History of science) has been made by the “anticipation of
nature”, that 15, by the invention of bypotheses which, though
verifiable, often had very little foundation tostart with.”
The functions of conflict i the aetiology of human behavious
disorders have been given central roles in the writings of a num-

ber of p clinical psychopathologi Juding Freud,
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Not all analyses of situations in which behaviour disorders
have appeared lead to the conclusion that some form of conflict
is involved. Let me introduce the point I am about to make by
describing an experiment. In this experiment (Barker, Dembo,
and Lewin, 1941) thirty children, ranging in age from two to
six years, served as subjects. They were observed individually on
two different occasions. The first observation took place in a
playroom under conditions involving unrestricted play, The
second experimental period took place in the same room, but
under conditions in which certain attractive toys were visible
but not always accessible. During this second period the subjects
were first allowed free play with all toys, then separated from
the toys by a wire partition, and, finally, again given opportu-
nity for free play. During both periods the children’s behaviour
was recorded in detail. The effects on behaviour of imposing a
physical barrier between the subjects and the toys to which they
had previously had free access were most striking Marked re-
gressions in constructiveness of play, equivalent in some cases to
twenty-four months of mental age, were observed. Changes in
emotional expression accompanied this regression and were
evid ISR S PR ”
crea
aggr ‘
unwarranted extent could this experimental procedure be
placed in the same category as those I have previously described.
The main feature of this experiment is that disorganization of
behaviour occurred under conditions 1n which the activities of
the subjects were restricted by an attribute of the environmental
situation which they did not have the capacty to surmount.
Conditions such as these have been referred to in the clinical
and experimental literature as “frustration’ From a large num-
ber of possible examples I shall select only one more to illustrate
how the basic conditions of frustration have been subjected to
experimental analysis. A very extensive series of experiments
has been concerned with the effects of frustration on the
development of ‘abnormal fixations’ (Maier, 1949). The sub-
jects, in this case rats, were forced to jump from a small plat-
form on which they were confined against one of two doors in a
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a prediction which in general was confirmed by the experi-
mental results. Behaviour in this conflict situation was non-
adjustive in the scnse that it led ncither to satisfaction of the
tissue conditions underlying the hunger drive nor to escape
from circumstances potentially injurious to the animal. Other
experiments (Gantt, 1944; Masserman, 1943) in which animal
subjects have been exposed to conflicts of this simple approach-
avoidance type have produced even more striking hehaviour
disorders, including ‘phobic’ responses, ‘regressions’, behaviour
rigidity, and extensive neurophysiological changes. Still other
research has shown that approach-avoidance is only one of three
basic types of conflict situation and that disorganization of be-
haviour may also occur when the competition involves either
two avoidance responses or, under somewhat more complex
circumstances, two sets of approach-avoidance responses.

The fundamental part which these conditions play in dis-
organizing behaviour has been demonstrated by experiments
on human as well as animal subjects, although the conflicts to
which the human subjects were exposed have of necessity been
much more mildly stressful. For example, one investigator
{Barker, 1942), using young boys as subjects, instructed them to
move a lever towards the name of the one of two liguids they
would prefer, and, in some cases, were required to drink. The
solutions, ranging from orange juice to saturated salt solution,
had been ranked in order of desirability by each subject prior
to the experiment proper. The results indicated that there
existed *. . . an inverse relationship between the time required to
resolve a conflict and the “'distance” between the alternatives
in the preference series’, A similar relation existed between the
amount of response vacillation and ‘distance’ in the series. Con-
flicts between undesirable alternatives—the double-avoidance
situation—produced greater disorganization of behaviour than
conflicts between desirable alternatives, The disorganization
was temporary and Lmited, but 1t did accne - e

PRESpRES

H ) .5 41 auttues support of the basic principles
1 have been describing.
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INDEPENDENT VARIABLES
The hypotheses I have been discussing have a certain similarity
of form. They all consist of statements regarding relations be-
tween two types of variables, referred to in experimental science
as ‘independent’ and ‘dependent’ variables. As the hypotheses
were stated these variables were related as ‘cause’ to ‘effect’.
One of the most important requirements of the experimental
method in science is that the investigator must have under his
control the independent variables he is studying and that he be
able to ipulate them sy i . In the non-
experimental methods of science are applicable in situations
where the researcher is not able to manipulate independent
variables but must search for instances in nature where systema-
tic variations oceur spontaneously. Unfortunately this differen-
tiation is not always adhered to; the term ‘experimental’ is
loosely applied to observations of almost any variety and thus
loses restrictions which, when accurately applied, give experi-
mental methods their distinctive character.

