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PREFACE

branch of medicine or following a carcer in one of the
sciences on which the practice of medicine is based to find
time to read exhaustively in fields of knowledge other than the
one in which he is himself actively engaged. He welcomes, there-
fore, any help that enables him to realize the fundamental ad-
vances that are being made in other fields and their possible
influence on his own work. The series of lectures on ‘The
Scientific Basis of Medicine’ arranged each winter by the British
Postgraduate Medical Federation is designed to supply such
help, and the audiences that consistently attend these lectures
are evidence of their success. The subjects are chosen because
they illustrate the methods by which new and fundamental
knowledge is being acquired,and the lecturers are chosen be-
cause they are themselves contributing to this new knowledge
Some of thc lectures contain frcsh observations which are best
bli i diately in fic journals so that lhey may be
subjccted to mformed criticism, and some others consist mainly
of matter that has been recently published elsewhere. The re-
mainder bring up to date the progress that is being now made in
a subject against a background of the history of 1ts earlier ad-
vances, and explain the newer methods by which the progress
has been possible. It 15 the lectures in this last group that are
especially suitable for publication in a volume where they can
be studied at leisure; they provide critical statements of the basic
knowledge in their subjects from which fresh mvestigations can
be planned or which can be applied to practical medicine after
critical study in the wards and chmecal laboratones. It is unfor-
tunate that during the inevitable interval between the prepara-
tion of a lecture and its publication important advances may
well occur, particularly in those subjects in which development

I’r is difficult for anyone engaged in the close study of a
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1s most active, The dates of actual delivery of the lectures in this
volume have therefore been given at the end of this Preface,

OF the thirty-nine lectures delivered during the winter of
19532, eighteen are included in this first annual volume, and it
is hoped to produce a similar volume of suitable lectures in each
succeeding year. Like the lectures themselves the volumes are
intended especially for the younger research workers and
teachers in the pre-clinical and clinical sciences and for junior
chnicians who hope to find careers as consultants and teachers
in the various special branches of medicine and surgery.

‘The British Postgraduate Medical Federation and the com-
mittee of its Central Academic Council which is directly respon-
sible for arranging the series of lectures and selecting those
included in this volume arc indebted to the officers of the
Athlone Press for assistance in preparing the material for
publication,

Francis FRASER
Director, British Posigraduale
3 Norember 1952 Medical Federation

NOTE

The lectures printed 1n this volume
were delivered on the following dates

1 g9 Oaober 1951 < 23 November 1951
1. 16 November 1951 x1 27 November tg51
it 21 February 1953 w20 November 195t
. 17 January 1952 xut. 1t December 1951
v. 4 Marchigs2 xwv 7 February 1932
vi o8 February 1952 XV 26 Pebruary 1952
Vit 3t January 1952 w1 12 Pebruary 1952

vnt. 9 November 1051 xvn 16 October 1951
1% 11 October 1958 xvin. 2o March 1952
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I

The Scientific Approach to
Medical Research

E. D. ADRIAN

doctors and no doubt we believed that the chief reason

for our choice was a praiseworthy desire to look after
our fellow men when they were sick At that age one is not
ashamed of generous impulses and has not learnt to question
their origin, Few of us now would be bold enough to assert that
we can always decide rationally and from the best of motives;
we may suspect that we took to medicine to please or spite our
parents or because we wanted power over weaker people or for
the more prosaic reason that circumstances conspired to push us
into it. Yet the fact that there is a good reason for medical work
1s not to be set aside, and most of us can take comfort in the
reflection that in this case at all events our unconscious urges
made us choose very sensibly.

We have had or are having a long training 1n the theory and
practice of medtcine. There is a vast body of knowledge for us to
learn and a great deal of successful treatment for us to give. We

.can expect to do some good to our fellows, if we learn this and
spend all our time applying what we know. But for many of us a
training 1 medicine is 2 frustrating experience because there is
so much to learn that 15 speculative and so little that 1s quite
certain, Even the student who believes all he 1s told and all he
reads in the textbook cannot fail to realize that he will be told
differently tomorrow, that theory and treatment change rapidly
and seem never to reach finality, There are accepted principles

B

Mosr of us were at school when we decided to become
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s
but an appendix or a fracture is not treated in precisely the same
way in all our hospitals and the worldly-wise student still thinks
it advisable to study the personal opinions of his examiners. This
docs not matter so much when our aim is only to pass an exam-
ination but it is disturbing to have no certainty when we come
to treat the sick. Clinical practice may satisfy our social instincts
when we can cure the patient, but it cannot avoid bringing a
sense of failure when we do not know what to do; not so much
of personal failure as of the failure of the whole race of doctors
and of their teachings. All of us then want less speculation and
more certainty, All of us are driven by the nature of our calling
to try to discover more about sickness and health, to become
investigators as well as practitioners.

Nowadays too our calling forces us to face new problems. Qur
maun trouble must be that patients still die prematurely, but
medicine really has advanced se much in the last hundred years
thatwe have begun tosee that our traditional aimsare toonarrow
for what we can do. Physicists may be blamed because they have
learnt to disintegrate the atom, but medicine may lead to far
more trouble by saving lives than they are Iikely to do by des-
troying them. It is our science which has made it possible for the
population of the world to increase more rapidly than its food
supphics and we ought not to be blind to the consequences, And
another thing that 1s forcing our hands 1s the realization that
there 1s no hard and fast hine between health and sickness when
we are dealing with the whole of human activity. All of us have
stresses and anxieties which can make us behave badly, and if
there is a chance that medical knowledge can make people be-
have better than they do, we must not be too preoccupied with
saving their Tives to the excluston of their happiness and their
relations to one another.

So our calimg was a good one to have chosen but we cannot
escape all the problems it brings with . We can try 1o solve
them in varous ways—by observation at the bedade, by statis-
tical studies of large numbers, or by work 1n a laboratory. All
these methods mvolve a considerable background of knowledge
and a rational approach to the problem. Most of them nvolve
the approach which 15 based on the background of present-day
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natural science. This is the approach which can give the most
satisfying answers and I suppose most of us would like to use it 1f
we could,

Although it comes into the title of ths lecture I do not much
like the word scientific applied to medical research or to any-
thing else. Often it means no more than rational as opposed to
irrational and when we say that a theory is unscientific we
simply mean that we think it bad. But there is one sense in
which ‘scientific’ can be used with a more defimte meaning, the
meaning that our ideas are based on the general assumptions of
the physical sciences and that our aim is to fit our observations
into the picture of the material world which has been elaborated
in the past threc hundred years, the picture of electrons and
atoms and molecules which the chemsts and physicists have
used so well for their own data. The scientific attitude in this
sense is one 1n which all the diversity in the appearance of things
is to be thought of as due to the mathematical gyrations of a few
different hinds of elementary particle, and the scienufic approach
to medical research is that of the biochemist and biophysicist
whose aim is to bring all the actmties of living organisms into
this scheme, It is of course a completely materiahstic scheme,
but its failings can be left to the philosophers, Whate er its ulti-
mate truth there 1s no doubt that it is a convenient method of
sorting out our cobservations. It 1s a handy way of looking at
things and deciding where to look next.

Now there are special difficulties about applying the standard
conceptions of natural science and the standard methods of ad-
vance when we are trying to understand human disease We are
dealing with biological material, Living bodies which are struc-
tures organized in such a way that they have properties unlike
those of manimate matter. We share that dfficulty with bio-
logists generally, but our biological matertal 1s the most dafficult
of all. It 1s not merely alive but 1t 15 as conscious and intelligent
as we are. And since our material 1s man we cannot quite avord
approaching it wrth a slightly emotional bias Although patients
may be constructed of the same stuff as lumps of coal and drops
of water 1t 15 difficult to think quite dispasstonately of their
simple ongins when they are in trouble. For much the same
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reasons our social feelings and our social organization prevent
us from undertaking the kind of experiment which would make
one patient worse even though it might tell us how to make
others better. Without experiments to show whether we are on
the right track, with our emotions engaged and with patients
who have minds as well as bodies it is no wonder that we are not
always helped by considenng the scientific picture of the natural
world. -

But the picture becomes more and more useful to contem-
plate as we go further from the bedside and nearer to the labora-
tory, as we think less about the patient as a human being and
more about him as a collection of cells. It is most useful when
instead of the cells we think of the enzymes and colloidal net-
worhs and interfaces, though by that time we are usually 100 f.ﬁr
away from the patient 1o take more than an academic interestin
him or his illness. When his feelings have to come into the pic-
ture it ceases to be that of mathematical physics. 3

Now we cannot all keep in the laboratory and I think it is
worth insisting at the start that research need not be less rational
or less successful when it is concerned with data which have not
yet been fitted 1nto what Isaac Newton called ‘the frame of the
system of the World’. At all events there are aspects of human
activity which do not fit easily into this frame; they are aspects
which we are bound to consider and we do manage to learn
more about them although we cannot reduce them to mathe-
matical treatment, It may be truc to say that knowledge becomes
more scientific in proportion to the amount of mathematics in
it, but there is a great deal of hnowledge about the natural
world which is not mathematical but is still worth having.

However there is a great deal to learn about the physical and
chemical propertics of the body 1n health and discase and these
properties can be studed by the all-pow erful methods of natural
science. The chief trend of medical rescarch nowadays is to do so
and to produce more and more exact and quantitative informa-
tion. The advance of science generally has put new hnds of
measunng instruments mto our hiands and every day the range
of medical mformation increases First there were measure-
ments of the temperature and of the bleod pressure, records of
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the heartbeat, mechanical and then electrical; now there are
records from the brain and as well as many more physical
measurements we have all the resources of the biochemist to give
us quantitative data about the patient’s molecular constitution.
I'must speak as an observer from outside and all Icandois to
discuss some of the special features which are likely to appear in
medical research even when it is confined to this quantitative
and analytical plane, the features which make it so different
from research in physics or chemistry or even in veterinary
medicine. There is a whole profession anxious to take part in it;
we cannot afford to be wasting our time. The suspicion that
some people may be wasting their time is due mainly to the
great variety of measurements that can now be made. With
some of these it is not yet certain how far the measurements can
vary in a healthy person and all that can be said is that they can
now be made. Is there any ground for the belief that our investi-
gators often measure or record something merely because they
have found a way of doing it and not because they see clearly
how it might yield further information? Of course there is. If
they are not anxious to see what they can get they must be very
unenterprising people and they deserve to miss an important
discovery. But although they do not waste their time the conse-
quences may be troublesome because so many people would like
to help in medical research. The investigator or the team will
naturally wish to explore the possibilities of a new quantitative
test or a new kind of electrical record on patients of all kinds and
before very long those who have to deal with the patients will
think of the new test as one which ought to be made in any up-
to-date hospital The application of the test will no longer be
confined to the research team where 1t began and where its
value can be assessed, but it will become diffused throughout the
hospital world so that doctors who are in doubt about a patient
will ask for it to be done to satisfy the natural desire to do every-
thing possible. The pathologists and biochemsts will find that
their time is taken up with measurements of uncertain value in
which they are not specially interested and the final result may
\v.ell be that the work 15 turned over to specially tramned tech-
nical experts who are the last people to give a dispassionate
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judgment on the value of what they are doing. I know thisisan
exaggeration, but it takes a bold man to maintain that the data
he can furnish cannot be of some value, if not to a particular
patient, at least to future investigators of the discase. The point,
surely, is that if such data are to be valuable there must be the
right people to consider them.

We have to face the fact that in medicine research cannot
often proceed by a divect frontal attack, The scientist who works
in a laboratory can pick and choose his material 5o that he can
experiment with only one variable, and his success depends on
the skill with which he can fix all the other conditions. He tries
to avoid collccting a mass of data which may be irrelevant and
when he works on inanimate matter he can usually do so. And
usually his results come quickly so that he can see whether heis
on the night track. Accidental observations may help, but bis
work has a definite direction from the start. In medical research
we cannot make our own conditiens or decide where to look.
Unless the disease or something Iike it can be produced in
ammals we can only observe, and the tempo of events is often
so slow that we can get httle guidance from observations on &
single individual. All sorts of changes may intervene to obscure
the issue and the slower the disorder the more of them there will
be. Besides sufferng from his malady the patient may rest or
change his occupation or hus diet and he will certanly grow
older, With so much that may or may not be relevant we may be
forced to pife up all possible observations and measurements in
the hope of something turning up

Thus 15 not a fruitful or an clegant method of rescarch and itis
not the chosen method of natural science, but 1t is a method
which had at one time a very powerful advocate, no less than
the lord chancellor of Lngland, Franas Bacon. Bacon advo-
cated fact-finding on a grand scale conducted by mighty insti-
tutes filled with observers taking notes. There was (o be some
method in ther labours and they were eacouraged 1o make
cxperiments, but one expeniment was as good as another, If enly
enough data were callected and then sorted out dispassionately
on a nigd system Bacon held that the plan of nature could not
fail to emerge to the incsumable benefit of mankind.
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Bacon was a philosopher who knew a great deal about human
nature. He saw well enough how men can deceive themselves
when they leave fact for theory and this may have pushed him
to the other extreme in not allowing the search for facts to be
directed. As Broad says, he never clearly distinguished between
approaching facts with a prejudice and approaching them with
a working hypothesis. But at the time he wrote the prejudices
were still in the ascendant. His plan for collecting the facts of
nature into an immense history and then letting them speak for
themselves was the first attempt to lay down the principles on
which new discoveries were to be made and the method seemed
the more certain in that it made no great demands on the intel-
ligence or imagination of the observers, They were to be plain
men subsidized by the great. They had only to produce enough
observations and the general lJaws uniting them would become
clear when they were put through the inductive machinery

Jwhich Bacon was devising. It promised a straight road to the
conguest of nature.

Unfortunately Bacon was a busy man and never managed to

give more than a preliminary sketch of the rules by which the
facts were to be sorted. We can approve his emunent good sense
in practical affairs—for i his d ds that uni y
lecturers should have lagher salaries and money for apparatus—
but the examples he gives of his inductive method in operation
are not very encouraging. And although his writings had an
influence on European thought which lasted a century or more
there was no attempt to put the great plan into action. Dis-
coveries came raprdly but they were made by men who had
little use for such comprehensive and automatic research. Boyle
admired Bacon’s wntings but he and Harvey worked quite dif-
ferently, with fewer observations and more 1mag1n;mon Pre-
sumably the Baconran method was never tried because it was
never thoroughly explained and because the inquiring minds of
those days were not willing to follow a road which needed
dogged persistence instead of cunosity and intelligence—even
though they had Bacon’s assurance that the road would lead to
great achievement,

Now there is still a good deal of medical research 1n which
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something rather like the Baconian method has to be used. In
default of experiments we must make observations and with
human material deliberate experiments are often impossible.
You cannot make housing condutions worse to see if there is a
corresponding increase in tuberculosis, but if someone has re-
corded housing conditions and someonc else has recorded the
incidence of tuberculosis, the machines that sort out the punched
cards should be quite capable of putting two and two together.
And so a collection of all possible data about the body may be
valuable when they are sorted out and if they are expressed in a
quantitative way there will be far more chance of sorting them
effectively.

‘The chief trouble with this kind of approach is that it must be
very dull work, at all events in the initial stages. Bacon thought
of a large body of investigators but to keep a large team collect-
ing facts without meaning would have needed a different leader
with a much less critical and cautious temperament. And in
medical research there is again the difficulty that the whole
training of a doctor makes 1t hard to contemplate such an im-
personal approach

But it would be a great mistake if this line of research were to
cease. When the present era of medicine began its rewards were
clear enough. Koplik could discover his spots and Addison the
lesions in the suprarenal gland and now although the ground
has been worked over by such acute observers we have all the
fresh data given by exact measurements. Unless they are to be
completely buried the labour spent in making them will not be
thrown away. It1s casy to encourage rather tedious routine work
when one doces not have to do it oneself, but the harassed house
physicians and registrars who have to write the elaborate case
records, and the pathologists and biochemists who add to them,
must be made to realize that they are really contnibuung to the
advance of knowledge.

1 can remember when I was a resident at Queen Square how
reluctane [ was to belicve that 1t was really important to make
such long notes on every casc. I suspected that they were kept

mainly because 1t was 2 part of the accepted tradition of the
hospital. I had the conscious superiority of a young man fresh
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from experimental work and it took all Dr. Walshe's persuasive-
ness to convince me that I might be mistaken. A major factor in

my convcmcn was the paper w}uch hmncar \‘\ |lson had pub-
i - v

the liver and degeneration of the lenticular nucleus of the brain,
The curious assortment of symptoms and pathological changes
caught Wilson’s interest. He searched the published records.
Gowers had described twe patients with the same clinical his-
tory, Ormerod one, and Homen of Helsingfors three. The notes
made by Gowers and Ormerod were at Queen Square and were
detailed enough to make it clear that Wilson’s patient had the
same disorder, He searched for further cases and found three
more in mental hospitals, and the story ends with a hurried
journey to Switzerland where he came just in time to attend the
post mortem on another patient whose body had been Lept high
up in the mountains to preserve the brain against his arrival.

Wilson’s disease was established as a clinical and pathological
entity by this paper, though nowadays the relations he traced
have been detected in a wider field. But the progress of know-
ledge in this instance shows how the method of observation can
sometimes be a much more fruitful way of advance than the
method of experiment. Wilson made the reasonable decision
that he should try to extend his 1deas by producing experimental
lesions 1n the lenticular nucleus of animals to see how the mus-
cular system would be affected. He carred out a long series of
experiments on monkeys. They were well planned in the light of
existing knowledge about the basal ganglia, but the results were
entirely negative and threw no light at all on the mechanism of
the disease. No one who knew Wilson’s great ability can read
this second paper about hus experimental work without regret
that it gave lim no opportunity to go on* and no one can read
his first paper without emjoyment at the way 1n which he seized
all the opportumties provided by his own observations and those
made by others which were accessihle to him.,

One could multiply stories like that of Wilson’s disease to
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show the value of full records and this particular story does not
involve any of the exact measurements which would be recorded
nowadays. I have dragged it in to illustrate the rather obvious
point that in addition to the records there must be someone
interested enough to examine them. Sorting machines may help
but only when there is someone with the urge to search out fresh
relations and the ability to see them.

We must be careful therefore that too much jnsistence on the
scientific attack does not discourage our fact collectors by mak-
ing them feel that they have a profitless task. It must somehow
be made clear that the records and measurements they are
called on to make are not entirely wasted when they do not
happen to assist the diagnosis of a particular case. The fact that
our material is human sickness must not be allowed to make us
unduly anxious for quick results. It may well be irksome to
follow an inquiry which can scarcely benefit a particular patient
though in the long run it may benefit many, and so we must
make sure that the long-term benefits are not lost through lack
ofinterest.

I saud that our material 1s human sickness and I might have
added human suffering. But we have been thinking of the scien-
tific approach to medical research with its insistence on the
material system of the body. The framework of natural science
was not designed to include human thoughts and feefings and

. . (SRR E APR

1t T,

,
and conscious. And the framework of mathematical physics is
not inexpansible. Its boundanes are the constant sport of the
cosmologists and we can be quite sure that when 1t becomes
profitable to do so it can be made to include not merely the
human mind but even the human mind engaged in such awh-
ward activities as telepathy and precognition. At the present
stage of natural science however, 1t 1s not yet profitable to ap-
proach intelligent behaviour wn the narrowly mechamstic sense
unless we are doing so intentionally as brain physiologists.

It 1s scarcely profitable because the special propertics of the
brain are there to defeat us. We are endowed with this remark-
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able organ for synthesizing past and present experience, for
making the body react to external events in a way which depends
on a long train of past circumstance and seems to involve a stage
of the peculiar kind of activity which we call consciousness. We
cannot yet come anywhere near to 2 mathematical treatment of
what goes on at this level and until we are able to do so we must
be content with a much less formal approach when we have to
consider what the patient may feel, think and do about his
illness.