Where control and manipulation of independent variables
are possible careful research design can provide considerable
advantages for the researcher who secks to uncover the dynamics
of ‘abnormal’ behaviour in the most rigorous manner. He can
produce the behaviour at a time and place which make 1t
possible for him to be fully prepared for accurate observation.
He is able to watch the behaviour as it develops and thus is not
limited by dependence upon ex post facto reasoning regarding
events which may have influenced the development. If his
research is adequately planned he can repeat his observations
and report conditions in such a way as to allow himself or other
observers to reproduce the research. The desirable scepticism
ngh which scientists view each other’s work makes this latter
point a necessity. Perhaps the greatest advantage of all is that
the experimental psychopatholagist can control the condttions
which he believes may affect the behaviour he 15 studying and
can systematically manipulate them.

P.rcvxous examples have shown how certamn attributes of the

nt and of the ism, when lated in such a

manner as to interfere with the orgamsm’s adjustment, produce
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panel before them. Under ordinary learning conditions a jump
against the correct and unlocked door, marked in a particular
manner, Jed to reward. Jumping to the incorrect and locked
door was punished by bumping against the panel, falling jnto
anet slung below, and receiving no reward. When the problem
was made insoluble by locking and unlocking doors in a random
manner the majority of subjects developed fixations which
usually took the form of responses to one particular door. These
fixations were strikingly rigid when attempts were made to
break them. Subjects showing such fixated behaviour frequently
did not alter their responses sufficiently to adjust to new and
soluble problems, even after several hundred trials. During
these trials the animals gave conclusive evidence of having
‘learned’ the soluble problem in that they would approach the
correct door on each trial, If the correct door were on the fixated
side they would jump through it without hesitation, but, if the
correct door were on the non-fixated side, they would, after
long response latencies, jump to the incorrect door despite the
punishment which inevitably followed. This was quite a differ-
ent pattern of responses from that of subjects learning the same
behaviour under conditions of no frustration, who in a short
time altered their behaviour to conform with the requirements
of new problems when they were presented.

When the relevant experimental studies are analysed
(Russell, 1953) it seems apparent that behaviour disorders are
produced under conditions in which some event interferes wn_h
the adjustment of an organism to environmental or organic
changes. Adjustive behaviour appears to be obstructed under
either of two general sets of critical conditions. Under one the
nature of the obstruction is such that the organism docs not
possess the capacities or skills to surmount it. Such conditions
are usually referred to by the generic term ‘frustration’. Under
the second, competition arises between two or more incompat-
ible response tendencies resulting in delay or failure in making a
compensatory response, conditions generally referred to as

‘conflict’.
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individual differences in stress tolerance that they have become
a central problem in experimental psychopathology. Attempts
to understand the nature of these differences have searched for
contributing conditions either in the organism’s life history
prior to exposure to stress or in its hereditary background.

There is at present some experimental evidence from animal
research that events occurring in the individual’s earlier life
history have significant effects on his susceptibility to break-
down and on the nature of that breakdown once it does occur.
There is evidence (Hunt, 1941) to indicate that rats subjected
to feeding frustration during infancy develop abnormal food
hoarding behaviour in later adult life. Artificially nourished
puppies and calves which are not permitted to indulge in nipple-
sucking to the point of satiation develop abnormal behaviour
patterns in the form of licking their paws, other dogs, or
inanimate objects to a degree dangerous to the animal’s health,
behaviour not evidenced by control animals not so frustrated
(Levy, 1934).