The special problems of mental disorder are scarcely relevant.
Itis reasonable to try to solve them by examining all the material
properties of the body in the hope of finding some abnormalty
which has affected the brain. The appeal to experiment is no
doubt more difficult than 1t is with bodily disease, for experi-
ments on animals can be httle guide when we are dealing with
disorders which are peculiar to man because they are disorders
of the human brain which 1s our peculiar possession. But until

RS N

‘What I am concerned with is not the effect of the body on the
mind, or if you prefer it on conscious activity or on the higher
levels of the brain, but rather the possible effects of the mind or
brain on the body.

Considerauons of this kind scarcely anse in the more acute
forms of illness. When the body is thrown out of gear by a sud-
den acadent or infection the brain may be affected too but
any case 1t can do httle to modify the course of events. The
patient will decide to go to bed and send for a doctor and no
doubt these decisions will have an effect but there will be little
opportunity to build up an elaborate system of ideas which might
have a more direct action on the body. But in chronic illness
there is time to think, time that 1s to say for the disturbance in
the body to be mirrored in the brain, submtted to the analysis
based on past experience, given the appropriate emotional
colouring and built up into a highly orgarized mental picture.

Our traiming in physiology makes us too much inclined ta
think of the signals from the sense organs as producing an
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show the value of full records and this particular story does not
involve any of the exact measurements which would be recorded
nowadays. I have dragged it in to illustrate the rather obvious
point that in addition to the records there must be someone
interested enough to examine them. Sorting machines may help
but only when there is someone with the urge to scarch out fresh
relations and the ability to see them.

We must be carcful thesefore that too much insistence on the
scientific attack does not discourage our fact collectors by mak-
ing them feel that they have a profitless task, 1t must somehow
be made clear that the records and measurements they are
calied on to make are not entirely wasted when they do net
happen to assist the diagnosis of a particular case, The fact that
our material is human sickness must not be allowed to make us
unduly anxious for quick results. It may well be irksome to
follow an inquiry which can scarcely benefit a particular patient
though in the long run it may benefit many, and so we must
make sure that the long-term benefits are not lost through lack
of interest.

I said that our matenal is human sickness and I might have
added human suffering. But we have been thinking of the scien-
tific approach to medical research with jts nsistence on the
material system of the body. The framework of natural science
was not designed to include human thoughts and feelings and
we must be prepared to approach them in a less rigid spirit. We
need not suppose that there should be any hard and fast separa-
tion of matcrial objects 1nto non-living and living, unconscious
and conscious. And the framework of mathematical physics is
not inexpansible. Its boundanes are the constant sport of the
cosmologists and we can be quite sure that when it becomes
profitable to do so 1t can be made to mclude not merely the
human mind but even the human mind engaged 1n such awk-
ward activities as telepathy and precogninon. At the present
stage of natural science however, 1t 1s not yet profitable to ap-
proach intelligent behaviour mn the narrowly mechanstic sense
unless we are doing so 1ntentionally as brain physiologsts.

It is searcely profitable because the special properties of the
brain are there to defeat us We are endowed wth this remark-
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able organ for synthesizing past and present experience, for
making the body react to external events in away which depends
on along train of past circurnstance and seems to involve a stage
of the peculiar kind of activity which we call consciousness. We
cannot yet come anywhere near to a mathematical treatment of
what goes on at this level and until we are able to do so we must
be content with a much less formal approach when we have to
consider what the patient may fecl, think and do about his
illness.

The special problems of mental disorder are scarcely relevant.
Itis reasonable to try to solve them by examining all the material
properties of the body in the hope of finding some abnormality
which has affected the brain. The appeal to experiment is no
doubt more difficult than it is with bodily discase, for experi-
ments on animals can be little guide when we are dealing with
disorders which are peculiar to man because they are disorders
of the human brain which is our peculiar possession. But until
we have searched exhaustively for material changes and found
nothing there is no reason why the scientific approach to mental
disorder should not be as valuable as it is in bodily disorder.
What T am concerned with is not the effect of the body on the
mind, or if you prefer it on conscious activity or on the higher
levels of the brain, but rather the possible effects of the mind or
bran on the body.

Considerarions of this ind scarcely arise in the more acute
forms of illness. When the body is thrown out of gear by a sud-
den acident or infection the brain may be affected too but in
any case it can do little to modify the course of events. The
patient will decide to go to bed and send for a doctor and no
doubt these decisions will have an effect but there will be little
OpPortunity to build up an elaborate system of ideas which might
ave a more direct action on the body. But in chronic illness
there is time to think, time that is to say for the disturbance in
g:;el:i"dy to be mirror.cd in the brain, submitted to the analysis
col on past experience, given the appropriate cmqnonal
o ouring and built up into 2 highly organized mental picture.
thin]l:" trammg in physiology makes us too much inclined to

of the signals from the sense organs as producing an
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exactly corresponding signal in consciousness, We are inclined
to neglect the profound additions and transformations which the
brain can impose on a straightforward sensory message. No
doubt the more intense and urgent the signal the less the brain
can do to it. A vialent pain brings the protective reactions of the
lower levels of the nervous system into play, but will not be
transmuted by the brain, for severe pains are not guides to intel-
ligent action and play Jittle part in the constructions of the
cercbral cortex. But the familiar discomforts of a long illness
can arrive in consciousness linked with a whole system of
memories 2nd anxieties. When a sufferer from dyspepsia tells us
that when he eats pork he is painfully aware of each lump as it
arrives in his stomach we may think that he is dramatizing his
sensations but that1s what he feels.
The brain cannot avoid this kind of elaboration for that is its
main function, and most of the elaboration goes on at uncon-
scious levels. I have made no attempt to keep clear of all the
errors which can creep in whenever we speak of the brain and
the mind in the same breath. They are too obvious to need
pointing out and I can only wish that I had time to avaid them
by following the excellent lead given by J. Z. Young in his Reith
lectures. But to come to conscrous levels we can see what the
brain, or i you prefer it the unconscious mind is always domg by
considering how we remember past events. Professor Bartlett has
written a fascinating study of the transformattons and elabora-
tions which take place when anything 15 seen or heard and sub-
sequently recalled to memory. It is a fascinating book partly
from the way i which it avoids the jargon of the schoals and
partly b it puts the phystologists in their place—~which js a
long wayfrom the fimshed products of the mind. He showed that
23 2 sule we remember a little about the original matenal that
was presented to us and then construct 2 whole picture accord-
ing to our particular interests or social b.zc?:ground. The finished
picture has elements of the ariginal material but it 1s a construc-
tion, a work of art rather than the development of a photograph.
To the subject it often does not seem like this. He thinks he 1s
remembering when he is really inventing and what he mvents
depends on who he is, how he was brought up, what he does for
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his living and what sort of company he keeps. It is of course a
familiar and chastening experience for a lecturer to see the dis-
torting process at work when his students sit for an examination
and he reads their version of his own teaching so curiously
changed. Bartlett points out how the constructiveness which
selects and colours what we remember is a development associ-
ated with consciousness, but has its roots in the process by which
elementary sensations of all kinds are organized by the central
nervous system. Henry Head pointed out how they are organ-
ized to guide any movemnent in relation to past movement and
to the whole posture of the body, and we know something now
of the very elaborate signalling apparatus in the muscles which
help to give us our picture of the body and operate as a feed-
back system for adjusting the fresh movement.

What I have stressed is nothing more than the obvious point
that each of us may feel a disorder of his body in an individual
way because what we feel will be inevatably coloured by the way
we have learnt to orgamize our experiences. In chronic illness
therefore the discomforts and disabilities which the patient suf-
fers will depend on what his brain does to the material which
reaches it, will depend that s to say on his whole character and
outlook and past experiences. This may have little effect on the
course of the illness, but we are comung to realize that it may
affect it considerably in ways of which we are stll very little
aware, Certainly we are rapidly learming from studies of the
physiology of the brain in animals that its effects on the body
may not be confined to the control of voluntary movement. It
may well have profound effects on the autononuc system and on
the endocrine glands. It 1s not unreasonable therefore to sup-
pose that the whole course of a chronic disorder may be decided
by the particular appeal that 1t makes to the brain or the mind
of a particular patient.

This is not the famliar, though doubtless admirable, plea that
one should consider the whole patient, the plea for the psycho-
somatic approach to his illness. It 1s rather a plea for directing
some mecdical research to the possible interactions between the
brain and the body. Some of it can be strictly saentific, experi-
mental physiology aimed at further studies of the way in which
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the body might be influenced by the brain, whether the brain
can make a joint swell or 2 duodenum ulcerate, and some of it
must be on the fess secure basis which we have to use when we
deal with the finished products of the brain, the thoughts and
desires of the sick person,

I have strayed too far from my main topic, which was ta con-
sider some of the special features that are impoced nn we3--}
research hy the omect Y '
too much abe ' .
advances tha « wuaut uy tie apphicatian of scientific
methods. But I can at least illustrate the pace of this advance by
recalling che time when I was a medical student at Cambridge.
Tt is true that it was forty years ago, but modern methods were
well under way. Lewis had begun ns analysss of cardiac irregu-
larities with the string gatvanometer, and Hopkins wasin Cam-
bridge making biochemistry a science. We were naturally im-
pressed with these developments—an electrocardiogram was
such a change from the old routine way of examimng a patient
by taking his temperature and listemang to his heart sounds,
Now our Regius Professor of Physic was Clifford Allbutt. He
was over seventy-five but stil full of energy. He could hold an
audience with 2 polished lecture, and though rather deaf, he
presided most effectively at the faculty board of medicine, Medi-
cal students take thewr professors for granted and it was enough
for us that Allbutt was an mmpressive figure, the editor of the
standard textbook of medicine and of a guide to the preparation
of an M.B. thesis. We knew he had climbed the Alps when he
was younger and we were proud of lnm as one of the early
generation of mountaineers But we did not know and I thunk
we should have found ir hard to realize that it was Allbutt whe
started the practice of taking the temperature, He did 1t in 1867
by getting a firm a1 Leeds to make the short climeal thermo-
meter which we use now Before that a fes inquiring physicians
had measured temperatures with thermometers a foot long but
most of them judged temperature by the feel of the patient’s
skin, It was our own professor who had shown the possibility and
the value of precise temperature measwrement and be had also
shown the value of examining the eyc with the ophthaimoscope,
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1 can claim therefore to have sat at the feet of the man who
made us all aware of the scientific approach to medical research.
He never referred to what he had done—at least not to us—and
he might perhaps have been shocked if it had been suggested
that he was partly responsible for the tendency to prefer instru-
mental records to direct observation. But I like fo think that it
was not so long ago, and with all its special difficulties the prac-
tice of medicine has certainly advanced an immeasurable dis-
tance since Chifford Allbutt set the fashion for the exact measure-
ments which are the basis for the scientific approach to medical
research,
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the body might be influenced by the brain, whether the brain
can make a joint swell or a duodenum ulcerate, and some of it
must be on the less secure basis which we have to use when we
deal with the finished products of the brain, the thoughts and
desires of the sick person.

I have strayed too far from my main topic, which was to con-
sider some of the special features that are imposed on medical
research by the special nature of its material. And I have said
too much about the difficulties and too little about the immense
advances that have been made by the application of scientific
methods. But I can at least illustrate the pace of this advance by
recalling the time when I was a medical student at Cambridge.
It is true that it was forty years ago, but modern methods were
well under way. Lewis had begun his analysis of cardiac irregu-
larities with the string galvanometer, and Hopkins wasin Cam-
bridge making brochemistry a science. We were naturally im-
pressed with these developments—an electrocardiogram was
such a change from the old routine way of examining a patient
by taking his temperature and listening to his heart sounds.
Now our Regius Professor of Physic was Clifford Allbuit. He
was over seventy-five but still full of energy. He could hold an
audrence with a polished lecture, and though rather deaf, he
presided most effectively at the faculty board of medicine. Med:-
cal students take their professors for granted and it was enough
for us that Allbutt was an impressive figure, the editor of the
standard textbook of medicine and of a guide to the preparation
of an M.B. thesis. We knew he had climbed the Alps when he
was younger and we were proud of hum as one of the early
generation of mountatneers, But we did not know and I think
we should have found 1t hard to realize that it was Allbutt who
started the practice of taking the temperature. He did it in 1867
by getting a firm at Leeds to make the short chmeal thermo-
meter which we use now. Before that a few inquiring phystcians
had measured temperatures with thermometers a foot long but
most of them judged temperature by the feel of the patient’s
skin. It was our own professor who had shown the possibility and
the value of precise temperature measurement and he had also
shown the value of examiming the eye with the ophthalmoscope.
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onwards. There followed during the next two to three decades
evidence for the existence of thyroxine, insulin and the hormones
of the anterior pituitary gland. All these hormones were ob-
tained by mecthods which depended on the solubility of the
active material in watery solution and it was perhaps natural to
assume that a hormone, which must be liberated into the inter-
nal envir aqueous pt ould be most effectively
extracted from its gland of origin by mcans of an aqucous
medium. But we now realize that this assumption is not always
sound and that adrenal steroids are indeed most satisfactorily
prepared by means of lipid-soluble solvents.

Twenty years ago it was generally assumed, despite some evi-
denee to the contrary derived from studies on the anterior pitui-
tary gland, that for one endocrine gland there was one hormone.
Thyroxine {or perhaps thyroglobulin) was the hormong of the
thyroid gland while insulin was the hormonc of the pancreatic
islets and adrenaline that of the adrenal medulla, But from 1935
onwards a large number of crystalline substances were isolated
from cxtracts of the adrenal glands, of which seven were active
in maintaining the life of adrenal ized animals (Fig. 1).
Both androgens and gens were also obtained, These active
substances and many others besides were isolated and character-
ized chicfly by Reichstein and his colleagucs in Basle in Switzer-
land, and by Kendall and his co-workers in the Mayo Clinic,
Rochester, Minnesota. The demonstration by Reichstein in
1937 that adrenal substances were close relatives of the sterols,
bile acids and sex hormones and were therefore ‘steroids’, was as
acsthetically satisfying as it was practically valuable in pomnting
the way to artificial production of adrenal steroids from com.
monly occurring materials such as bile acids. In fact, in 1937
Steiger and Rechstein first prepared 11-deoxycorticosterone
artificially from bile acids before the substance had been identi-
fied in an extract of adrenal tissue, For many years now this sub-
stance—or its acetate, often known as doca—has been a com-
mercial product of therapeutic value in the treatment of Addi-
son’s discase. Whether or not it is secreted by the adrenal cortex
under normal conditions 1s still open to doubt.

In addition to the seven characterized crystalline active adre-
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from the observation of Hench and his colleagues in 1948

that these substances can alleviate in a striking fashion
symptoms of sheumatoid arthritis, has been tremendous, and the
clinical conditions in which some mensure of success has fol-
lowed the administration of one or other of these drugs are
fegion. But in a lecture devoted to the seientific basis of medicine
we shall have littde to say about therapy as a practical measure.
The amount of published experimental work concerning the in-
fluence of adrenal hormones and Acys on metabalic processss is
very great, and in 2 one-hour lecture only a fraction of the evi-
dence can be considered. In order to throw into perspective
present views concerning this problem I shall first say a few
words about the historical background.

Addison’s disease was first deseribed in 1849 and the fatal
results of exper 1 adrenat y in animals were first in-
vestigated 1 1856, But 1t was not until 1929 that a potent extract
of the adrenal glands, capabfe of maintmning adrenalectomized
cats mdefimtely in good health, was prepared by Swingle and
Phifincr. Some of the reasons for eighty years of failure to pre~
pare an effective extract are instrucuve (¢f Young, 1951). For
jnstance the recognition of adrenaline (and later noradrenaline}
as secretory products of the adrenal medulla, which followed
from the mvestigations of Oliver and Schafer in 1894, gave a
great stunulus to the mvestgation of ductless glands, and the
idea of chemical messengess was put on 2 firm general basis by
the investigations and writings of Bayliss and Starhng from 1902

Tnn impact on medicine of cortisone and acry, dating
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probably 1-20 mgfkg body wt.f24 hrs. If changes in the amount
of the metabolic products of the adrenal steroids excreted in the
urine can be relied upon as an index of the change in the rate of
secretion of the steroids by the gland, then the rate of secretion
of steroids by the gland may be increased many-fold, perhaps
ten times or more, under conditions of stress or trauma,

1t is of particular interest that although cortisone is so valu-
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nal steroids there was also prepared from extracts of the adrenal
gland an uncrystatlizable syrup, named the amorphous fraction,
which was particularly active in maintaining adrenall ized
animals in good condition. The properties of this fraction to-
gether with its chemical analysis suggest that it contains sub-
stances more highly oxygenated than the characterized steroids
and these are of course more soluble in aqueous media.

NATURE OF THE SUBSTANCES SECRETED BY THE
ADRENAL CORTEX

With the isolation of seven active materials and with the possi-
bility that stilt more active sub: might be obtained from
the amorphous fraction there was naturally great discussion as
to which, if any, was ¢ hormone of the adrenal cortex. \When
corticosterone was isolated by Rewchstein it was confidently
named as such in the belief that it was the hormone. There is
now httle doubt that more than one substance is liberated into
the bload by the cortex of the adrenal gland and that there is
therefore more than one hormone.

The identification, accompanied in some cases by the isola-
tion, of 17-hydroxycorticosterone together with corticosterone,
m unne from Cushing’s syndrome (Mason and Sprague, 1948),
in urine from patients receiving treatment with acry (Mason,
1950; Sprague, Mason and Power, 1951), and mn adrenal-vein
blood {Reich, Nelson and Zaffaroni, 1950; Nelson, Samuels,
Willardson and Tyler, 1951; Bush, 1951) together with the fact
that 17-hydroxycorticosterone and corticosterone are producsd
in relatvely large amounts by the isolated perfused adrenal
gland (Hechter, Zaffaroni, Jacobsen, Levy, Jeanloz, Schenker
and Pincus, 1951}, allows us to conclude that these two steroids
are the chief secretory products of the adrenal cortex. Bush
(1951} has found that the proportien of the two steroids secreted
under condittons of stress varies with the species of animal, but
1s relatively constant for each species. He suggests further that
the adrenals of the dog may secrete two substances present in the
‘amerphous fraction” under d which he di bes as A&
‘steady state”. .

The total amount of steraid secreted by the adrenal glands is
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able therapeutically this substance does nat appear among the
patative major secreted steroids of the adrenal cortex. Since,
however, cortisone has been made available by commercial pro~
duction from bile acids on a large scale, particularly by Merck
and Co, in the United States, very much more is known ahout
the biological activity of this subistance than about that of either
17-hydroxycorticosterone or corticosterone, and much of what I
shalt have to say later will apply to cortisone rather than to what
we now believe are the two major secretory products of the
gland. The term ‘adrenal steroid’ will be used to describe
steroids possessimg an oxygen atom or a hydroxyl group at posi-
tion 11~ chiefly 17-hydroxycorticosterone, corticosterone and
coriisone, The term will not include 11-deoxycorticosterone un-
Iess this sub is specifically i

The presence of the x7-hydroxy! group appears to be essential
for therapeutic value in rheumatoid arthntis and in rheumatic
fever. Neverstheless the effectivencss of salicylate in the treatment
of rheumatic fever, and indeed many similaritics between the
pharmacological effects of salicylate and cortisone, haveled some
to speculate as to whether salicyhe acid, that is orthohydroxy-
benzoic acid, may mumic the activity of cortisone in the way
that diethylstilboestrol mimics the naturally occurring oestro-
gens. Recently the remarkable effectiveness of 2:6-dihydroxy-
benzoic acid {y-resorcylic acid) in rheumatic fever has been
described by Rexd, Watson, Gochran and Sproull (1g51) in this
country, and they have put forward the interesting suggestion
that the mimiery of cortisone by salicylic acid and y-resorcylic
acid may depend on the ability of these substances to form
chelate rings. Meta- and parahydroxybenzoic acids are meffec-
tive in rheumatic fever and arc unable to form chelate rings.