Approaches to the question whether or not hereditary factors
contribute to individual differences in the development of
behaviour disorders have been made by application of the
methods of experimental genetics in which hereditary and
environmental factors are controlled and systematically varied.
For instance, selective breeding experiments have suggested
that hereditary factors do play an important part. One study
(Hall, 1938), using rats as subjects, exposed the initial sample of
animals to 2 mildly stressful situation in which their behaviour
could be observed and measured. The ammals at both ends of
the distributions of these measures were then inbred and their
offspring tested in the same manner. This procedure was con-
tinued until by the eighth generation two groups had been
isolated with very little overlap between them, one very sus-
cepuible and one very resistant to the stress. Investigations such
as these indicate that it is possible by proper application of
experimental methods not only to study those conditions which
are essential to the production of behaviour disorders, but also
to isolate those attributes of the environment and of the
orgamsm which play contnibutory parts.
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disorganizations of behaviour. Such studics as these have
pointed to certain conditions which are critical to the produc-
tion of behaviour disorders but not to all the essential conditions.
For instance, it is possible for the conditions 1 have been dis-
cussing to be present and yet for no disorganization of behaviour
to appear; the organism may ‘leave the field’ of the conflict or
frustration. Rather early in the research in experimental
psychopathology it was demonstrated that the organism's
possible responses must be restricted if breakdown of normal
behaviour is to accur. Two investigators (Anderson and Liddell,
1935), using animals as subjects and employing the Pavlovian
differential conditioning technique for producing behaviour dis-
orders, reported that subjects confined by a harness became
restless, showed disturbances in respiration and other somatic
functions, and developed aberrant behaviour patterns both
inside and outside the laboratory, while subjects not so restricted
revealed no such symptoms. Another study (Karn, 1g40) con-
cluded that patterns of learned behaviour may impose limita-
tions on the repertoire of responses available for compensatory
activities and thus contribute to conditions obstructing adjust-
ment. ‘Alternative responses may not be available because
through habit the organism’s activity is restricted to a definite
response sequence.’

Other attributes of the environment and of the organism may
contribute to the development of behaviour disorders without
actually being essential conditions. A number of such contribut-
ing causes are associated with the concept of ‘stress tolerance’ of
‘stress threshold’, Many experimental studies have demonstrated
that the behaviour of some individuals is rapidly disorganized
under stress, while other individuals are very resistant to
breakdawn. It is reasonable to suggest that behaviour disorders
can be produced in all living orgamsms provided the
stress to which they are exposed is of sufliczent intensity and
duration but this hypothesis is still in need of verification. A
recent experiment 1n our laboratory (Ainsworth, 1953} lends
partial support to itf va!idizy m J!}'xat !hc'numbcr of human sqb‘
jects showing defi signs of disorga under stress in-
creased as the intensity of the stress increased. So striking arc
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as possible from the immediate source of the stress. In other
instances the subject may revert to a type of response pattern
which characterized its behaviour at a much earlier period in
its htfe history—a form of ‘regression’. Repeated head-tossing,
tic-like movements, fixed posturing and other apparently non-
adaptive acts may develop. In general, attempts to measure
behaviour when it takes these forms have been limited to two
procedures. The simplest procedure involves the classification
aof the various behaviour patterns into different categories, each
with its distinctive characteristics. The number of such cate-
gories and the frequency with which each appears under particu-
lar experimental conditions can be determined. Changes in
experimental conditions may then be reflected in thanges in the
frequencies of the various categories, The second procedure is
possible as soon as individual differences in behaviour are
observed and subjects can be placed in a rank-order relative to
the degree to which they evidence the behaviour or to the
Iength of time over which the behaviour persists When a be-
haviour pattern can be ranked in this way it is passible to make
Pprecise statements about its central tendency and the range of
its variability, to determine the degree 1o which it 25 sefated to
other variables, and to state the level of confidence with which
the bebaviour pattern differs in its expression between different
groups of subjects. The application of this second procedure in
experimental psychopathology increases the variety of different
statements which can be made about behaviour disorders as well
as the precision with which these statements can be made.