THE CONTROL OF THE SLCRETORY ACTIVITY OF
THL ADRENAL CORTEX
The importante of the influence of the anterior pituitary gland
on the adrenal cortex was first revealed by the patient and ele-
gant experiments of Philip Smith {1929, 1930}. Smith showed
that in the hypophysectomized rat the adrenal cortex undergoes
substantial atrophy, but that this atrophy could be prevented or
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cured by the subcutaneous implantation of rat anterior pituitary
tissue. Since that time much research has been directed towards
elucidating the nature of the adrenocorticotropic hormone
(actn), liberated by the anterior pituitary gland, which is

ponsible for the mai of the adrenal cortex. The dis-
covery by Long, Sayers and their colleagues that anterior pitui-
tary extracts which could maintain the weight of the adrenal
glands in hypophysectomized rats would also bring about a
rapid fall in the ascorbic-acid content of the adrenal glands of
the hypophysectomized rat, led to the development of a sensi-
tive method for the assay of AcTH by Sayers, Sayers and Wood-
bury (1948). Another method that has been employed as a test
for a rise in the amount of circulating adrenal steroids, particu-
larly after the liberation of Acra from the anterior pituitary
B Servm o om 4

assessing changes in the amount of circulating adrenal steroid
bave been of great value both experimentally and in clinical
treatment.
ACTH

In 1943 Li, Evans and Simpson (1g943) and independently
Sayers, White and Long (1943} isolated, from sheep pituitaries
and from pig pituitaries respectively, a protein which was be-
lieved to be pure and free from other anterior pituttary hor-
mones and which I shall call protein-hormone actH. The two
preparations of the protein-hormone exhibited similar physio-
logical actwities in the repair or maintenance of the adrenal
glands in hypophysectomized rats, and alsostmilar chemicaland
physico-chemical properuies, including a molecular weight of
20,000. The two preparations were also equally effective in
reducing the ascorbic-acid content of the adrenal cortex of the
hypophysectomized rat.

In our laboratory we have recently succeeded, by means of
i h resins, in st g that it is possible to remove
from the protein-hormone a very small amount of basic material
which contains nearly all the ascorbic-acid reducing activity of
the preparation (Dixon, Moore, Stack-Dunne and Young,
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1g51). The protein left behind is virtually inactive (Fig. 2).
Furthermore, we are able to separate to some extent on the ion-
exchange column fractions which are active in the adrenal
ascorbic-acid reducing test and fractions which are effective in

Fie. 2. A ct of AcTH prot mone on Amberlite 1RC-50
with sodium phosphate buffer of pH 6 8 Thc hatched blocks indicate acti-
wity measured by the ascorbic-acid reducing method of Sayers, Sayers and
Woodbury (1948) The continuous hne indicates the colour developed with
ninhydrin wnder standard conditions. (Cf Dixon, Moore, Stack-Dunne and
Young, 1951.)

the adrenal repair test in hypophysectomized rats (Dixon,
Stack-Dunne, Young and Cater, 1951). We believe it to be very
likely that AcTu is separated into at least two fractions without
the need for a hydrolyuc step, one fraction primarily concerned
with the reduction of ascorbic acid in the adrenal gland, a
function which may well be associated with the conversion of
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the contained cholesterol to the adrenal steroids and the libera-
tion of those that arc sccreted, and the other concerned with the
maintenance of the adrenal cortex after hypophysectomy, a
process which may concern the mechanism by which chole-
sterol is stdred in the adrenal gland to await its subsequent con-
version to adrenal steroids (Stack-Dunne and Young, 1951).

Li and his colleagues have described the preparation of pep-
tides, obtained by the hydrolytic fission of the protein-hormone,
which are active in various Acta tests (cf. Reinhardt and Li,
1951). Our own results appear to demonstrate that hydrolysis js
not needed to liberate the preformed basic material which is
highly active in the ascorbic-acid reducing test and which is
present in small proportion i the protein-hormone, and
although this material may well be a peptide a rigid proof of this
is still lacking.

An animal does not die as the result of hypophysectomy and
in the hypophysectomized animal the adrenal cortex is not
without function (Pickford and Vogt, 1951). There is evidence
that the zona glomerulosa of the cortex is still active after removal
of the pituitary gland, and capable of liberating sufficient
steroid to maintain the hife of the hypophysectomized animal.

Vogt (1951) has found that when the amount of potassium in
the plasma of blood perfusing an isolated dog adrenal gland is
raised, the output of steroids by the gland greatly increases. This
occurs in the absence of the pituitary gland and shows that the
adrenal cortex is capable of regulating its secretion to a limited
extent independently of anterior pituitary AcTH.

Although anterior pituitary AcTH 1s not essential for minimal
functioning of the adrenal cortex, for example, in the hypophys-
ectomized animal, the activity of the cortex necessary for nor-
mal life in the intact animal, and particularly the nise in adrenal
cortical activity which occurs under conditions of stress, are cer-
tainly dependent on the availability of acti from the anterior
pituitary gland. The secretion of acti by the pitwitary 15 itself
regulated by three main mechamsms: (1) by the hypothalamus,
(2) by the amount of adrenocortical hormones in the general

circulation, and (3) by the amount of adrenaline and like sub-
stances in the blood.
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Hypothalamic control of the secretion of acra. Groot and Harris
(1950}, using a method of stimulation of the hypothalamusof the
unanaesthetized rabbit by means of electric currents induced by
remote control, showed that stimulation of the posterior region
of the uber cinerewm or of the mammillary body resulted in a fall
in blood lymphocytes which was similar to that which followed
the intravenous injection of a small dose of acTh. Stimulation of
other regions in the hypothalamus and pituitary gland was in-
effective. Similar results have been obtained in the unanaesthe-
tized dog by Hume and Wittenstein (1950). Conversely Harris
- found that the lymphopenia which normally follows stress was
abolished if electrolytic lesions were placed in the hypothalamus,
in the posterior part of the tuber cinereum or mammillary body, or
in the zone of the anterior pituitary lobe close to the tuber cine-
reum, It was concluded that the secretion of acTst by the anterior
pituitary gland which is elicited by stress is regulated by the
hypothalamus, and Harris believes that the stimulus is carried
from the tuber cinereum to the anterior pituitary lobe by a humoral
transmitter (or transmitters) which travels through hypophysial
portal vessels (Harris, 1951). Not all workers accept the idea of
humoral transmitters in this connexion and not all are agreed as
to the significance of the hypophysial portal vessels.

The tnfluence of blood adyenocortical hormone level on the secretion of
Acter Sayers (1950) has recently reviewed the evidence con-
cerning the influence of adrenal steroids on the secretion of acTH
by the pituitary gland. Administration of crude adrenal extract
or adrenal steroids to normal animals induces adrenal atrophy
and will prevent the adrenal hypertrophy which normally fol-
lows stress. Since such effects are not seen in hypophysectomized
animals 1t may be assumed that they result from a depression of
secretion of acTH by the anterior pituitary gland. Sayers be-
lieves that conditions such as stress increase the utilization of
adrenal steroids by the peripheral tissues so that the blood level
of these hormones falls, this fall leads the anterior pituitary
gland to liberate greater amounts of acra. Converscly, an
increase of blood adrenocortical hormone level brings about a
depression of AcTn secretion. Sprague, Mason and Power (1951)
have observed signs of adrenal insufficiency including asthenia
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to follow cessation of cortisone therapy in human beings, and
they consider these observations to support the view that corti-
sone depresses the secretion of pituitary AcTit,

The automatic regulation of actit secretion by the level of
adrenal steroids in the blood seems clearly proved, though it is
but one factor in a more plex mechanism for the mai
ance of adequate amounts of adrenal steroids in the internal
environment.

The influence of adrenaline and related substances on the secretion of
4ctr Vogt (1944) observed that the intravenous infusion of
adrenaline could cause an immediate and large increase in the
rate of secretion of steroids by the adrenal cortex, but Long and
Fry (1945) found that the influence of adrenaline on the adrenal
cortex is very much less in hypophysectomized animals than itis
in normal animals, and it appeared likely that adrenaline acts
by stimulation of the secretion of acTu by the anterior pituitary
gland. More recently Vogt (1951) has shown that adrenaline
does not increase the output of cortical-hormones by the isolated
perfused dog adrenal gland.

That adrenaline may indeed act directly and rapidly on the
pituitary gland to stimulate the secretion of AcTH was elegantly
demonstrated by McDermott, Fry, Brobeck and Long (1950)

who transplanted anterior pituitary tissue to the anterior cham-
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had been stimulated by adrenaline in these isolated transplants.
There is therefore kittle doubt that adrenaline influences the
secretion of adrenal steroids by a pathway mediated by the
anterior pituitary gland. Although adrenaline can act directly
on the anterior pituitary gland it seems possible from the experi-
ments of Brobeck, Long and their colleagues that adrenaline or
noradrenaline may also act on hypothalamic centres.

THE SECRETION OF ACTH DURING STRESS
Chiefly from the work of Selye the importance of the secretion of
adrenal hormones during a condition of stress and adaptation
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has been recognized. The evidence accumulated by Long and
his colleagues, and by G. W. Harris and others, which has been
briefly mentioned above, supports the view that in stress and
adaptation the secretion of AcTH by the anterior patuitary lobe
results from hypothalamic stimuli together with the direct action
of adrenaline or noradrenaline on the pituitary gland. Bush
(1951) has recently made the interesting suggestion that there is
a difference between the nature of the steroids secreted by the
adrenal gland during a ‘steady-state’ and those liberated under
conditions of stress. He suggests that in the steady-state con-
dition there may be secreted factors which are present in the
amorphous fraction of adrenal extracts, while under conditions
of stress the secretion of 17-hydroxycorticosterone and corti-
costerone occurs in relatively large amounts. This interesting
idea needs further experimental elucidation.

THE NATURAL ORIGIN OF ADRENAL STEROIDS
Sayers, Sayers, Fry, White and Long (1944) and Sayers, Sayers,
Liang and Long {1946) found that the administration of AcTH
to the rat and to the guinea-pig results in a rapid fall in the
amount of cholesterol in the adrenal glands, More recently
Conn, Vogel, Louis and Fajans (1950) have compared the
effects of actu given to normal people and to patients with
Addison’s disease. In normal people there was a large increase
in the urinary excretion of 17-ketosteroids and 11-oxysteroids,
with a sharp diminution of serum cholesterol, primarily in the
ester fraction. These changes were not seen 1n the patients with
Addison’s discase, and agree with the view that the adrenal
steroids secreted by the gland find their origin in cholesterol.
Isotope studies by Bloch and others support the idea that the
formation from cholesterol of steroid hormones and their de-
gradation products can occur in the body, and there seems to be
no reasonable doubt that adrenal steroids are indeed formed
from cholesterol, either from that already 1n the gland or from
that which is deposited in the gland from the blood.

Recently Pincus and others have demonstrated the ability of
the perfused bovine adrenal gland to secrete adrenal steroids in
large amounts, and particularly to introduce an 11-oxy group



ADRENAL HORMONES AND ACTH 27

into perfused substances. There is now good evidence thatin the
adrenal gland there is present an enzyme system which is
capable of introducing an r1-oxygen atom into the steroid
nucleus.
METABOLISM OF ADRENAL STEROIDS

As was clearly demonstrated by Vogt (1943; 1950) the rate at
which adrenal steroids are secreted by the adrenal glands and
are inactivated by the peripheral tissues is very substantial. But
the fate of the material which is thus altered is still not clear,
Pregnanediol glucuronide has been isolated in relatively large
amounts after the administration of deoxycorticosterone to
normal men, while the fact that there is a substantial increase in
the amount of urinary 17-ketosteroids when cortisone is given to
Ppatients with Addison’s disease suggests that 17-ketosteroids are
also metabolic products of cortisone,

The amount of reducing steroids, that is steroids with the side

chain
CH,OH

co
|

at position 17, excreted in the unine by man is normally rela-
tively small—about 0-3-1 0 mg/day, with a mean value of
0 5 mg/day, as estimated by the present methods. As Marrian
(1951) has recently pomnted out, the available methods for the
estimation of adrenal steroids in urine may be extremely un-
sound, and the amounts of the excreted sterods may in fact
exceed by many times those at present measured. With the
techniques now available 1t can be shown that the amount of
reducing steroids rises, perhaps tenfold or more, under con-
ditions of stress, as for instance in diabetic ketosis (McArthur,
Sprague and Mason, 1g50).

ADRENAL STEROIDS AND METABOLIC PROGESSES
The changes in metabolism which follow experimental adrenal-
ectomy are comparable in many ways with those seen in Addi-
son’s disease, and include a fall in the fasting blood-sugar level,
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dition there may be secreted factors which are present in the
amorphous fraction of adrenal extracts, while under conditions
of stress the secretion of 17-hydroxycorticosterone and corti-
costerone occurs in relatively large amounts, This interesting
idea needs further experimental elucidation.

THE NATURAL ORIGIN QF ADRENAL STEROIDS
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Liang and Long (1946) found that the administration of AcTi
to the rat and to the guinea-pig results in a rapid fall in the
amount of cholesterol in the adrenal glands. More recently
Conn, Vogel, Louis and Fajans (1950) have compared the
effects of Acti given to normal people and to patients with
Addison’s disease. In normal people there was a large increase
in the urinary excretion of 17-ketosteroids and 11-oxysteroids,
with a sharp diminution of serum cholesterol, primarily in the
ester fraction. These changes were not seen in the patients with
Addison’s diseasc, and agree with the view that the adrenal
steroids secreted by the gland find their origin in cholesterol.
Isotope studies by Bloch and others suppart the idea that the
formation from cholesterol of steroid hormones and their de-
gradation products can occur m the body, and there seems to be
no reasonable doubt that adrenal steroids are indeed formed
from cholesterol, esther from that already 1n the gland or from
that which 1s deposited m the gland from the blood.
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which may cause fatal hypoglycaemia, and a disturbance of the
electrolyte balance, particularly a loss of sodium and chloride
ions from the body, with retention of those of potassium. There
is a loss of fat, a subnormal breakdown of protein, with a conse-~
quent tendency to retain protein in the body, and a particularly
rapid rate of oxidation of carbohydrate and loss of glycogen
during fasting; the fasting respiratory quotient may be unusually
high, There occurs an associated muscular weakness and a
diminished resistance to many forms of stress. Untreated Add:-
son’s disease sometimes, and experimental adrenalectomy
usually, is fatal, although it has been observed that pregnancy
or pseudo-pregnancy may surprisingly prolong the time of sur-
vival after experimental adrenalectomy. The activity of pro-
gesterone as an adrenal hormone may here be of significance
though probably this is not the only factor concerned.

Conversely the metabolic effects which follow the administra-
tion of crude adrenal extracts or adrenal steroids, and of ActH,
as well as the changes in metabolism observed in Cushing’s syn-
drome, are largely the converse of those which are seen in
Addison’s disease and in adrenalectormzed animals. Diabetes is
often found, although sometimes nothing more than a dimi-
nished sugar tolerance is seen. There is a tendency to retain
sodium chloride, with a fall of blood potassium level which may
involve serious cardiac damage. An excessive deposition of fat is
sometimes accompanied by a loss of protein from the body, and
a high liver glycogen content with signs of increased glyconeo-
genesis from protein. Growth may be diminished or prevented
n young animals, The vinlizing syndrome seen in humans as
the result of hyperfunctional tumours of the adrenal cortex is
probably associated with an abnormally large production of
androgens by the adrenal cortex, and we shall not discuss this
condition here.

In the experimental administration of separated adrenal
steroids interesting differences between the actwities of the indi-
vidual substances are observed. Some of these are set out in
Table 1. Here the ‘renal function test’ in adrenalectomized dogs
is concerned with the prevention of the symptoms of water
intoxication which may follow the administration of a water
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1951; cf. Ingle, 1950). It is true, however, that in Addison’s
disease cortisone alone will not always prevent an excessive loss
of sodium chloride, in the doses that have been administered as
yet (Sprague, Mason and Power, 1951), although it is possible
that with larger doses such an effect may be seen.

Slessor (1g51) finds that the plasma of fasting patients with
Addison’s disease contains an abnormally large amount of anti-
diuretic substance, possibly of posterior-pituitary origin. In
Addison’s disease the response to a water load is much delayed,
but treatment with cortisone can restore the time and degree of
diuresis to normal. Slessor puts forward the interesting hypothesis
that adrenal steroids of the cortisone type may be concerned
with the inactivation of circulating posterior pitstary hormones.

INFLUENCE OF ACTH ADRENAL STEROIDS ON
CARBOHYDRATE METABOLISM
Administration of cortisone or AGTH to rats under suitable con-
ditions is followed by hyperglycaemia and glycosurta In Cush-
ing’s syndrome there is generally observed an impairment of
sugar tolerance or frank diabetes, and from the urine of a case of
diabetes with Cushing’s synd Mason and Sp (1948)
isolated 17-hydroxycorticosterone in such amount (about 8
mg/day) that 1t appeared to account for about one-half of the
total excretion of adrenal steroid Sprague, Mason and Power
(1951) have observed an exacerbation of diabetes in coexisting
Addison’s disease and diabetes when as little as 30 mg/day of
cortisone was given for a period of 5 days. This exacerbation of
diabetes was associated with a nise 1n the rate of excretion of
both rutrogen and water When cortisone was given to normal
humans, on the other hand, no rise 1n fasting blood sugar was
observed. In four out of twelve cases there was a slight impair-
ment of carbohydrate tolerance, but in two of these four cases
there was a family history of diabetes. In many of these cases the

repeated dose of cortisone exceeded 100 mg/day.

In contrast with these observations on cortisone, diabetes has
been found to follow the admimstration of large doses of acTi
to a significant proportion of human beings, in particular by
Conn, Louis and Johuston (1939). This difference between the
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load, while the test for ‘electrolyte balance® depends on the
ability of the steroids to induce potassium excretion and sodium
and chioride retention in normal or adrenal-deficient animals.
The ‘Everse de Fremery’ (ev) work test depends on the extent
of recovery of the muscle of the rat from a brief period of elec-
trical stimulation, while the ‘Ingle work test’ in the rat is
concerned with a more prolonged effect, In this test the gastro.
cnemius muscle of an anaesthetized rat is weighted with o0 gm
and then stimulated to contract three times a second for 48
hours or until death, The effectiveness of hormones in the
musele work test of Ingle is guite different from that m the
Everse de Fremery work test, as will be seen from the table, The
‘liver glycogen test’, first introduced by Long, Katzin and Fry
(1940}, depends on the abifity of an injected substance to induce
an increase in the amount of glycogen in the liver of the fasting
normal or hypophysectomized rat.