Irstances in which the experimental psychopathologist
studies the effects of exposuze to stress by observing the ways in
which later behaviour is affected ave clearly illustrated in pro-
cedures nvolving the use of insoluble problems as 2 means of
‘frustrating” human and ammal subjects. After the subjects have
been forced to respond in the insoluble problem situation a
soluble problem is introduced. The number of trials taken by
the experimentally frustrated subjects to reach 2 solution as
compared with the performance of suitabfe control subjects
becomes a measure of the effects of frustration.

From the very early observations of experimentally produced
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The examples I have just given were selected to illustrate the
extensive variety of independent variables with which the
experimental psychopathologist is concerned, variables which
he must be able to control and alter systematically. It is
apparent that the experimenter exerts his control by manipu-
lating various attributes of the physical and social environment
in which the organism is placed or of the organism itself.

DEPENDENT VARIABLES
In experimental psychology the effects of manipulating in-
dependent variables are revealed, if at all, in the behaviour of
the organism under observation. Hypotheses state the supposed
nature of these effects and the efects themselves constitute the
dependent variables which the investigator must systematically
observe and, in some way, measure. The examples already
given indicate the wide range of behaviour patterns exhibited by
organisms exposed experimentally to various conditions of stress.
Taken as a whole these behaviour patterns are similar in many
ways to the ‘symptoms’ with which the clinical psychapatholo-
gist is concerned; in fact so similar that Pavlov referred to the
behaviour of his dogs after breakdown in the conditioning
situation as ‘experimental neurosis’. Often the experimental
psychopathelogist describes his dependent variables directly in
terms of the changes in behaviour produced by exposure to
stress, In other instances he measures the effects exposure to
stress may have on subsequent behaviour. Still other measures
are obtained by observing changes in neurophysiological pro-
cesses during and after the exposure.

A number of response characteristics have been used as signs
that disorganization of behaviour was occurring during failure
. o S0t A e eeteeete e sas These signy

. . - sonding,
APPEATAncE UL LIGILY SWiLULypCU bluaravus pusdaBS, and
attempts to leave the experimental field. C.h'nngcs in level of
general irritability and spontancous activity may occur.
‘Aggressive’ actions towards other organisms and towards lht‘:

experimental situation are often observed Frequently ‘phobic
responses appear in which the subject struggles to retreat as far
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in a series of studies {Hoagland, 1947; Hoagland, 1948)
centred on the role of adrenal cortical hormones in adjustment
to stress, some of the most exciting of the recent studies in
experimental psychopatholagy. The investigators followed the
experimenta} procedure of determinming the output of adrenal
cortical hormones by their subjects before, during, and after
exposures tosuch stresses as flying atrplanes, operating machines,
exposure to heat and cold, taking examinations, and even under
conditions no more severe than failing to reach their levels of
aspiration in performing a simple motor task {Berkeley, 1952).
All these conditions resulted in an increased output of the hor-
mones in ‘normal’ subjects. However, mental hospital patients,
whcn exposed to sxmxlar situations, showed little or no increase
in The hers concluded {Hoagland,

x948)' “What is defective in the patient is his inability 1o in-
crease his hormone output in respanse to enwironmental needs.”
We are still in no position ta state whether or not these associa-
tions between neurophysiological reactions and behaviour
changes under stress are of cause and effect, but the research
illustrates the way in whnch our knowledge of psychopathologi-
cal states may be greatly enhanced by the study of neurophysio-
fogical as well as behavioural vartables,

Reszaren Desion

The testing of hypotheses in expenimental psychopathology
requires the selection of appropriate scientific strategies or
research designs which can then be put into effect by means of
appropriate research tcchmques, Such strategies are based upon
logical methods of reasoning whith provide maximum conw
fidence in the interpretation of research observations, Examina-
ton of the examples I have used to ﬂluszrsxtc v:mous key pcmts
in the methods employed by exp 1 psychop

shows that two pnncxpal strategues have seen major service. One
requires comparisons of two sets of cwcumstances, usually re-
ferred to as control apd cxpcnmemal in one of which the
indeperdent variable is present and, in the other, absent, If the
results of the expeniment indicate that the dependent variables
onder observation were present or absent im a corrcspondmg