As a result of classifications of the type set out in this table
statements which may be dangerous and extremely misleading
are sometimes made about the pharmacology of adrenal ster-
oids. Since the observed activity of the steroids often vaties not
only from species to species but also with different conditions in
the same animal, 1t 1s most undesirable that generalizations be
made which involve extrapolations from one species to another,
or even from one condition to another, It can be tentatwvely said
in general terms that the presence of an 11-0xygen or hydroxyl
group in the steroid nucleus depresses the activity of the steroids
in the electrolyte balance and renal function tests and enhonces
effects on carbohydrate metabolism and on muscle work, while
the presence of a 17-hydroxyl group depresses electrolyte acti-
vity and enhances influence on carbohydrate metabolist. In
some carly work of Thorn and s coBaborators it was found
that 1y-hydroxycorticosterone and cortisone both caused a sise
in the excretion of sodwum and chlorine m short-term experi~
ments in rats or dogs, With more prolonged treatment these sub-~
stances nevertheless usually induce a retention of sodium and
chloride (Thorn, Forsham, Bennett, Roche, Reiss, Slessor, Flink
and Sommerville, 194g; Fourman, Bartter, Albnight, Dempsey,
Carroll and Alexander, 1950; Sprague, Mason and Power,
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in cats by the administration of Acrs, although adults of this
species are very sensitive to the diabetogenic action of growth
hormone. Any influence of growth hormone on purine meta-
bolism awaits further investigation.

It is ol interest to note that when gluconeogenesis occurs under
the influence of adrenal steroids it is sometimes impossible to
account for the extra carbohydrate appearing on the basis of the
classical figures for the conversion of protein to carbohydrate.

INFLUENCE OF ADRENAL STEROIDS AND ACTH ON

PROTEIN METABOLISM
Growth is inhibited by large doses of Actn or adrenal steroids
such as cortisone, although when immature adrenalectomized
rats arc treated with small doses of cortisone they are able to
survive and grow at a subnormal rate. In general the adminis-
tration of cortisone and allied substances results in protein cata-
bolism or failure in the anabolism of protein, this leading to the
excretion of nitrogen 1n excess of the intake, that is to a negative
nitrogen balance, and thus to a reduction in the total amount of
protein in the body. Similar observations have been made in
Cushing’s syndrome. Treatment with cortisone also leads to an
inhibition of the growth of hair, and a depression in the rate of
granulation of wound tissue, both of which may be associated
with a diminished protein anabolism or increased protein cata-
bolism, Cortisone can also inhibit the growth of tumour tissues
under certain conditions.

In the human beng the alleviating action of cortisone on
rheumatoid arthritis 1s not necessarily dependent on protein
breakdown, at least as judged by the gross mtrogen balance.
Sprague, Mason and Power (1951) found that towards the end
of a period of adminsstration of 200 mg/day of 17-hydroxycorti-
costerone only minor changes in nitrogen balance, unnary
excretion of creatine nitrogen and unc acid had occurred 1 a
patient with rheumatoid arthritis, although unmistakable evi-
dences of anti-rheumatic activity were observed Approximately
the same metabolic and clinical results were observed in this
case with a similar dose of cortisone.

All the 11-oxygenated steroids of the adrenal cortex cause

D
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effects of actn and of cortisone in the human may indicate that
the secretions of the adrenal cortex are more potent in inffu-
encing carbohydrate metabolism than is cortisone. Unfortu-
nately, the action of 1-hydroxycorticosterone on carbobydrate
metabolism has not yet been adequately investigated. It should
be noted that the diabetes induced by Acti, and also that pro-
duced in animals by treatment with adrenal steroids, is associ-
ated wath a striking resistance to the action of insulin,

Conn and his colleagues have found that in the diabetes pro-
duced in human beings by acrn the blood glutathione content
falls in a significant fashion, and conversely that the develop
ment of diabctes may be p 1, or the cendition alleviated,
by the administration of reduced glutathione. A rise in the
excretion of urie acid occurs in human beings under treatment
with actit and Conn has considered the possibility that the
diabetes which occurs may be associated with the metabolic up-
heaval of purine and glutathione metabolism thus induced.
More recently he has compared the mfluence of AcT on the
carbohydrate and purine metabolism of Dalmatian and mon-
grel dogs {Fajans, Conn, Johnson and Christman, 1951} In all
the dogs the excretton of total purine nitrogen (that is uric acid
-+ allantoin} was raised by about 25 per cent as the result of the
admimstration of act. In the Dalmatian dogs nric acid was
responsible for the major increment in the total puring nitrogen,
whle in the mongrels it was predominantly extra alfantoin that
was excreted. Treatment with AT resulted in a typical dia-
betic glucose tolerance curve in two Dalmatian dogs and in one
mongrel dog, but not in two other mongrel dogs, and Conn
concludes that there is a relationship between the diabetic re-
sponse and the mise in uric acid excretion, Loubatieres and
Bouyard {1951} have recently emphasized the possibility that
the development of diabetes may sormetimes be associated with
the presence m the biood of significant amounts of alloxan. If
indeed alloxan is 2 normat intermediary 1 punne metabalism
it may be that alloxan or a closely related substance should be
seriously considered as a possible causative factor 1n ACTH dia-
betes, and thus in adrenal sterond diabetes In our own 1abora-
tory E. Reid (1957} has been quite unable to produce dizbetes
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the response of cells to a variety of noxious stimuli. These influ-
a3 L [

steroids in bringing about thcse‘changes fsstilla mystery.

ACTH AND ADRENAL STEROIDS AND
RHEUMATOID ARTHRITIS

The possibility that tissue permeability might be a factor of
some importance in the actiology of rheumatoid arthritis has
been considered by many workers, and since the mucopoly-
saccharide hyaluronic acid is known to be a substance of con-
siderable importance in connective tissue the possible influence
of adrenal cortical hormones on the enzyme hyaluronidase,
which splits hyaluronic acid and can thus increase tissue per-
meability, was of some interest. In the blood serum of both
animals and man there is a non-specific inhibitor of hyaluroni-
dase which can depress the activity of hyaluronidase from any
source. The amount of this inhibitor in the blood rises in many
infectious diseases and a significant elevation is observed in
rheumatic conditions. In general the elevated values in patients
with theumatoid arthritis and rheumatic fever fall during treat-
ment with cortisone and acru (Hakanson and Luft, 1940;
Schmith and Faber, 1949; Dorfman and Moses, 1950; Adams,
Kelley, Dwan and Glick, 1951; Benditt, 1g51).

Experiments carried out by Opsahl (1949, 1951) at Yale have
provided evidence that adrenal steroids, but not deoxycorti-
costerone acetate, are themselves capable of inhibiting the action
of hyaluronidase in promoting the spread of dyestuffs adminis-
tered intradermally to animals. Whether this effect is on the
enzyme or on the substrate is not known for certain. but
Opsahl has produced some evidence that the activity of hya-
luronidase 1 #itro is depressed in the presence of adrenal
extracts. Though the results of such experiments must be mter-
preted with great caution 1t may be that in the m zwo experi-
ments the primary influence of adrenal steroids is on the enzyme
and not on its substrate. The significance of these results with
respect to rheumatoid arthritis is not at all clear, and perhaps
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atrophy of the thymus of the rat when administered in high
doses, and there are similar changes in lymph nodes and in the
spleen. This loss of lymphatic tissue is related to and perhaps
dependent upon an increased destruction of lymphocytes, since
the mitotic activity of the atrophic glands is undiminished,

How far the influence of adrenal steroids and Aoty on in-
flammation and the phenomena of immunity should be con-
sidered here is doubtful, but 1t may be noted that the response
of tissues to many different types of injurious influence may be
altered by the administration of Acvs or adrenal steroids, For

ple, the acute infl ry reactions in the eye to a wide
range of agents may be inhibited under the influence of adrenal
cortical stimulation or local treatment with adrenal steroids,
Although there are some experimental results to the contrary
the consensus of opinion appears to be that Actu has no sub-
stantial effect on the development of antibodies, and although
some hypersensitive phenomena are altered by adrenal cortical
stimulation and sctH, others are not.

THE INFLUENCE OF ACTH AND ADRENAL STEROIDS
ON FAT METABOLISM

Adrenalectonty in the rat results in a diminution in the amount
of stored fat {Simpson, Dennison and Korenchevsky, 1934), and
a fall in the total fat is associated with an merease in the protein
content of the body (Schuffer and Wertheimer, 1947). Con-
versely the administration of cortic or of cortisone 10
animals results in an ncrease in the total body fat, particularly
in the hver fat, while a faity hver 15 often seen in Cushing's
syndrome., Ketonuna has been observed to follow the adminis-
tration of acri and of cortisone, both to patients and to
ammals. One may conclude that adrenal steroids depress the
metabolismy of fat as well as that of carbohydrate, but whether
this is a direct or indirect effect is still uncertam.

The general conclusion to be drawn from the study of the
influence of acTi and adrenal steroids on organic metabolism is
that the oxdation of carbohydrate and far 1s depressed while
protein anabolism 1s inhsbited or protein cataboli hanced
The latter phenomena probably play some part in diminishing
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will not be clear unti] we know much more about the chemistry
of connective tissue,

Because the develop t of jaundi i affords
marked relief to patients with rheumatoid arthritis, Sprague,
Mason and Power (1g51) have investigated the adrenal steroid
metabolism of jaundiced patieats, and have found that adrenal
steroids are excreted at a normal rate. There is therefore no
reason to believe that the relief of the symptoms of rheumatoid
arthnitis in these patients results from an increased rate of
secretion of steroids by the adrenal glands.

CONCLUSION

The only general conclusion that can be drawn at the present
time is that the adrenal steroids, particularly 11-oxy steraids,
are capable of reducing the response of the tissues to the pre-
sence of some types of toxin., The mechanism for this reduction
in response is far from clear although it could conceivably be
assonated with the mhibition of protein anabolism or the stai-
lation of protein catabohsm that may be observed in such
instances. Despite the magnitude of the research that has been
carrted out in the three years which have elapsed since Hench's
fundamental observations we are still very far from understand-
ing the mechamsms which underlie them There is no evidence
that rheumatoid arthritis or other conditions which are favour-
ably affected by adrenal steroids ave associated with a deficiency
of adrenal hormones. Indeed there 1s growng evidence that such
is not the case. It therefore appears that a state of hormonal
excess mduces a favourable miluence on diseases which are not
characterized by adrenal-cortical insufficiency. It is clear that
the knowledge which has accumulated as the result of the use
of acrr and cortisone both exper Uy and clinically, is
striking at the heart of many long-held views.
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Recent Light on Mammary Function

H. D. KAY

it would perhaps have been possible in 2 single hour to

outline most of the advances in knowledge that had been
secured during the previous decade. But even to outline the
important advances in this field since 1940 is quite impossible
in a single lecture. I shall not attempt it, but instead I shall talk
mainly about two topics in which my colleagues at Shinfield and
I have been particularly interested for several years, first, the
synthesis of milk in the mammary gland, second, the pheno-
menon of ‘let-down’ or ‘draught’.

As mammals ourselves, it is remarkable that even now we
know so little about the astounding function that distinguishes
the zoological class mammalia from other creatures, a function
which has undoubtedly belped that class to its present outstand-
ing position amongst living animals. Nature is full of major
astonishments, but this provision by the mammalian mother out
of her own tissues of a i and b ifully bal d com-~
missariat to meet the first needs of the next generation is not only
amazing 1n itself but like other cardinal evolutionary steps still
lacks an adequate explanation as to its origin and early develop-
ment.

Both quantitatively as regards volume of output, and qualita-
tively as regards the character of that output, the activity of the
functional mammary gland 15 surprsing. Quantitatively, for
example, the average good cow, n a single lactation, may pro-
duce as much as four tumes her own dry werght of mulk solids,
and many cows produce far more than that. To put it slightly

IF a lecture with this title had been given just before the war,
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mammary circulation of some 200 litres per hour. As regards
milk production in proportion to her weight, the efficient human
mother is not far behind the cow, but the domestic sow with,
say, a kitter of twelve dependent on her efforts beats them both
to afrazzle!

Synthesis of the major milk constituents, cascin, lactose and
milk fat, which are different in chemical composition from any-
thing brought to the mammary gland by the circulating blood,
is, at or near the broad peak of the lactation period, a very rapid
process.

A highly diagrammatic picture of one of the group of cells
whose astounding activities some of us have been endeavouring
to unravelis shownin Fig. 1.

The points I wish to make at this stage are (1) that milk
secretion is not only a rapid but a rhythmic process, (2) that all
the major constituents of milk are synthesized in one and the
same cell, (3} that the cells do not undergo destruction during or
after the synthetic process, but that the identical cells appear to
remain functional for at least a large part of the lactation period.

SYNTHESIS IN THE MAMMARY GLAND
First, a brief word about methods of investigation.

1. The A-V method The obvious method, and one that has
been much used in recent years, despite 1ts drawbacks, is to
determine the level of possible precursors in the artenal blood
arriving at the active gland, and the level of the same con-
stituents in the venous blood leaving the gland, usually called
the a-v method. A sample of artenial blood from any major
artery will do, the mammary venous bloed can be taken from any
of the large veins leaving the gland (since there 1s considerable
anastomosts in the venous system of the gland). This method,
employed mainly on the cow and the goat, has grven useful
information (see Table 1). The anaesthetized anmal has some-
times been used; this avoids certain troubles but mntroduces
others. There are senous drawbacks, both practical and theoreti-
cal, to the A-v method, whetber the amimal is anaesthetzed or
not.

2. Perfuston of the 1solated surviving mammary gland. This also has



40 H. D, KAY

<
p
n
p
¢

ALVEOLUS

(DIAGRAMMATIC) MILK-SECRETING CELLS

Fro. 1 cmdicates eapiliary blood vessel
nmdicates nucleus of myoepsshehal celf
# nclicates process of myoepithelal celt

differently, in onc day a reasonably efficient udder produces
milk solids equivalent to half 1s own dry weight. For every litze
of milk the cow produces, somethung ke 400 hitres of blood
must go through the gland, so that an average good cow has a
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rapidly growing calf or goatling. From what constituent or con-
stituents of the circulating blood does the mammary gland make
casein—vhich, it will be remembered, is a phosphoprotein?

It has been known for some time, as the result of the several
investigations, that the amino-acid content of blood diminishes
intr ing the lactating ry gland in the cow. But this
fallin the plasma concentration of amino-acids is not very great,
and does not seem sufficient to provide all the nitrogen required
by the active gland for protein synthesis. An obvious source
might be circulating blood proteins, which, by partial fragmen-
tation or even complete breakdown to amino-acids and resyn-
thesis in the alveolar cells, might be given the characteristic
amino-acid composition of casein or lactalbumin. Reineke,
Williamson and Turner (1941) reported an appreciable fall in
the content of one of the plasma glycoprotemns as the blood
passed through the udder, a finding which gave some support to
this suggestion,

As regards the phosphorus of casein, which is mamly com-
bined as orthophosphate esterified with the hydroxy group of
serine and possibly other hydroxy-amino-acids 1n the casein
molecule, there was previously some good, but not entirely con-
clusive evidence that it came from the morganmc phosphate
fraction of the circulating blood and not from the combined
phosphate in the blood. Careful work had indeed shown that,
whalst there was a substantial dimunution of inorganic phosphate
in the blood traversing the active gland, there was little, 1f any,
change in the other phosphorus compounds.

Quite recent work (1951) of J. M. Barry, a former Shinfield
colleague, who has kindly allowed me to quote results which are
not yet published, has shown that the lactating mammary gland
of the goat or the cow takes free lysine and tyrosme from the
blood stream to provide all the lysine and tyrosine of casein, and
takes inorganic phosphate to provide all the casein phosphorus,
no significant amounts of plasma protein lysine and tyrosine are
used for casein synthesis.

These findings rest on the use of labelled tyrosine and lysine,
containing radicactive C!* in 1he carboxyl group, and labetled

ganic phosphate ining P32, These were 1n one expen-
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given valuable results, but there are, again, practical difficulties,
in this case concerned with blood aeration, prevention of clot-
ting, maintenance of normality of composition of blood from
which constituents are continuafly being removed and, for the
most part, not being replaced, possible loss of hormones from the
bload, deterioration and eedema of the gland, etc.

TABLE 1. Blood (Plasma) Constituents that Diminish in
Concentration in Passing through the
Mammary Gland

Oxygen Amino-acids

— Glycoprotemn

Glucose —
Acctate Inorganic phosphate
p-hydroxybutyric aoid Caloum

Neutraf fat *Potassium

* Inference only

co mornandad 1 avvanr.

when worktng under more strictly physiologteal condations.

4. Use of tsatopes. This has given quite ouistandingly valuable
findings mn the last four or five years, and much of the following
account s concerned with findings so obtained.

PROTEIN SYNTHESIS
Casein and lactalbumin are the charactensstic protemns of mitk.
They do not occur elsewhere i the tssues or secreuons, In
cow's muik there 15 same 2-8 to 3 o per cent of casein, lhat' is,
about ane-quarter of the total sohds of the milk. The proportion
in goat's milk js similar but there 15 less in human nutk; the more
slow Iy growing baby requures less protern per unit time than the
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The second observation was a general one arising from the
findings of several groups of workers, namely, that acetate pro-
bably played a central role in fat metabolism. Rittenberg and
Block (1945}, using C1? for labelling, had shown that mice and
rats could synthesize, from acetate, body fats containing fatty
acids of various lengths of chain involving the multiple conden-
sation of G, units,

The third observation, made at Shinficld by Folley and
French (1950), showed that mammary gland slices (from lactat-
ing ruminants) respiring in Warburg manometers would utilize
acetate and give a hugh respiratory quotient in doing so, i.e. that
acetate was probably being synthesized into fat by such slices.
Slices of non-ruminant mammary glands appeared unable to
utilize acetate, though they gave a high RQ when respinng in
glucose solutions,

Quite recently, Popjak, French and Folley (1950 and 1951},
by administering radioactive sodium acetate (with the C1¢ in
the COOH group) intravenously into a lactating goat, have
shown that the lower fatty acids of the milk fat subsequently
secreted contained radioactive carbon in very appreciable quan-
tities. A proportion of the circulating acetate was quite rapidly
utilized for the synthesis of these fatty acids The plasma fatty
acids contained much less G4 than the milk fatty acids. The
steam-volatile fatty acids from the milk fats secreted in the first
stages had a much higher specific activity than the longer-
chain, non-volatle acids, indicating therr independent synthesis.
There seemed no doubt that the hypothesis, which had pre-
viously held the field, that the short-cham acids onginate from
the degradation of the long-chain acids, particularly of oleic,
would have to be seriously modified.

On further examination of the fatty acids of the mlk fat
formed subsequently to the injection, 1t was observed that the
specific activity of the capric (decanoic) acid was greatest in the
fat secreted during the first twelve hours, but that in the fat

secreted subsequently, the specific activity was greater in the
longer-chain acids but not 1n stearic nor oleic, which appear to
have a different origin from that of the other fatty acids. Stearic
and oleic acids might be derived from the neutral fat of the blood
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ment injected into the blood stream of a lactatin g goat, andina
second, added to the blood perfusing a surviving excised manm.
mary gland of a cow, Specific activities were measured in various
components of blood and milk taken at intervals. Quite simjlar
results were obtamned, using either of the two methads,

From these experiments, it seems probable that the casein of
milk 1s synthesized in the alveolar cells from free amino-acids in
the blood, though they do not completely rule out the possi-
bility that a portion of the casein molecule not tyrosme nor
Iysine might come from some other nitrogenous constituent of
the blood of larger molecular size than a free amino-acid. The
experiments done so far 1efl us nothing about lactalbumin syn-
thesis; this protein may well come from some more complex
source than the circulating free amino-acids.