2c
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psychopathological states attention has been directed 1o the
generalizations of behaviour disorders beyond the precise con-
ditions under which they originally developed, Paviov noted
that the breakdown of behaviour in his dogs as a result of
differential conditioning procedures soon spread to their be-
haviour outside the laboratory. Investigators using human sub-
jects have observed that certain reactions to stress, for instance
mild aggression, may continue to be apparent for some time
after the experiment is over and may be elicited by stimuli with
little if any relation to the experimental situation. Recently
experimental analyses of the conditions affecting the generaliza-
tion of behaviour disorders have been undertaken. The general
approach in such analyses may be illustrated by reference to
one experiment (Miller and Kraeling, 1952) in which rats,
exposed to approach-avoidance conflict in a simple straight-
away, developed characteristic vacillations of behaviour.
Generalization of these effects of conflict was studied by testing
some of the animals in the same straightaway in which they
were trained, others in a straightaway differing in a few specific
regards from the original, and still others in a very different
straightaway. Animals tested in all three situations showed
vacillation, indicating generalization of the behaviour dis-
orders. By varying systematically different relevant attributes of
the organism and of the environment, experimental answers can
be given to questions regarding the conditions upon which the
nature as well as the aetiology of behaviour disorders are based.

Important contributions to experimental psychopathology
have been made by investigators who have focused their atten-
tion on the widespread changes in the absolute level and in the
variability of neurophysiological activities which are correlated
with the app e of behavi disord ’undcr stress, One

y co toeteqtle

. . . ' has
R . ) 1B
generally follow—of 2 ‘general-adaptation-syndrome’. These
changes reflect specific and non-specific actions of thc'au.tono-
mic nervous system and the endocrine system. Th.c intimate
association of such actions with changes in behaviour is reflected



EXPERIMENTAL PSYCHOPATHOLOGY 387

have been operating during his observations. The tests make it
possible for him to state a level of confidence which he can place
in any differences or concomitant variations he may have
observed. He sets himself very rigorous standards for this level
of confidence and usually accepts a convention which permits
him to conclude that his results are significant only if they could
be expected to occur by chance in 5 per cent or less of his obser-
vations,

There is no scientific strategy which does not have its limita-
tions as well as its advantages when applied to problems of
psychopatbology. In considering these limitations it becomes
apparent why experimental psychopathology should not claim
to be the single desirable approach to the study of behavnour

ditnrdare huit rathar #n cama nn o~ esames fow cenndo o

observational methods’. For very obvious reasons the rexperi-
mental production of extreme psychopathological states in man
is not feasible. In practice this has meant that experimental
studies involving man as a subject have been limited to the
temporary disorgani of behaviour and not the develop
ment of chromc bchavmur d:sordcrs It may be argued that the

actiolagy and nature of both. Temporary behaviour disorgani-
zation and extreme psychopathological states may represent
ends of a continuum and not some clearly definable dicho-
tomy.

This limitation on the use of man as a subject for research has
led many investigators to take a comparative phyletic approach
in ther work. Such an approach is not unusual in the biological
sciences contributing to medical research. It is based on the
assumption that man is part of an _evolutionary schema and
not an organism enurely distinct i in bxologlca] and psycho-
logu:al T istics from his i The

p 1 psychol who employs a comparative phyletic
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manner, then it can be said with confidence that the indepen-
dent and dependent variables are related. In several of the
cxperiments previously described one group of subjects was
exposed to certain conditions under which disorganization of
behaviour occurred, while control subjects not so treated
developed no unusual symptoms. It was then possible to argue
that the conditions in question were associated with the produc-
tion of the behaviour disorders observed. The second strategy
illustrated by my examples requires that the independent
variable be altered in degree or magnitude. If, when an in-
dependent variable is altered systematically, a certain depen-
dent variable is observed to change concomitantly, it can be
said with confidence that the two variables are related and the
degree of this relation can be calculated. Use of this strategy i
illustrated by the experiment in which increases in the intensity
of the stress to which different groups of subjects were exposed
were associated with increases in the numbers of subjects show-
ing signs of behaviour disorganization.

Both these strategles require that all relevant conditions other
than those constituting the independent variable be controtled.
Otherwise no conclusions regarding relations between in-
dependentand dependent variables can be drawn. Inpsychology,
where so many conditions may act upon the dependent
variables under observation, the exercise of this *principle f!f
control” is often a very difficult task. Individual differences in
organi inequalities of conditions to which they are being or
have been exposed, and changes during observation due to
motivation, practice, fatigue, and so on, must all be taken mto
consideration. Techniques have been developed for eliminating
I ialk fusing el for holding them constant while
varying the experimental variables, for randomizing theit
occurrence, and for measuring them in such a way that they
may be r d by appropriate ical tech in
analysing the results of observations. X .

In analysing hus results the experimental psychologist begins
by assuming that any apparent relations betsveen variables may
have occurred by chance. He subjects his data to statistical tests
which allow him to estimate the extent to which chance may
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cerned with only one approach to the study of problems in
psychopathology, an approach which takes as its model the
rigorous requirements of experimental science. I hope that the
picture 1 have painted bas given a general understanding of the
reguirements and Hmitations of this approach. When it can be
applicd the experimental approach is likely to provide the most
accurate and precise answers to the problems of psychopatho-
logy.
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approach designs his rescarch to %, . . involve the extensive obser-
vation of homalogous behaviour patterns in 2 variety of forms or
types of organisms’ (Russell, 1951). This approach may lead to
the discovery of general principles which cannot be seen cleatly
in observations of only a single species. To those experimental
psychologists whose interests are primarily anthropocentric in-
frahuman animals may be used in research as substitutes for
man--as research tools. Xt is very true that the generalization of
principles discovered during research on infrahuman animals to
man involves some precarious logical manoceuvres, but the
examples where such generalization has proved warranted are
numerous. Pavlov expressed an extreme attitude fowards the
role of infrahuman animals in the experimental study of psycho-
pathological states when he wrote (Pavlov, 1941): ‘T am con-
vinced that the decision, or the conditions favourable to a
decision, of many important questions of etiology, the natural
systematization, the mechanism and finally the treatment of
neuroses in the human being lie in the hands of the animal
experimenter.” Qur present knowledge in experimental psycho-
pathology, as in experimental psychology generally, derives
much from research on infrahuman animals,

CoNeruninG REMARKS
With estimates from several countries indicating that the num-
ber of hospital beds occupied by patients suffering from be-
haviour disorders may be greater than the number occupied by
patients with all other diseases combined, there can be little
doubt of the important and urgent need for research into the
aetiology, nature, and t of psychapatholagical states.
The field is a Jarge one and provides adequate scope for anyone
who cares to explore it regardless of the specific discipline to
which he subscribes or the particular approach he favours,
There is a place for those who have the perseverance to under-
take the multitude of detailed, ime-consuming investigations
that eventually form the basis for general principles or laws, as
well as for those who are capable of contsibuting new ideas and
developing nesw techniques, If 1 have succeeded in making
oI at all clear, it must be apparent that I have been con-

mys
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under the low injection pressure, has filled wath ink.

(¢} A 24-hour-old micro-abscess due to Strep. pyogenes. The abeess 1s the grey
opacity in the centre of the photograph; and the plexus is interrupted by blocked
lymphanc vessels over its centre (Approx X 10)

(See p 249-50)
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Fig. 9. Prostate gland stained for acid phosphatase (Gomor’s method), and show-
ing cystic cavaties which were filled with prostatic plasma of high acid phosphatase
activity (6,000 umts/m! }
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Fic 2. Skin of human leg, x 24. Stained with anthracene blue, 500 hort=
zontal section To show rete Malpighu seen from below {reproduced from
Leach, 1952).
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Fic 4. Infected seborrhocic dermatitis amatating 1mpetigo contagiosa.
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Fi6, 7 Lachen planus, illustrating ‘sympathy’
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