FAT SYNTHLSIS

The milk fat of most mammals, and especially of rurainants, is
characterized by baving an appreciable percentage of short-
chain fatty acids. Rarly experiments with unsatisfactory tech-
nique showed, apparently, that the phospholipin of the blood
was the source of milk fat. Later {Graham, Jones and Kay,
1936}, we showed at Shinfield, using the A-v method, that there
was no change 1o phospholipin, but a definite though small
dinunution n neutral fat—iec. wn the plasma triglycerides,
which da wot contain short-chain fatty acids. This material
smght, of caurse, be oxsdized by the gland for energy purposes,
and not be asource of mil fat atall,

"Three intercsting series of observanons were made in the late
tharties and forties, the first, by Barcroft and hus collaborators
(see Elsden and Phihpson, 1918), was that much of the carbo-
hydrate of the dict of che ruminant was fermented in the rumen
to acette, propionrc, and butyric acsds, particularly the first of
these, These acids were taken up rapidly, apparently through
the rumenal wall, mto the arculating blood, Later, it was
shown, by McClymont (1g4g), that rumnant blood contamed
as much 28 10-12 mgm per cent of acetate which dimirushed
marhedly i amount in passing through the lactating mam-
mary gland.
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radioactive. Thus, it is quite clear that the cells of bovine mam-
mary tissue can synthesize from acetate at least one milk con-
stituent—fat (Cowie e al., 1951).

An interesting difference between the mammary tissue of

i and non-r has been observed. Mammary

gkmd slices of ruminants, e.g. sheep or goat, will utilize acetate to
synthesize fat, but mammary gland slices of non-ruminants,
e g. the rat, will utilize acetate only in presence of glucose and
not in its absence, This finding Iinks up with the fact that in
ruminant blood the normal amount of glucose is much lower
and that of acetate higher than in the non-ruminant. The blood
‘sugar’ of the ruminant as ordinanly determined 15 rarely above
0 06 per cent and a fair proportion of this—perhaps one-third or
more—is not glucose. On the other hand, the blood ‘sugar’ of
the non-rammnant is rarely below o'1 per cent and often con-
siderably above this figure, and is mainly genuine glucose. It is
far from misleading to say that blood acetate tends to fulfil in the
ruminant organism certain of the functions performed m the
non-ruminant by glucose.

Another related difference has recently been found between
the metabolic activity of the ruminant and the non-ruminant.
In non-ruminant mammary gland slices, metabolizing a mixture
of acetate +glucose, insulin added in vifro will increase both ace-
tate utilization and glucose uptake—an interestng example,
inaidentally, of the direct action of insulin on 1solated tissue. But
ruminant gland slices from the lactating goat or sheep are inert
toinsulin both in acetate and in acetate +glucose.

By using radioactive acetate 1n the Warburg manometer, it
has been possible to show directly that rat mammary gland
slices will incorporate acetate carbon mto fatty acids only in the
presence of glucose, but not in 1ts absence. The addition of
insulin will cause a further incorporation of acetate carbon, the
specific activity of the synthesized mixed fatty acids gong up by

100 per cent. On the other hand, rumiant mammary gland shices
(1 this case from lactating ewes) will incorporate acetate carbon
1n absence of glucose, though the mcorporation goes faster m
presence of the sugar. In these experiments, the glycerol of the
synthesized fat was found to be non-radroactive, indicating that
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plasma, which fat, as X mentioned a moment ago, diminishes in
quantity in going through the mammary gland, and which con-
tains little, ifany, lower fatty acid.

The butyric and also the caproic (hexanoic) acids synthesized
were then chemically degraded in such a way that the radio-
activity of each of the individual carbon atoms could be mea-
sured. Only the carbon atoms 1 (COOH), 3 and 5 were radio-
active (Popjik, French, Hunter and Martin, 1951).

From this work the conclusion has been drawn that all the
mitk fatty acids, up to and including palmitic acid, can be
formed by the stepwise elongation of a shorter acid by the addi-
tion of a C, compound derived from acetate. Butyric acid s
synthesized from two acetate molecules—carboxyl to methyl—
but jt is inferred, as a result of good experimental evidence that
cannot be discussed here, that only about 40 per cent of the
butyric acd 15 synthesized 1n this way, the other 6o per cent
bemg denved from a non-isotopic C compound in the circulat-
ing blood, possibly B-hydroxybutyric acid, which American
work {Shaw and Knodt, 1941) has previously shown to diminish
in concentration m binod going through the mammary gland.
Caproic acid 1s synthesized by the elongation of the butyric acid
chain at the carboxyl end by the addinon of acetate.

Though the evidence provided by these elegant experiments
scems convincing that the synthesis, from acetate, of several of
the mutk fatty acids takes place on the spot, i.e. in the alveolar
cells, it is remotely possible that the labelled carbon of the aces
tate mught have been incorporated into more complex milk fat
precursors in the liver or elsewhere and transported to the
mammary gland An expervment was, therefore, carned out on
the 1solated perfused udder taken from a factanng cow, labelied
sodium acetate bemg added to the fluid perfusing one half of the
udder, and labelled sodium bicarbonate to that perfusing the
other half. (I ought perhaps to mention that the two halves of
the udder, as regards their circulatory and milk seeretory
systems, are anatomucally separate.) The fatty acids of the mitk
fat produced in the acetate half were radioactive, the speafic
activities diminishing with the average chain length. None of the
fatty acids of the mulk fat produced in the bicarbonate half was
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to a Tow level. It was shown experimentally at Shinfield that a
ration composed of a high proportion of concentrates and a low
proportion of hay regularly caused a marked fall in the percent-
age of fat in the milk, Using cows with rumenal fistulae, indica-
tions were obtained that such a ration does not stay long enough
in the rumen to allow the normal proportion ofits cellulose and
other carbohydrates to be fermented into acetate. If, when the
milk fat percentage is depressed, more roughage, hay or straw,
is added to the diet, rumenal time appears to be increased, more

" acetate is produced and in most cases the milk fat percentage
rises (Balch, 1951).

It seems clear that one of the necessities for ensuring 2 normat
butter-fat percentage 1 the commercial cow 1s the maintenance
of a sufficiently large fermentation rate and acetate uptake
from the rumen. Information on how to attain these in dairy
farming practice is steadily accumulating.

THE SYNTHLSIS OF LACTOSE
The disaccharide, lactose (glucose-B-galactoside), occurs mn
nature, so far as I am aware, 1n milk only Galactose, of course,
occurs in combination in several other substances of biological
importance.

It has been known for some twenty years that, as blood tra-
verses the active mammary gland, 1ts glucose content diminishes
considerably. In our own findings (Graham, Jones and Kay,
1936} as much as 20 per cent of the reducing sugar in bovine
arterial blood was lost in passage through the udder. The uptake
of glucose dunng a given ume was sufficient, if 1t had been
quantitatively transformed into lactose, to cover the whole of
the lactose secreted. Of course, the glucose might have been used
by the gland for other purposes, e.g. oxidized to provide for
energy requirements, or transformed into fat.

I'mentioned earlier that there was expenimental evidence that
one of the sugar-containing plasma globulins—a glycoprotemn
with a galactose-mannose motety—also dimimshed 1n amount
in going through the goat’s mammary gland, though the amount
removed in terms of galactose-mannose seemed too small to
account for more than a small fraction of the lactose secreted.

E
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mammary tissue, at least in sitro, cannet make use of acetate
carbon for the synthesis of glycerol. Glycerol seems to be a Hmit-
ing factor for fat synthesis in mammary gland slices; addition of
glycerol to rat slices metabolizing glucose-+acetate has a stimu-
lating effect similar to that of insulin, and will also increase fat
synthesis 1 sheep udder slices metabolizing in acetate. In the
intact animal it has been shown recently that the glycerol coms
bined in the mik fat is derived from circulating glucose.

Tt is intercsting to speculate on the reason why, in most mitk
fats and particularly in that of the ruminant, the presence of
fatty acids with short carbon chains is marked, whereas in most
other fats and in animal depot fats, short-chain fatty acids are
present in almest negligible amounts, It may well be that in the
mammary cells with the tremendous rate of synthesis of fat in
progress, some only partly-completed structures slip out of the
alveolar factories. An alternative teleological suggestion that
perhaps the short-chain acids are better utilized than the long-
chain ones in the nutrition of the suckhing seems to have no
evidence nats favour, This emphasis on the stepswise synthesis of
milk fat from acetate, or a 2-carbon atom compound, by no
means rules out the possibility that milk fat can be made by the
gland from other sources such as blood glucose. In fact, recent
experiments of French and Popjak (1g51) with the lactating
rabbit have shown that, if radioactive glucose is given, the fatty
acids of the mulk fat secreted contain radioactive carhon Some
of my colleagues have quite recently found that lactating rat
mammary gland shees wiil synthenze radicacuve fatty acids from
such glucose It seems highly probable that glucose 1s broken
down o 2-carbon atom fragments before resynthens into mitk fat.

One application of the more recent knowledge of ruminant
metabohsm and milk synthesss may be menttoned. The fat
percentage m cow’s mulk 15 of importance both i relauon to
the nutritional value of the mmlk, if consumed as a hgwd, and
also to manufacturers of mitk products t1s not unusual for a
dairy farmer, who s feeding 2 high-concentrate-low-roughage
ration, or whose ansmals arc eating nothing but the succulent
young grass of a modern rapudhy -growing ley, to find rh'm the
percentage of fat in the mixed mulk of hs herd {alls precpitately
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intravenously into a lactating goat, and blood and milk samples
were taken at intervals after injection. The specific activitics of
blood glucose, of lactose, and of the glucose and galactose resi-
dues in each sample of lactose, were measured. Those of the
glucose and galactose derived from the hydrolysed lactose were
equal. In a second experiment of Barry’s, glucose labelled with
CM in position 1 was injected into a lactating goat (see Fig. 2).

LACTOSE
M OH B oH
@ £
E\ ?@ 70
H H /H H
/ / S \ /
C e o¢
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) © 4 CgTCo
@CH20H H oH

LACTOSE = GLUCOSE  4-p-GALACTOSIDE

Fic. 2, Formula for lactose, llustrating Barry’s findings on the mechanism
of lactose synthesis

:I‘}.le l.ac(osc in the milk produced during the 434 hours after
Injection was hydrolysed, and the glucose and galactose both
degraded in such a way that the specific activities of carbon
atoms 1+2-3, and also 6 n eack sugar could be determined In
each, more than g5 per cent of the activity was in carbon atoms
1, 2, 3. This experiment suggests that blood glucose does not
Pass mto a single 3-carbon atom intermediate nor yet mto a
2-carbon atom intermediate before 1t is synthesized nto lactose
by the mammary cells. Ifit had done so, the radioactivity in the
glucose and galactose residues after hydrolysing the lactose
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Grant {1936) showed, with slices of fresh active mammary
gland from the guinea-pig, that lactose was actually synthesized
by theseslices when they were suspended in oxygenated Ringer's
solution containing ghacese, but not galactose or a number of
ather substrates, It is known that isolated sutviving wdders will
continue to secrete lactose provided the glutose content of the
perfusing blood 1s maintained. In such cases, the tatal amouat
of glycoprotein in the perfusing blood would be insufficient to
provide the galactose needed.

From thesc and other experiments, it was possible to reach
the tentative conclusion that lactose was produced in the mam-
mary gland mainly from the circulating glucose of the blood
plasma.

Recent experiments of former Shinfield colleagues, with their
coflaboratoss, appear to have established this conclusion very
firmly. Malpress and Morrison {1930}, using two independent
methods for esumating lactose, have confirmed and extended
the work of Grant just referved to. They have shown qualita-
uvely by chromatography and alse quantitatively that bath
glncose and giycogen, but not maltose nor lactate, could be syn~
thesized into lactose by guinea-pig gland shees. Further proof
has been brought still more recently {1952) by French, Popjik
and Malpress, using radioactive starch tnistered b: 1
tube to lactating rabbuis. Lactose was isolated from the milk
produced during the next six hours. Not only was the lactase
racioactive, but the specific activities of the carbon of the glu-
eose and galactose moieties were found 1o be the same. It is
reasonably mferred that both parts of the disaccharide malecule
are farmed 1n equal measure from the same source—glucose—
and that ather sources than glucose are unhikely. If; for example,
the galactose combined in the bloed glycoprotesn had contri-
buted substantially to the lactose molecule, this would have
dituted the galactose mosety with non-radioactive matenal, so
that its spectfic radioactivity would have been well below that of
the glucose half.

Barry perots me to quote funiher napublished work (3g31)
that he has done receatly with Reiss in Chicago, Here glucose,
labelied cquatly in cach carbon atom with G, was mijected
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to provide some CH, groups for burning! Certainly, after injec-
tion of radioactis e acetate into lactating animals, the CO, in the
expired air contains plenty of radioactivity, but the acetate
might, in the intact animal, have been oxidized in tissues of the
body other than the mammary gland. Isolated mammary tissue
will oxidize both acetate and glucose.

As we have seen, much of the glucose and the acetate, and, in
fact, the amino-acids of the blood as 1t traverses the mammary
gland, are used for synthesis. Nevertheless, it seems fairly certain
that one, or perhaps more than one, of the trio—acetate, glucose,
hydroxybutyric acid—provides the combustible carbon. That
we cannot yet say for certain what the mammary gland normally
uses for energy purposes is still a dark patch where more light is
urgently required.

THE SO-CALLED ‘LET-DOWN’ OF MILK

One of the most dramatic happemngs in the daily routine of
milking a cow is the phenomenon usually called let-down. This
term is a little misleading, the phenomenon 1s rather an active
expulsion of milk from the secretory portions of the gland into
the collecting sinuses close to the teat than a passive relaxation
of some sphincter. Thus, in a normal cow, if the quantities of
milk obtained by any constant milking procedure are measured
at, say, half-minute intervals, it is found that, after a slow start
in the first half-minute or so, the gland becomes turgid, the mitk
begins to pour out with rapidly increasing speed, usually reach-
ing a maximum between the first and second minute, and then
tailing off after, perhaps, four or five minutes 1n all Most, if not
all, lactating Is show this ph 1on; in the nursing
human mother 1t is often called the ‘draught’.

All the available recent evidence 15 consistent with the view
that the let-down is brought about by the liberation, from the
posterior pituitary, of a hormone which circulates mn the blood
and causes contraction within the mammary gland, leading to
increased 1nternal pressure, so that the acton of milking or of
suckling, which overcomes the reststance of the teat sph
will now lead to a more or less rapid discharge of mulk

The evidence may be briefly summanzed as follows®
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would have been evenly distributed between carbon atoms 1,2
and 3 and carbon atoms 4, 5 and 6.

From these recent expersments, there is Jittle doubt that glo-
cose is 3 normal blood precursor for mammary lactose, and that
the G-carbon-atom skeleten of the blood glucose is probably
not broken down during this synthesis. However, Popjik, Folley
and their collaborators have shawn that the goat udder can also,
to an appreciable extent, transform circulating acetate into lac-
tose, and the same abdity has also been demonstrated for the
perfused, isolated mammary gland of the cow.

THL SOURCE OF ENERGY FOR MAMMARY ACTIVITY
That the active mommary gland requires and uses a large
amount of energy is very patent, There is a quantitatively large
and continuous ntilization of oxygen, as is evidenced by the
rapid blood flow, together with the abstraction from that blood
by the gland of up to five volumes of sxygen per cent, i.e, of the
order of 20-90 per cent of the oxygen in the arterial blood, and
the return to the venous blood of rather more than that volume
of CO,, giving a respiratory guottent during lactation of well
above umty. Further, surviving nssue-slices from a lactating
gland use rorc oxygen per gram per minute than most of the
other maan tissues of the body, with the exception of the kidney.
There 15 a steady and quantutatively farge rise in the oxygen
consumption per gram of mammary tissue from the last days of
pregnancy to the height of lactation, when the oxygen utiliza~
tion per gram of fissue may be as much as eight times the pre~
factation value.

What carbon compound or compounds, then, are being oxi~
dized m the mammary gland? It 1s known (sce Table 1) that
glucose, acetate, B-hydroxybutyric acid, meutral fat, amino-
acids and glycoprotemn all dimmsh in concentration in the
plasma passing through the gland.

There have been two or three rather despairing hypotheses in
the past, one that was proposed before it was known that the
Jower fatty atids of mulk fat came from circulating acetate being
that some of the fong-chan fatty acds of the neutral bloed fat
might have been, as it were, whittled down to short~cham acids
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hormone, seems to be considerably greater than would be ex-
pected from this very small content of oxytocin. It is, of course,
remotely possible that a third hormone, which divides itself as
an impurity uncqually between the two usual fractions—the
oxytocic and the pressor—of posterior-pituitary extracts may be
the responsible agent. If so, it must be active in extraordinarily
small amounts. )

Ogxytocin itself is, of course, cxtremely active. In the lactating
sow, for example, ashttle as one-third of an international unit will
cause measurable let-down effects. It is, perhaps, not surprising
that 1t has not yet been directly demonstrated that the blood of
an ammal stimulated to let down contains more circulating oxy-
tocin than that of the same ammal é¢fore stimulation,

‘What is the contractile mechanism 1n the gland, acted on by
the oxytocin (or other posterior-pituitary hormone}, by which
intra-mammary pressure is suddenly increased at let-down? Itis
clear that there must be what amounts to a squeezing of the
mammary sponge so that the secreted mlk is forced out of the
alveolar spaces and small ductules into the larger ducts and
collecting vessels of the gland, and one looks for evidence of con-
traction of unstriated muscle, of which there is some m the
gland, and which, in various other organs of the body, such, for
example, as the uterus, 1s known to respond to sizeable doses of
oxytocin, But the unstriated muscle in the udder 15 relatively
meagre in quantity and what there is of 1t seems to be 1n the
wrong places, i.e. not associated with the alveoh

The missing links 1n the argument have been furmshed by the
work of Richardson over the last six or seven years (see Richard-
son, 1949}, By improved methods of staining and other advances
in technique, he has clearly demonstrated that surrounding each
alveolus there is a kind of basket-work made up of the inter-
locking processes of certain cells whose large nucler, lymg be-
tween the cuboid milk-secreting cells of the alveoli and the base-
ment membrane to which these secreting cells are attached, were
first observed many years ago. This basket-work, myoepithelial
structure is, Richardson’s hstological work shows, sufficient in
quantity and in exactly the nght place to bring about expulsion
of milk both from the alveoli and the ducts 1f1t 15 able to contract
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1. It was shown over forty years ago that injection of posterior-
pituitary extract into the circulating blood causes a flow of milk
from a lactating animal whose mammary gland has been cannu-
lated through the teat,

2. Gaines {1915) showed that such extracts would increase
intra-mammary pressure, He afso showed that there was appre-
ciably more milk in the udder than was obtainable at any one
mitking.

3. Turner and his collaboraters in the 193¢’ came to the con-
clusion that the let-down of milk was a reflex normally brought
about by sensory stimulation of the teats and implemented
through the central nervous system by liberation of a hormone
from the posterior pituitary.

4 Petersen (1g44) and his co-workers, during the early 1940's,
showed that in cows in which the efferent nerves to one half of
the udder had been cut, the Jet-down folfows egually in both
halves of the udder when the oxytecic hormone of the posterior
pituitary is injected intravenously. They further showed that in
the isolated, surviving udder, perfused by oxygenated blood
from the same cow, the replacement of this blood by blood from
cows just previously stimulated to let down their mitk causes a
caprous flow of nulk fram the isolated udder, Blood taken from
cows not so simulated has no effect. These workers also showed
that the administration of adrenalin prevents the let-down effect
of the oxytocic hormone.

5. Cross and Harms have recently (1951) been able to cause
let~-down of mulk i the lactating rabbit by electrical stimulation
of the regon of the pituitary stalk, The ¢jecuon of the milk
followed about 25 seconds after the start of stimulauon, reaching
a peak after about 1} nunutes, and subsided 1n four to seven
minutes. The response was simular to that ehated by sntravenous
injection of a small dosc of commeraial ‘pitustrin’,

“There can, I thunk, be hittle doubr that *let-down’ or "draught’
iy caused by reflex hiberation of a hormone from the posterdor-
pituitary gland, but whether the hormone 1 identical with oxy-
tocin or nOt 15 not yet quite certam. The activity, in causing let-
down, of preparatsons of the pressor hormone of thus gland, pre-
parations supposed to contn mimmal quantities of the oxytocic
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inferred that one at least of the factors Ieading to mastitis is too
large an effective size of the teat orifice. (Heifers only were used,
because it is well established that susceptibility to udder infec-
tion usually increases with age.) We are thus left with the un-
pleasant dilemma that if we breed and sclect for quick milking
—a valuable adjunct to a cow from the cowman’s standpoint—
we are, it appears, also selecting for increased liability to udder
infection,
‘TABLE 2. The Correlation between Machine Milking Rate and
Susceptibility to Mastitis

Mean Proportion Proportion Proportion®
Milking of cows of cows contracting
Group Rate becoming becoming dry period
(Ib fmun.) mfected chimeal wnfections
{per cent) (per cent) (per cent)
A 242 100 50 150
B 356 400 200 133
[} 450 461 192 231
D 555 a7 417 333
E 679 667 444 414

* In dry peniod following first Jactation

Tt must not be imagined that a normal let-down of milk,
associated with as complete an evacuation of the mammary
gland as possible, either by the suckling or by hand or machue,
removes all, or nearly all, the milk that was originally present.
1t has been shown, for several lactating mamimnals, that after a
normal milking-out, more milk can readily be obtained by
giving the animal an mtravenous injection of oxytocin. Thus, in
a series of cows, my colleagues Dodd and Foot (1948) have
shown that on the average about 20 per cent of the milk origin-
ally present 1 the udder of the cow remains behind after a
normal mlking-out. An nteresting feature 15 that this 20 per
cent contains as much as 50 per cent of the fat originally present,
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on oxytocin stimulation, Similar myoepithelsal cells around the
ducts extend therr processes in such a way that on contraction
they shorten the ducts and increase the width of the lumena,
thus permitting rapid movement of the milk from the squeezed
alveoli, His histological evidence also appears to show that aflr
tet-down the processes of the myoepithelial cells have actively
contracted (and not merely collapsed) with the squeezing out of
the milk from the previously distended alveolus.

The case for the system of myoepithelial cells being the effective
eontractile mechanismwhich, stimulated bycirculatingoxytocin,
forces milk into the collecting tubules and sinuses, is most con-
vincing, though it cannot yet be regarded as completely proven.

THE REMOVAL OF MILK FROM THE GLAND
Let-down, however, is only half the process of getting milk from
mother to offspring, or cow to bucket. The milk may be under
pressure in the larger smuses in the mammary gland, but before
it is discharged it must get past the teat sphincter, which seems
quite unaffected by the let-down process. To do this, suction,
either natural or mechanical, must be apphed from without.

Every cowman knows to hus cost the obsunate difference be-
tween the hard-muilking cow, which may take as much as tenor
twelve minutes to milk, and the easy mulker, which discharges
her milk in three or four munutes. Recent work by colleaguesat
Shinfield has shown that there 15 hule or no difference in such
anirals between et-down efficiency, but that the difference is
in the effective size of the teat onfice, A small cannula placed in
the teat canal of ane quarter of the udder of a hard mitker trans-
forms that quarter at onee into an casy-mulking quarter.

"This group of experiments has yiclded some interesting obser-
vations on mastitis, which in this and other dairying countres is
perhaps the chief bane of the dary farmer. Dodd and Neave
(1951) have shown, with g4 first-caif herfers, by analysing ther
rate of yulking and the mastitis records, that there 1s a strong
correlation between nulhing rate and masttis, the faster the
mherent mlking rate of a cow, the more hable she is to mastits
infection {see Table 2} The milking rate 1s an objective measure
of the patency or sccunty of the teat sphuncter, so it can be
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Pavlov’s findings on the establishment of such reflexes should be
borne in mind by those concerned with effective human, as
well as bovine, lactation. The article of Waller (1947) in volume
5of the British Medical Bulletinis worth reading in this connexion.

I have been able to deal, and that rather sketchily, with two
aspects only of recent research on mammary function. I have
said nothing on the growth and development of the mammary

TABLE 3. Approumate Yields of Milk per Mammary Gland following the
Intravenous Injection of Varying Amounts of Oxytocin in the Sow

Oxytocin ~ Yield of mulk Oxyton  Yaeld of milk
(u) {ml) (ru) (ml)
1196 0-10 3 80
1/64 0-10 5 85
132 10 7 9%
1116 10 10 125
18 10 124 130
14 20 15 155
L 1 2 174 135

Approumate amount of milk obtamed by a piglet
at a natural suckhing=30-45 ml

gland, nor on the factors controlling the inception of lactation,
nor on the so-called virgin lactation induced by oestrogens, nor
on stimulation of yield by thyroxine admtmstration, nor on grass
tetany, nor on milk fever, nor on half a dozen other mammary
topics on which valuable findings have been made of recent
years. Labourers in the vast field of mammary physiology, bio-
chemustry and pathology are few, but actvity 15s developing and
1 personally shall be delighted af this possibly 1ll-assorted selec-
tion of a few recent efforts to throw hight on mammary function
may have tempted a potential research recruit or two to peer
over the fence and at least exarmine the ground.
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j.e. what is obtained in the residual milk, or ‘super sirippings’ as
they are sometimes called, is, in fact, a cream, containing per-
baps 15 per cent of fat. When 2 cow is milked, the first portion
of the milk obtained 15 poor in fat, and the fat percentage steadily
rises to the end of milking, the last-drawn milk being the richest.
This is also true for the other species of mammals that have been
investigated.

Gross vanations in fat percentage and volume per milking,
which not infrequently occur in dairy cows or goats, may be
associated with an invufficient or inefficient discharge of hor-
mone by the posterior pituitary. It is well known that in certain
cows (and the variation in this respect between cows is great)
casual stimuli at milking time may fead to a diminished yield of
mitk. There is little doubt that this is due to some defect in the
normal reflex, most probably at the puuitary end, where less
than the normal quantity of oxytocin may be discharged, In
some species, such as the pig, the amount of milk the sow gives

b o oxytocin injections depends on the number of units
of oxytocin admimstered. The sow has an astonishing control
over her let-down, and a normal let-dewn causes the liberation
to her litter of only a small fraction, perhaps one-fifth or one-
sixth, of the total mulk in her mammary glands, as can be shown
by subsequent mjection of a firly Jarge dose of oxytocin, Table
3 gives some recent results obtamed at Shinfield by Braude and
Mitchell (1951).

The let-down of mulk belongs to the type of physiological
activity where psychalogical factors play a large part. Every
medical pracutioner s only too familiar with functional dis-
orders, not always trivial, that may arise from causes which can
be described as purely psychological. In the cow, high yiclds
and prolonged lactation pertods depend in pact on the genetic
make-up of the cow, but they are greatly influenced by regular
milking intervals, avordance of disturbance to the cow that may
lead to anxety or frighs, or apprel of pan, and
gentleness of handling both of the animal and her udder. One
mayor factor in high yeldsis the early estabhshment of a reguiar
rautine, to be deparicd from only at periloflowered output. The
fet-down of mitk is a clear case of a conditioned reflex, and
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On the Organization
of Cortical Mechanisms

G. JEFFERSON

N what follows no attempt will be made to review the pro-
Ipcrties of the different cortical areas as disclosed either by

physiological research or by clinical neurology. I should not
have a great deal to add to the brief review that I made eighteen
months ago (1950). In a repetition I might lay more emphasis
on certain things, such as new examples of the influence of
changed parameters of simulation on motor response by Lid-
dell and Phillips {1950) or Gellhorn and Johnson (1951) who
showed that alterations in the voltage, duration or frequency of
the stimulus each resulted in vanations quantitatively in differ-
ent muscles in the contra-lateral imb, With certain voltages, for
example, contractions 1in some muscles would be dominant;
alter the frequency and it is others which mostly reply. Always
more than one muscle responded, as was proved by electro-
myography. Certainly stimulatjions of the motor cortex under
modern conditions support the view that simular movements can
be elicited from several different pomnts The pre-central strip
no longer seems to be a fixed mosaic from which stereotyped
Tesponses must always result. The examples of secondary motor
areas reported by Adrian (1946) and Penfield (1950} expand
the regions from which movements can be caused, They pro-
duce more general movements than those from areas 4 and 6.
Again, something might be said of the pathfinding properttes of
the parietal fields :n man, on therr part i orientating the hody
in space (Gordon Holmes, 1919; Riddoch, 1941; Russell Brain,
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Instead of concentrating on this side of the subject, which
could be illustrated from surgical neurology, I propose to pay
attention to something different, the organization of the cortex
in terms of mechanism and its relation to the brain-stem in
particular. We shall sec that that is not a whimsical or empirical
'

'

tion ‘may be. I shall not pretend to give 2 complete explanation,
since that is not yet possible, but rather to give a brief account
of how matters stand today. Permit me to commence by going
back a long way to trace the steps by which we have come.

CORTEX AND LOWLR LEVELS
In i8y7 Sherrington wrote these words: ‘Even the higher
psychical events cannot truly be spoken of as functions of the
cortex in the sense that they are simply the outcome of mole-
cular changes in the grey matter; they are rather to be regarded
as the outcome of complex processes in which the parts of the
* brain below the cortex play a part no less essential than that of
the cortex itself The fibres passing down from the cortex to the
middle brain have probably functions by which they take part
even in our psychical life, functions for which nexther the words
motor nor sensory are fitting.” It 1s to the phrase ‘functions for
which neither the words motor nor sensory are fitting’ to which
attention should be particularly directed. They readily find an
echo in the minds of neurologists today, especially of those
searching for the mechanisms underlying the integration of the
cs:rebral cortex. They are used here with the special purpose of
giving an indication of the lines along which this review will
proceed. It is impossible to attempt to speak of cortical integra-
tion without taking 1nto the fullest account cortico-subcortical
interplay, a subject in which great gains have been made 1n
recent years. It 15 interesting that Sherrington’s experimental
work even at that early date fortified hum to modify a too whole-
hearted rehiance on the cortex as explanatory of such things
neurological as were nerther spinal nor cerebellar Spinal cord,
cerebellum, cerebral cortex—so the writ might have run after
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1941; Critchley, 1950} and on the influence of the same areasin
the formation of the body image, in our awareness of our own
limbs and hatfselves, admirably expounded by Purdon Martin
{1949). Reference could also be made to the discovery by
Amassian (1951) of the electrical signals of arrval in the post-
central gyrus of firng by mesenteric afferents.

Aidar ef al. {1952) working along the same lines have shown
that these splanchnic afferents pass up the ordinary somatic
sensory pathways—the posterior columns and medial lemniscus
~or by the spino-thalamic tracts, to the contra-lateral thalamic
nucleus ventralis posterior. This is what they should do if (as
most of us believe) they travel over afferents of the central ner-
voussystem and do not belong to the sympathetic nervoussystem
(as a few dissenters have contended, e.g. Foerster). Another sub-
jeet about which more has emerged is the extent of cortical

p ion of aut ic functions. Walk and Davis (1951)
have been able to distingnish three separate autonomic cortical
systems, (1) the anterior half of the island of Reil which merges
with the orbital cortex, and sends its efferents through the hypo-
thalamnus, (2) the senson-motor cortex with efferents either in or
accompanymyg the pyramdal tract, and (3) the medial temporal
lobe tips which have extra-hypothalamic connexions. Stimula-
tion in all these areas causes elevation in blood pressure and
alterations in heart and respiratory rate. Mention might also
have been made of the effects of stmulation of the anterior sig»
moid gyn in the frontal cortex of the cat by Hoff et al. (1951).
Repeated strnulations not only produced sharp rises in blood
pressure, s much as 100 mm Hg., but, what is more interesting,
ischaerma of the renal cortex. In chronic experiments where the
animals were electrically shacked through the intact skull 10-15
times 2 day for 46 weeks actunl fatty degeneration and necrosis
of the renal tubular cells resulted. The eventual pictare might
closely resemble lower nephron nephrosis. All this information
helps in clanfying the conception of the brain’s dommant rele in
control of the body Now that parts of the bram can with some
justification be called “the visceral brain’ to use Maclean’s term
(Fulton, 1951) 1t seems by its christening to have a mare recog-
nizable identsty.
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lower organisms are capable of such varied behaviour; animal
semantics show that they live more different lives and have more
diverse habits and abilities than their nervous systems should
have permitted—or so plain anatomy seems to say. For the
moment it will suffice to say that cerebral integration seemed
long ago, and is beginning again to appear to be chiefly a brain-
stem and diencephalic concern. Well might Sir Charles Bell
have invited his readers to study Plate IV in his book The
Nervous System (1830) with the remark, ‘He who makes himself
master of this plate can have no difficulty in comprehending the
whaole nervous system;—he holds the Key to it in his hand’. The
plate is a drawing by Bell of the brain-stem from the sliced
thalami above to the upper cervical segments below.

Itis not such a far cry from considerations such as those to the
interpretation of the cortex today. Nervous systems exist as com-
munication systems, more particularly as information systems.
The rest of our bodies exist to assist our nervous systems by pro-
viding them, firstly, with the energy required for their use and
maintenance, and, secondly, by giving us the mobility that we
require for finding food, for defence and for reproduction—for
maintaining ourselves and our succession in a world, an environ-
ment, in which these things have to be won. But vital though
those things are, our chances of success are enhanced by the
opportunities our bodies afford us of making the fullest use of
our nervous structures by allowing us to gather information
from wide sources and to record it. What is more, we know the
brain itself 15 interested in 2 long-distance control of metabolism
through the ‘visceral brain’, hypothalamus and the pitwitary
apparatus. There 13 much more here than could have been
dreamed of by those eatly experimenters who discovered elec-
tncally stimulable areas in the cortex. I should put 1t better 1if T
said ‘the investigators who first obtained visible results from
cortical stimulation’, for few can doubt that all areas of the
cortex are stimulable, 1.e. can be activated by stimulation pro-
vided that the nght sumulus 15 used, though the results must
sometirnes be looked for in alterations of the heart-rate, 1 blood
Ppressure, respiration, blood sugar and so forth. The island of

Reil is a good example already mennoned. Or again results
F
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the first flush of triumiph of cortical stimulation. But fifty years
ago it might have been easter to remember the functional values
of Jower levels, not only because of their brilliant and then more
recent explanation by Hughlings Jackson but because, in the
first three-guarters of the previous hundred years, attention had
been focused precisely on these lower levels of the brain, The
difficulty of our forerunners fifty years again before Sherrington
had been much the same as ours. They had to fit the cap of the
cerebral mantle on to the brainstem. Their approach had been
in the oppostte direction from ours. Theirs was from below
upwards, whilst ours is largely from above down. The reasons
for the difference in these points of view were two. First, they
knew that it was no good looking for specific functions in the
cortex, It had been conclusively proved by Flourens, Longet and
others that only the spinal cord, medulla, and corpora quad-
rigemina could be excited erther electrically or mechanically to
produce movement or convulsion, secondly, a great deal of the
working out of the brain mechanisms by Bowman, Carpenter,
Mayo and R. B. Todd had been by inspired guessing in the
light of comparative anatomy—a good enough method within
its limitations and not without 1ts use today.

Al medical students tread this path agam when they stody
the structure of the frog, dog-fish and rabbit and observe the
growing 1mportance of the cerebral hemuspheres, and the ob-
scurations of the optic vesicles and olfactory apparatus as the
most immediately strifang features of the brain. We sec in this
ustory a sketch of Hughhings Jackson’s conception of levels in
which the acquisition of more powers by the hemispheres modi-
fied the uses, and notably the structure, of lower levels. There
was no suggestion 1n Jachson's mund that man and the higher or
more complicated creatures had a nervous system which had
been built up i detachable layers. No imjury, no disease could
abstract everything that made man not a frog and feave him just
a frog. Too much alteranon had been produced i lower levels
by the evolutionary process to mabe this 2 posabihity-—compare
for instance (if an example 15 necded for so obvious a fact) the
plar and number of cds w the human brachial cnlargement
compared with that of the frog. The astomshing thing 1s that
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the words motor nor sensory are fitting’. Their different anatomi-
cal plans might be a sign of local use in the circuits of an electro-
chemical machine. When once we come to understand what
such and such a cellular layout means in mechanical terms,
then localization, even parcellation, may be welcomed back in
quite a different guise—no longer related to intellectual or other
values but to an intricate mechanism that we either have no
language to describe or to which terms cannot be affixed except
tentatively with symbols of interrogation after them.

As for the minute anatomy of the cerebral cortex, its cyto- and
myelo-architecture, its straufication are famuliar. It must be
assumed that its arrangement has a functional significance in
terms of mechanics though we are still feeling our way towards
an understanding. We lack a blue-print of its construction
largely because the profusion of cortical cells—40,000 per sq.
mm (Thompson, 189g)—and, above all, of their connecting
fibres, is too great for us to understand the meamng which must
be there. The stratification of the cortex persuaded us of the
organization of the cortex in a vertical direction, a plan that we
readily accept. However it is plain from the neuropil with its
vast numbers of horizontally running fibres and axonal branches
that the cortex has an intrinsic organization of 1ts own and that
it ought to be regarded as a nerve-net with an integration in its
own right, Yet it is quite plain to a chnician that the cortex
owes its usefulness in a general sense to its commumcations with
deeper structures, and that its function is to make use of infor-

. mationreceived, of input,if that word is preferred, and to reply to
itin part immediately by efferents leading to action or by modi-
fication of activity elsewhere in the cerebral mass or by storage
with the possibility of recall, memory, association and invention.

For the moment histology seems to be unable to make any
further revelations and such as come must be of a different kind
from the old plain study of cell morphology. Diagrams of theo-
retical interactions between cclls have becn made by Lorcme

Ao N& fenn g\ %2

since 1t could not activate enough of the 100 synaptic knobs on
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must be searched for electronically until a response in the form
of altered activity is found in some distant or near cortical area,

CORTIGAL STRUCTURE

So far no mention has been made of histologically different areas
in the brain, the charts of which held out at one time high hopes
that they would supply us in good time with a new insight into
focal cerebral function. It is today generally agreed that cortical
maps have not fulfilled the aim of Brodmann, for example, who
wrate ‘our goal is the development of a comparative organology
of the cerebral surface, based upon anatomical criteria’ (1925).
No use, we think, to look for a mental quality such as a joke in
the cerebral cortex unless it be directed at an effort to find ene.
Bur } remini Brod ’s remark may be of the
plurahity of minds of the phrenologists, it was made at a time
when hopes had not yet faded. Today the exertions of later
waorkers, notably of Lashley and Clark (1946) and of Percival
Bailey and von Bosun (yg51) have thrown grave doubts on the
valdity of structural cortical maps. Objection lies notin approved
homogeneity of the cortex—that is not what is found—but in
variabilities such as mmpede the recognition of an histological
slice as belonging necessarily and always to a single arca. There
are exceptions, of course, the Betz cell areas, the visual areas, the
hippocampus, in a wider sense the granular and agranufar
cortex, Le Gros Clark (1p52) is rightly not preparcd to deny all
parcellation. Whilst the most fundamental {act about the cortex
15 that 1t is so sinular all over, there are quantitative differences
1 many regons in cell popultation and fibre density. The carto-
graphers were more nearly nght than present observers will
admit. The fault hies not 1n the ongmal observations but in
those who have read since a great deal more function into the
maps than the anatomists ded. Before we abandon local-
ization altogether we should mquire whether the facts do not
pernut of a different interpretanon. Instead of expecting to find
in small focal areas a mosaic of parceliated mental or sensory
functions, might it not be that areas are locally active in a par-
ticelar way in facthtating or mhibiting activities elsewhere? We
might use agamn Shernington’s words ‘functions for which neither
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in the cortex. He does not believe, in fact no one does, that
cortical speeds of discharge depend on rhythms set by a pace-
maker in the basal ganglia or elsewhere. Undercutting the cor-
tex or removal of the thalamus (Morison and Dempsey, 1942)
greatly reduces cortical activity and much work has been done
to try to explain the meaning of that happening. Experiments
with isolated slabs of cat’s cortex have been made by Kristian-
sen and Courtois (1949) and Burns (1950, 1951). Provided that
the blood supply of the isolate is intact, it remains active in the
sense that for hours it will respond to stimult such as strychnine,
acetylcholine or electricity. There is no agreement as to whether
the preparation shows spontancous activity Kristiansen and
Courtois produced tracings that showed that 1t did, though in
attenuated form. Burns, on the other hand, could find no activity
unless he left a narrow bridge connecting the isolate either to
surrounding cortex or to the white matter. The isolate was alive
but silent. Whichever the answer may turn out to be we can be
sure that hvely mechanisms exist in the cortex, thus it very
likely has a quiet hfe of its own though in normal states it has no
chance to live it so continuous 1s the barrage commg 1nto it
from lower levels. Intra-cortical spread of actiity certamnly
occurs, The thalamus itself has 1ts own rhythms but 1t is not
itself responsible directly for every cortical wave. In fact rhythms
in cortex and thalamus are often discrepant, Thalamograms
have been studied in man and amimals, parucularly by Williams
and Parsons-Smith (1950) 1n this country, and by Jasper (1947)
and Spiegel and Wycis (1950) in North Amenca. We may
assume that ‘feed-back’ systems between cortex and thalamus
exist. The theory of reverberating chains has become very pepu-
lar, though no one has ever seen one 1n action. And indeed,
except as momentary affairs, they are doubted by neuro-
physiologists Thus 15 1n striking contrast to the amateurs of the
cybernetic school who have postulated self-exciting chatns going
on and on for ever as the means by which we remember and
conduct ourselves. No physiologist today believes this

The next question 1s whether the whole of the normal thalami
firing into the cortex occurs only over classical afferent thalamo-
cortical pathways (sensory, visual, auditory, from cerebellum,
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each of so many nerve cells. It may be doubted whether these
diagrams are as helpfial as they seem at first sight. All are highly
stylized and formal, at the best they remind us that nerve cells
act and react on one another. The actual mass of the cortex is
made up considerably more by fibres than by cefls. J. Z. Young
suggests that cell size may depend mostly on the number of
dendritic cell connexions, 1.¢. on the volume of its input, though
admuttedly the length of the issuing axon has something to do
with it. Young (1951} said ‘For our present purpose the point is
that there is evidence that the size reached by any nerve cell is
influenced by its central and peripheral connexions and, though
more speculatively, by the ber of impulses that cross those
Junctions’. We remain for the present unable to make great use
of the shapes and volumes of cortical cells, the more so since the
failure of area giganto-pyramidalis to explain the motor cortex
{Walshe, 1948) or the pyrammdal pathway (Lassek, 1942}

ACTIVITY OF CEREBRAL CORTEX
The outstanding featnres of cortical activity are the fluctuations
in its electrical potential i cycles per second as recorded by the
E.E.G., the dommnant one in the brain completely at rest but
awake being the alpha rhythm at 8-13 ¢/sec, This activity varies
little in different individuals or in the same person at long mter-
vals. As most people know, this thythmical activity is upset by
attention, by interest i anything presented to the subject as well
as by drowsiness, by sleep, and by chemical alteration in the
cerebral blood flow, Yt1s greatly altered in pathological states of
depressed consciousness {parasomma) whether experimentally
produced or caused by ijury or disease, In these states the fast
rhythm becomes slower, the fluctuations of potential more irre-
gular and the voltage higher The effect 15 diffuse and sym-~
metrical over both h pheres, [t cannot be produced by local
cortical injury but 15 easily caused by stimulatrons or injuries to
the brain-stem or to some parts of the thalamic nucfear complex.
The guestion 1s whet her the cortex has an mininne thythm of its
own or whether it owes it to projection fibres from lower levels,
Some, such as Bremer, helieve that auto-rhythmicty is a pro-
perty of hughly orgamzed collectians of nesve cells such as exist
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red nucleus, etc.) or whether there is something elsc for which no
name has existed. The point is one of considerable clinical inter-
est. Its elucidation has been helped to some extent by the dis-
covery by Bremer (1935, 1936, 1919) of two ncw laboratory
preparations—°le cerveau isol¢’ and ‘encephale isolé’. The
former consists in a brain in which the brain-stem has been
severed with a blunt spatula at tentorial level. The other is a
brain isolated by dividing the spinal cord at the first or second
cervical segment. These will be recognized as the same prepara-
tions as those which Sherrington used for the study of decere-
brate rigidity and spinal reflexes. Bremer started with the hypo-
thesis that sleep in mammals, whether natural or pathologicat,
depended on more or less complete de-afferentation. This view
would be quite consistent with Kleitman’s (1939) well-known
researches on sleep. Bremer thought that subcortical structures
produced ‘tone’ in the cortex, a readiness to act. Bremer’s hypo-
thesis turned out to be correct for the large slow waves with
spindle bursts of activity charactenstic of deep slecp were ob-
tained from the cortex of the cerveau isolé. In brains with
sections at C.1 the head remained awake but peaceful with low-
voltage fast activity in the cortex. We shall return to the explana-
tions proposed by Magoun and his collaborators in a moment.
Meanwhile Jasper in Montreal had pursued the problem of the
influence of the thalamus on the cortex. His experiments led
him to propound the existence of a thalamic reticular system
with a diffuse cortical projection that alerted the cortex and in
fact was a great factor in integrating the brain, The projection
did not travel over the classical thalamo-cortical pathways
which might or might net be activated concurrently, The evi-
dence that Jasper produced is too extensive for detailed discus-
sion. But one set of experiments is worthy of further comment,
that which has to do with the possible nature of petit mal.
Stimulations of various parts of the thalamus and hypothala-
mus were undertaken to investigate the hypothesis that the
diencephalon might be the site of ongin, or at least of major
activation, of the petit mal attack, A strong suggestion that had
emerged from previous work by Jasper with Droogleever-
Fortuyn (1947) was that the pace-maker for the characteristic
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Fia. 1. A to o The ‘arrest’ phenamenon, sudden medea! thalamic stimu-
ation of cat dnnkong and walking 2 shows site of stimulus (By conrtesy
of J. Hunter and H. Jasper }



ORGANIZATION OF CORTICAL MECHRANISEMS 13

linked most closely with the anterior temporal lobes. The con-
clusion is not to be drawn that actual disease will be found in
patients with pesit mal, in fact it is 2 well-known clinical fact’
that it is a rare, but not impassible, form of epilepsy in local
brain discase or injury. But it scems very probable, as Hunter
and Jasper claim, that the thalamic reticular formation is the
miost important link in the chain, in activating both hemispheres

CEALBRAL CORTEX

MDBRAIN  PONS R

ASCENDING HETICULAR ACTIVATING
SYSTEM N BRAIN STEM
Fio. 2 Diagram of extent of reticular formation—the ‘arousal’ area, con-

nexons, spinal afferents and diffuse projection to cortex {By courtesy of
H. W, Magoun.)

instantly and equally and causing the “arrest’ or petit mal pice
ture—~one in which muscular tone 1s often not affected. It has
rot been found possible to turn this observation to any use in the
treatment of peut mal Spiegel, Wycis and Reyes (1955) have
reported on six patents in whom small electrolytic lesions were
made 1 the lanuna medullans mterna of the thalam and in
none were the attacks abolished They remarked that although
it s quite true that diencephatic dacharges can always be recog-
nized in the thalamograms of petit mal patients, they were un-
able to find a sharply circumseribed focus common to all sub-



72 G. JEFFERSON

cortical discharge scen in attacks of petit mal lay in the dience-

* phalon. Hunter and Jasper buried electrodes in various thalamic
and subthalamic sites, The leads were brought out subcutane-
ously allowing of repeated observations on the sleeping, waking
or walking cat many days after the operation, They found that
if the stimulation were made within the intralaminar nuclei of
the thalamus, especially near the massa intermedia, an ‘arrest’
reaction was produced. By this they meant that the cat stopped
in its walk, standing as if frozen in its tracks in a fixed or
crouched position ‘with a staring’ or rather ‘stunned’ facial
expression, to continue walking as soon as the stimulus was
withdrawn. Occasionally the ‘arrest’ would outlast the stimulus
a few seconds or longer. Shight twitchings of the lids and mouth
were sometimes scen. There was no response during the ‘arrest’
stage to visual or auditory stimuti, Changes in the parameters of
stimulation might add turning and mamtenance of abnormal
fixed postures to the ‘arrest’. In some ammals more intense
stimulation precipiated generalized tonic-clonic convulsions
after the initial ‘arrest’, confirming Hughlings Jackson's beliel
that both major and minor epilepsy were but different degrees
of the same thing. During the arrest the E.E.G. showed the
typical slow 3 per sec. spike and wave patterns of petit mal, 2
type that has not yet been found by stimulation of the cortex,
whatever the parameters used.

Morison and Dempsey (1942) had shown that stimulation of
the thalamus controlled the spontaneous electnical activity of
the cortex in a diffuse and wide way. Hunter and Jasper con-
cluded that a diffuse projection from the reucular and intra-
lamimnar nucler {the ‘thalamic reticular system’) might be deeply
involved in integration of the higher level cerebral activity such
as the imnation of patterns of and that stimulati
there might black such movements. In contrast to ‘arrest’, rage
reactions and artack were seen on stimulation of the anterior
hypothalamus, whilst sleep might follow stimulation of the
inferior parts of the massa intermedia. Stimulatons deep to
the thalamus and anteriorly never produced ‘arrest’ but often the
impulsive scarching about, as if for something forgotten, charac~
teristic of psycho-motar epilepsy, a state that seems now to be




ORGANIZATION OF CORTICAL MECHANISMS 75

But it still remained to be demonstrated that the afferent paths
from the cord and elsewhere made connexions with the cells of
the reticular formation, a supposition for which there was
already some anatomical verification. This confirmation has
now come and the hypothesis of cortical ‘arousal’ by the reti-
cular formation looks like an established fact. It will be recog-
nized that this view, if it is pted, modifies iderably the
theories of Kleitman and Bremer that arousal was due to a plain

Hermated
Temparal fobes

Fi6. 3. Tentorial herniati p of mud-by by temporal lobes
~—ischaema of formatio reticularis (schematic).

sensory barrage. In one sense it is still true but there 15 a differ-
ence of interpretation of the same general facts. The modifica-
tion lays the main emphasis on an intermediary apparatus The
sensory barrage activates the reticular formation as well as pass-
ing into the thalamus and up to the cortex locally; there 1s both
general cortical arousal and local sensory cortical recognition.
Lesions of the afferent pathways from the spinal cord sparing
the reticular formation did not inhibit ‘arousal’ E.E G. patterns
on stimulation of the reticular formation. Lindsley, Bowden and
Magoun (1949) found that acute upper bramn-stem lestons 1
such medial positions as to intesfere with the reticular formation
had an effect the reverse of arousal. They abohshed the wakeful
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Jects. Large lesions would be needed if all possible starting points
were to be put out of action. Turner McLardy’s anatomical
critique (1951) of the minute anatomy of the regions stimulated
by Hunter and Jasper suggests that instead of a diffuse non-
fpcciﬁc recruiting system depending on stimulation of intra-

McLardy’s thesis that the centromedian thalamic complex fires
into the other thalamic nuclei and that the final projection
comes from them. This would clarify the mechanism of integrat-
ing projection. It does not, of course, deny that it occurs.
Jasper’s theory that there is another system of relays to the cortex
is the more attractive and has the support of Magoun.
Additional information emerges from the work on the brain-
stem reticular formation by Magoun and his collaborators
{Moruzzi and Magoun, 1949; Lindsley, Schreiner, Knowles and
Magoun, 1949; Starzl, Taylor and Magoun, 1951). These
researches have much bearing on the problems of cerebral inte-
gration as a whole so far as the two great rhythms of waking and
sleeping are concerned—the first with its fast low-voltage acti-
vity, the latter with its slower and larger waves. The earlier
papers announced the fact that stimulation of the brain-stem
reticular formation produced arousal of the whole cortex. It led
to the same break-up of synchronized cortical activity with sub-
stitution of low-voltage fast activity as occurs in an animal
waking from sleep or again when attention 1s aroused by visual
or other stimuli. There appeared to be a system of ascending
relays in the rencular formation which activated the cortex
generally and diffusely. The pathway was through the ventro-
medial thalamic nuclei. The extent of the reticular formation is
shown in the diagram,. Magoun holds that the desynchroniza-
uon of the cortex by visual, auditory, or any stimulus arousing
attention is not due to a barrage of impulses arriving in the
appropriate local cortical area and being spread from there
inter-cortically. He believes that the barrage also excites the
reticular formation which there arouses the cortex as a whole.
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But it still remained to be demonstrated that the afferent paths
from the cord and elsewhere made connexions with the cells of
the reticular formation, a supposition for which there was
already some anatomical verification, This confirmation has
now come and the hypothesis of cortical ‘arousal’ by the reti-
cular formation looks like an established fact. It will be recog-
nized that this view, if it is accepted, modifies considerably the
theories of Kleitman and Bremer that arousal was due to a plain

Hermated
Temporal lobes

FKE 3- Tentoral herni. ion of mud-braw by temporal lobes
of formatio retis it i

sensory barrage. In one sense it is still true but there 1s a differ-
ence of interpretation of the same general facts. The modifica-
tion lays the main emphasis on an intermediary apparatus. The
sensory barrage activates the reticular formation as well as pass-
ing into the thalamus and up to the cortex locally, there 1s both
gcnf:ral cortical arousal and local sensory cortical recognition,
Lesions of the afferent pathways from the spinal cord sparing
the rfet.icular formation did not inhibat ‘arousal’ E.E G. patterns
on stimulation of the reticular formation Lindsley, Bowden and
Magoun (1949) found that acute upper brain-stem lesions in
such medial positions as to interfere with the reticular formation
had an effect the reverse of arousal, They abolished the wakeful
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pattern and substituted slow E.E.G. waves and spindle bursts
Like those of sleep or barbiturate anaesthesia.

That some such structure and organization existed had been
most strongly suggested by the experiments of Ingram, Barris
and Ranson (1936), and Ranson (1939), who produced long-
lasting somnolence by median basal lesions that did not sever
classical tracts but might well have injured such a system as the
reticular, Direct damage to the reticular formation at different
levels in Magoun’s laboratory has resulted in somnolence.
Damage led to somnolence, excitation to arousal.

That physiological mechanisms like these with a similar, tf not
exactly identical, anatomical substratum exist in man is highly
probable, It has been evident for some years that the crtical
areas for arousal or wakefulness, drowsiness or coma lie not
primarily in the cortex but in the subthalamic region and brain-
stem. To have an anatomically intact cerebral cortex is not
sufficient to ensure wakefulness, the maintenance of which seems
to demand the physiological integrity of much deeper structures.
That this is so is evident from the effects on consciousness of the
brain-stem caused by tentorial herniation in cerebral lesions and
by the seeming paradox of unconsciousness caused by acute
posterior fossa lesions, especially haemorrhages (Jefferson and
Johnson, 1950). Physiological blocking at this level would ex-
plain many of the paradoxes of concussion (Jefferson, 1943).

CONCLUSION

It has been sard of the cortical capillaries that if a red-cell had
motor power of its own it could travel from one end of the brain
to the other. How much more true must this be of nervous
impulses. But although a ligh value must be attached to intra-
cortical interplays, we cannot look at them abstracted from a
continuous barrage from subcortical structures Without this,
cortex has no meaning. Amongst the more 1mportant of the
newer discoveries of such integrating factors are those refating
to the reticular formation. The older anatomusts like Bell, and
the classical neurologists like Hughlings Jackson and Todd and
Marshall Hall, would have welcomed and understood them.
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pattern and substituted slow E.E.G. waves and spindle bursts
like those of sleep or barbiturate anaesthesia.

That some such structure and organization existed had been
most strongly suggested by the experiments of Ingram, Barris
and Ranson (1936), and Ranson (1939), who produced long-
lasting somnolence by median basal lesions that did not sever
classical tracts but might well have injured such a system as the
reticular, Direct damage to the reticular formation at different
levels in Magoun’s laboratory has resulted in somnolence.
Damage led to somnolence, excitation to arousal,

That physiological mechanisms like these with a similar, ifnot
exactly identical, anatomical substratum exist in man is highly
probable. It has been evident for some years that the critical
areas for arousal or wakefulness, drowsiness or coma lie not
primarily in the cortex but in the subthalamic region and brain-
stem. To have an anatomically intact cerebral cortex 1s not
sufficient to ensure wakefulness, the maintenance of which seems
to demand the physiological integrity of much deeper structures.
That this is so is evident from the effects on consciousness of the
brain-stem caused by tentorial herniation in cerebral lesions and
by the seeming paradox of unconsciousness caused by acute
posterior fossa lesions, especially haemorrhages {Jefferson and
Johnson, 1950). Physiological blocking at this level would ex-
plain many of the paradoxes of concussion ( Jefferson, 1943).

CONCLUSION

Tt has been said of the cortical capillaries that if a red-cell had
motor power of its own it could travel from one end of the brain
to the other. How much more true must this be of nervous
impulses, But although a high value must be attached to intra-
cortical interplays, we cannot look at them abstracted from a
continruous barrage from subcortical structures. Without this,
cortex has no meaning. Amongst the more important of the
newer discoveries of such mtegrating factors are those relating
to the reticular formation. The older anatomists like Bell, and
the classical neurologsts like Hughlings Jackson and Todd and
Marshall Hall, would have welcomed and understood them.
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The Effects of Haemorrhage
on the Cardiovascular System in Man

O. G. EDHOLM

AEMORRHAGE has been widely studied both in animals
Hand man and the effects clearly described by many

workers for many years. Only a brief account will be
given of the researches performed prior to 1939, as the subject
has been reviewed so frequently.

The greater part of the earlier work was carried out using
animals, and investigations in man were largely confined to
clinical studies. During and since World War II the effects of
experimental haemorrhage in man has been followed in con-
siderable detail: man has replaced the dog as an expenimental
animal. One result of this work has been to emphasize the con-
siderable differences between man and other ammals. The
account given here will to a large extent be confined to the
results of work in man carried out in the last twelve years.

A proper understanding of the effects of haemorrhage de-
mands a knowledge of the physiology of the circulation and of
haemodynamics. Certain aspects of the circulation are of parti-
cular jmportance, especially the distribution of blood in the
body at rest. The greater part of the blood volume 1s found in
the veins; Fig. 1 shows the percentage distribution of blood 1n the
veins, arteries and capillaries, including arterioles with arteries
and venules with veins. If all the small vessels are included to-
gether, the proportions are, arteries 15 per cent, arterioles, capil-
laries and venules 1g per cent, veins 66 per cent These figures
are derived from Green (1g50). The veins hold nearly twice as
much blood as the rest of the vascular system put together.
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There are three main areas, pulmonary, splanchnic, muscle
and skin, each holding approximately g0 per cent of the total
volume, Skin probably accounts for some 7 per cent. The blood
volume of the liver in animals, estimated by a variety of different

SPLANCHNIC
. MUSCLE & SKIN
2% 319,  PULMONARY

30%

REMAINDER

7%

Fio, 2 The volume of blood contained in the vanous organs Splanchnic
includes liver, mtestines and kidneys These figures are denved from many
sources (sce text).

methods, accounts for 25-30 per cent of the total blood volume.
If a similar relationship holds for man 1t follows that the liver
blood volume would be of the order of 1500 ml. As the post
mortem weight of the liver averages 1500 grammes, this implies
a very high proportion of blood to cells. It would be most useful
i more data could be obtained for man. The figures given 1n
the diagram are the best obtainable at present, but 1t is quite
[
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The distribution of blood in the various organs and tissues of
the body is the next problem to consider. It is not quite so easy
to give figures with confidence in answer to this question and
much more work is required. There does not appear to be any

VENOUS
74%

ARTERIAL
20%
CAPILLARY
o

Fic 1. The volume of blood contained in the arteries, capillaries and
veins, expressed as a percentage of the total blood volume. Arterioles in-
cluded with arteries and venules with veins.

accurate information concerning the blood volume of the liver
and intestines, i.e. the splanchnic area, in man., The figures
shown in Fig 2 must be regarded as tentative only. They are
derived from various sources, e.g. Ranke (1876), Silverskiold
(1938), Bazett (1950), etc , and recent studies on the distribution
of radioactive isotopes in the different uissues of the dog (Gibson

et al., 1946).
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A better comparison of the vascularity of the different regions
of the body can be made by expressing the blood flow in terms of
unit volume of tissue. In Fig. 4 the results of such a calculation
are shown, The blood flow through muscle is considerable when
the total flow is considered as in Fig. 3, but muscle forms such a
large mass of the whole body that, when flow is expressed per
unit volume, it will be seen that muscle flow is very small indeed

KIDNEY
270

LIVER
70
BRAIN
50
. LW

Fia. 4. Blood flow expressed as mlfroogr. tissue/minute. Kidney blood
flow is so large that it cannot be conveniently fitted into the graph, Tt 1y
therefore shown as broken column.

SKIN  MUSCLE
3

compared with the kidney or liver. The implication 15 that the
resistance to blood flow in muscle blood vessels is high compared
with the renal vessels which have a blood flow 150 times as great
asin muscle (per unit volume of tissue). Resistance to flow is also
low in the hepatic and cerebral vessels.

- EFFECTS OF HAEMORRHAGE IN MAN
Thclcﬂ'cc(s of haemorrhage can now be considered in detail
bearing in mind the facts outlined above. When blood is lost
d.xe volume of circulating blood duminishes Compensation for a
diminished blood volume can be achieved 1n a vanety of ways.
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possible that in man the liver blood volume is considerably
smaller than in animals.

I'nformation on the volume of blood flowing through the
various regions of the body is required in order to complete the
scheme of the circulation. There is very considerable informa-
tion available to draw up a balance sheet of the cardiac output.

SPLANCHNIC & KIDNEY
485 %

MUSCLE & SKIN

225% .
BRAIN REST

1559
I 135% lo

Fi6 3 The distabution of the cardiac output to the different regions of the
body, expressed as a percentage of the output at rest.

Fig 3 gives the results in a highly simplified form. Complete
details are given by Green (1950) showing the different values
obtained by various workers. The diagram shown here is only
intended to give a very broad picture. Nearly half the cardiac
output goes to the splanchnic region, if the renal blood flow is
included; a quarter of the output goes to muscle and skin, and
the remaining quarter is divided between the brain and the rest
of the body. Since the pulmonary circulation 15 separate from
the systemic circulation the lungs are naturally excluded from

this list,
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been concluded that rapid haemodilution may take place in
man, but Wallace and Sharpey-Schafer (1944) clearly demon-
strated in man that restoration of a 20 per cent blood loss
was not achieved on the average until twenty-four hours had
elapsed.

Grant and Reeve (1951) in their studies on the effects of
injury showed that haemodilution was a relatively slow process

50%

30%
20%
0% I U
- B0 BU

Fio. 5. The rate of haemodilution twelve hours after hacmorthage of vary-
ing degree Data recalculated from Grant and Reeve (1951), Wallace and
Sharpey-Schafer (1941)

in man. The volume of fluid absorbed mnto the circulation
unit time was related to the volume of blood lost This relation-
shup is shown in Fig. 5 The black columns indicate the blood
volume lost by haemorrhage, and the volume of fluid restored to
the circulation in twelve hours is given 1n the white columns.
Wallace and Sharpey-Schafer’s results are shown 1n the 20 per
cent blood loss column, Therr figures are comparable with those
of Grant and Reeve, although in the one case blood loss was
accompanied by trauma and in the other an uncomplicated
venesection was performed. This supports the general thesis put
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The blood volume may be restored either completely or partly
by the expulsion of blood from depdts or reservoirs. A more
gradual restoration can be achieved by withdrawal of fluid from
the extracellular fluid into the blood.

A diminished blood volume implies a fall in cardiac output,
which will result in a fall of blood pressure unless the peripheral
resistance is raised by vasoconstriction, Heart rate will increase,
if blood pressure falls or tends to fall, probably via a carotid sinus
refiex. All of these mechanisms have been demonstrated as part
of the effects of haemorrhage either in animals or man. They
require to be examined in detail as regards their relative impor-
tance in man.

The work of Barcroft (1934) and his associates demonstrated
very clearly the importance of the spleen as a blood reservoir in
animals, including the cat and the dog. In these animals the
spleen contracts after haemorshage and the blood contained in
itis expelled into the general circulation. A considerable volume
of blood amounting to some 15 per cent or more of the total
blood volume is found in the spleen, so small haemorrhages may
be completely compensated.

There is now a substantial body of evidence to show that in
man not only is the spleen of little importance as a blood reser-
voir, but there are no other true reservoirs (Nylin, 1g47). It is
probable that the large venous blood volume acts as a form of
reservoir, and that venoconstriction seduces the volume of
blood contained within the veins. There is a fall of pressure in
the right auncle which is proportional to the volume of the
haemorrhage (Warrenet al , 1045, McMichael, Sharpey-Schafer,

1944). Stiverskiold {1946) has d d iction @
the vena cava in animals after haemorrhage. It 15 necessary to
emphasize the lack of importance of the spleen. It is the first
mam modification of the classical account so far as man is
concerned.

The second mechanism for restoring the blood volume is by
haemodilutton. The rate of h i i derabl

varies

in different animals (Courtice and Gunton, 1949}, in the rabbit
20 per cent volume reduction will be completely restored within
two hours. In the dog it may take four hours It has therefore
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lying down the heart rate increase is frequently trivial. There
may be a greater increase during the haemorrhage itself, but as
soon as venesection stops the heart rate returns towards the con-
trol level. It should be made clear that these observations re-
garding heart rate only apply in the absence of any fainting
reaction, and with the subject lying down.

Haemorrhages larger than 20 per cent are frequently but not
invariably associated with an increased heart rate. Grant and
Reeve conclude that a pulse rate of 100 or more is a good indi-
cation that the blood volume is below 80 per cent of normal, but
that a pulse rate of less than 100 does not necessarily imply that
the blood volume is 80 per cent or more of normal.

Blood pressure changes are in many cases slight with small
haemorrhages, excluding those who faint. Systolic pressure may
fall 9 mm Hg with unchanged diastolic after a v ion of
500 ml (Shenkin ef al.). In a series of volunteers who were bled
an average of one litre the mean blood pressure only fell by
6 mm Hg (Edholm, 1949). These small changes in the presence
of a reduced cardiac output demonstrate a marked increase in
peripheral resistance.

The effects of severe haemorrhages associated with war
wounds have been examined by Cleghorn and Chute (1949),
Grant and Reeve (1951), Emerson and Ebert (1945), amongst
others The majority of cases were seen some hours after injury.
A systohc blood pressure of 100 mm Hg or higher indicated a
blood volume of 70 per cent or more. If the systolic pressure was
over 140 mm Hg, the likelihood of the blood volume being at
least 8o per cent of normal was about 5 to 1. These figures
emphasize that blood pressure is sustained in most cases even
with severe haemorrhage, although a greater fall of pressure
would usually be observed immediately after haemorrhage.

There must therefore be iderable v; triction with
changes 1n blood flow according to the site of the constriction.
A charactenstic description of a patient who has had a severe
haemorrhage would emphasize pallor, cold extremities and
sweating. The pallor and the cold extremines have been wmter-
Ppreted to indicate a great reduction 1n blood flow of the skin
and, by imphcation, of the muscle blood vessels also. Emerson
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forward by Grant and Reeve that injury does not interfere with
the haemodilution, except in cases of abdominal or chest wounds.
It is clear that haemodilution occurs in man, but is relatively
a slow process; less than half the volume of blood lost will be
replaced in twelve hours, This point needs emphasizing as the
rate of hacmodilution in most animals is much greater, and may
bc described as the second modification of the classical accountof
thage. The i diate effect of haemorrhage is a reduc-
tion in blood valume, and in man this blood volume isnot replaced
from blood depdts and only very slowly by haecmodilution.
The cardiovascular changes may include a fall in cardiac out-_
put, an increased heart rate, peripheral vasoconstriction and
an alteration in the distribution of blood flow. The cardiac out-
put changes are to a certain extent controversial. McMichael
and Sharpey-Schafer (1944) have demonstrated a relationship
between night auricular pressure and cardiac output. Small
venesections of the order of half a litre lower the right auricular
pressure, and cardiac output falls by some 10-15 per cent.
Warren el al. (1945) confirmed the fall in right auricular pres-
sure but were not able to detect a significant change in cardiac
output with this order of haemorrhage. Both these groups of
workers used the cardiac catheter technique. Shenkin ¢t al.
(1944) employed the ballisto-cardiograph and found that there
was a slight and probably insignificant decline in cardiac output
with 500 ml haemorrhages, but with larger venesections of one
litre the cardiac output diminished sigmficantly, It is clear that
a reduction of 20 per cent blood volume or more by haemorr-
hage lowers cardiac output, although the effects of smaller losses
are not certan. Larger haemorrhages may depress cardiac out-
put to much lower levels (Cournand et al., 1943). Animal experi-
ments provide much data on this point (nggcn and Ingmham,
1946,
9:%;3 increased heart rate has for many years been accepted as
v indication of hacmorrhage. Howc\ er with small vene-
~—fiment chapge in
marked

ibject is
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The evidence regarding skin blood flow is not so precise.
However, hand blood flow, which may be taken to represent
principally cutaneous circulation, does not diminish during
venesection of 500-1000 ml. Observations were not continued
after venesection ceased, and it is possible that vasoconstriction
would then have been evident. In some cases hand blood flow
actually increased during venesection which may have been due
to emotional causes.

There is also experimental evidence of the effect of haemorr-
hage on renal and hepatic flow. De Wardener and McSwiney
(1951) have examined the changes in renal blood flow during
haemorrhage and fainting in man. Their records show that
during haemorrhage and before blood pressure fell as a result
of haemorrhage there was a considerable reduction in renal
blood flow. Van Slyke (1948) has shown that haemorrhage in
the dog is accompanied by an acute fall in bloed flow through
the kidney.

Bearn et al. (1951) made observations on the splanchnic blood
flow in man during haemorrhage and fainting using the brom-
sulphalein technique. Their records also show that prior to faint-
ing, i e. during haemorrhage, there was a consistent reduction in
blood flow through the liver. The evidence that is available at
present indicates that as a result of moderate haemorrhage of
the order of 20 per cent of the total blood volume, the muscle
blood vessels are not constricted, the skin vessels possibly are,
but that there 1s a considerable increase in the resistance of the
renal and splanchnic vessels, As a result of more severe haemorr-
hages, of 30 per cent, 40 per cent or more of the total blood
volume, 1t is probable that there will be a reduction in the
muscle-skin blood flow as well. Direct measurements in patients
with this degree of haemorrhage need to be made. In Fig 6 is
shown the possible changes i blood flow to the different regions
as aresult of a haemorrhage of the order of 20 per cent.

Some of the points mentioned already can be recapitulated in
order to present a more complete account. Experimental studies
with uncomplicated haemorrhage m healthy subjects demon-
strate that blood loss up to one litre is tolerated very well in
those subjects who do not faint, Blood pressure may be normal,
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and Ebert {1945) who examined civilian casualties state that
cold extremities and pallor were almost invariably observed in
their cases. Grant and Reeve found that patients with these
signs also had other signs of vasoconstriction, including narrow-
ing of the radial artery and constriction of the superficial veins.
Such signs were in general observed in those with severe hlood
Toss. It is not therefore surprising that it has generally been con-
cluded that vasoconstriction of the muscle and skin vasculature
is one of the important compensatory mechanisms in haemorr-
hage (Richards, 1g48). Teleologically, such a mechanism has
much to recommend it. Not only is there a considerable blood
volume in the skin and muscles but there is a considerable blood
flow as well (Figs. 2, 3). These are tissues with low metabolic
demands at rest, and it might be considered that blood could
well be spared from such regions in order to conserve the blood
supply of more essential organs such as the liver, brain, etc.
Hawever, if Fig. 4 be examined again it will be clear that the
blood flow per wnit mass is very small for muscle and only
slightly greater in the skin, 5o the resistance to blood flow in
these regions js very high, in comparison with the vascular
resistance of the splanchnic area. On theoretical grounds it
might be predicted that resistance would be increased as a result
of peripheral vasoconstriction, not in the muscle and skin vessels,
but 1n the renal and splanchnic vessels, The muscle and skin
vessels are in fact already highly constricted. If the blood flow
through the legs and one arm is cut off by arterial occlusion
cuff, there is very little change in blood pressure. Increasing the
resistance in an area of already high resistance will have little
effect on the overall peripheral resistance.

Experimental work supports this conclusion. A group of
volunteers were bled, on the average one litre of blood, and the
forearm blood flow was measured before and during hacmorr-
hage and for 34 hours after the end of venesection (Edholm).
Averaging all the results showed that there was virtually no
veduction in forearm blood flow as a result of a blood loss of
approximately 20 per cent of the total blood volume.

Forearm blood flow can be taken to represent essentially
muscle blood flow.
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There are many ways of eliciting the vaso-vagal syndrome
apart from haemorrhage including anoxia, passive tilting into
the upright position and emotional stimuli. Fainting is not
therefore a specific response to haemorrhage, and it has not yet
been possible to determine the afferent impulses involved.

However, it has been clearly demonstrated that the number
of subjects who faint as a result of venesection varies as the
volume of blood withdrawn increases. A venesection of 500 ml

b . A . P I " AL I 1.

litre will almost invariably do so on standing (Shenkin ez al.).

The cardiovascular changes in fainting have been nvesti-
g taorm 0 L PN
a Lo . . . .

E . ' . ! : s
resistance, i.e. a marked peripheral vasodilatation. This has
been shown most clearly in the muscle blood vessels of the fore-
arm, where blood flow may double although blood pressure can
have fallen to a mean pressure of 40-50 mm Hg. There is also
evidence of a splanchmic vasodilatation, including the renal
vessels (de Wardener and McSwiney, 1951; Bearn ¢t al.,, 1951).
Cardiac output measurements show that fainting can take place
with Iittle or no fall in cardiac output, although there is fre-
quently a decrease (Shenkin ef al., 1944, Barcroft et ol , 1944;
Warren et al., 1945).

The onset of fainting is sudden and the recovery is usually
rapid. The duration of fainting, as measured by the period of
very low blood pressure, is brief, lasting from three to ten min-
utes, usually less than five minutes. However there are certain
features which persist, including pallor and a slow pulse. Facial
pallor may last up to one hour and the pulse rate seldom returns
to the pre-faint level until many hours have elapsed.

It wall be evident that this apparently transient episode may
complicate the symptoms of haemorrhage in a subject who is
seen for the first time after haemorrhage plus fainting. Indeed
the relative lack of cardiac 1 in battle lties with
severe blood loss may be partly explained by a vaso-vagal attack
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pulse rate scarcely changed and facial colour good, always pro-

vided that the subject is in the recumbent position,
Examination of the records given by Grant and Reeve, Cleg-

horn and Chute, Emerson and Ebert show occasional cases of

KIDNEY )
420

LIVER

BRAIN

SK'N MUSCLE
3

Fic. 6. Redistribution of blood flow as a result of moderate hacmorrhage.

blood loss of 3040 per cent in whom the blood pressure is sub-
stantially normal with a pulse rate of 70-go. Such cases em-
phasize the maguitude of the compensatory mechanisms, and
the difficulty of diagnosing the extent of haemorrhage from an
examination of blood pressure and pulse rate.

FAINTING

. et ot e aenY ilenn awd ae thicic

sweating.



THE EFFECTS OF HAEMORRHAGE 93

invariably encountered, excluding injuries involving the alimen-
tary tract and chest. These two fundamental points have been
re-emphasized by the detailed examination of battle casualties
and civilian casualties in air raids, by Canadian, American and
British teams (Grant and Reeve, 1951; Cleghorn and Chute,
1945; Emerson and Ebert, 1945).

There was no evidence of haemoconcentration, and there was
considerable evidence that blood loss alone accounted for the
signs and symptoms which were observed. In the absence of
strong evidence to the contrary, it can be concluded that ‘shock”
in cases of injury is due to blood loss.

TREATMENT

Tt is therefore clear that the treatment consists essentially of

fusion, Furthermore t ion must replace the deficiency
in the blood volume, i.e. restore it to the pre-injury level. This
will require in many cases large volumes, i e. up to 2500 cc or
six to seven bottles of citrated blood; and if transfusion is to be
effective it must be given early. Animal experiments demon-
strate very clearly that prolonged hypotension can lead to 2 con-
dition in which complete restoration of the blood volume will
not produce recovery.

It is probably worth while to re-emphasize the dangers of
some methods which have been used in the past and may occa-
sionally be employed today. Heating the patient is the worst
form of treatment. Hot-water bottles and electric cradles are
useless and indeed harmful. The cold, pale patient with clammy
skin has either recently recovered from a vaso-vagal attack,
which may have been provoked by quite a2 mild blood loss, or
he may have had a severe haemorrhage. In the latter case his
skin vessels are constricted, hence the cold skin. If he is heated
then the skin vessels and the underlying muscle vessels will
dilate, reducing the peripheral resistance and lowering the
blood pressure. There will be an increased capacity of the
cutaneous vessels and a diversion of blood from other areas.
Such effects may well be disastrous. In some cases the cutaneous
constriction may be so intense that vasodilatation is delayed or
incomplete Local heat can then raise skin and subcutaneous
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prior to examination. The striking facial pallor combined with
sweating so impress that a diagnosis of severe haemorrhage may
be made.
PROGNOSIS

Many of the observations mentioned in this paper have referred
to moderate haemorrhage. It is frequently not realized how ox-
tensive blood loss can be in cases of injury. Battle casualties with
severe wounds may Iose up to 65 per cent of their total blood
volume and still survive, provided that treatment is adequate.

Blood loss of over 30 per cent, or 2 blood volume which has
been reduced to 70 per cent or less of normal, represents a critical
level according to Grant and Reeve. Blood pressure is usually
reduced below 100 mm Hg and heart rate increased over
100/min, when blood volume is reduced to this level, It should
be realized that a blood loss of 30 per cent and a blvod volume
of 70 per cent arc not qguite the same, as haemodilution will
affect total blood volume to a significant extent, at any 1atc
after twelve hours have elapsed since time of injury. A critical
level of 70 per cent blood volume, as observed by Grant and
Reeve, meant that the original blood loss was usually g0 per cent
or more of the initial blood volume.

Limits of the extent of blood loss compatible with survival
cannot be given with precision Haemorrhages greater than
65 per cent, unless treated with immediate transfusion, probably
cause death 1n the majonity of cases. A loss of half the total blood
volume, not treated with transfusion, would have a fairly high
final mortality; but transfusion after twelve hours would reduce
mortalsty and if transfusion were given within one to two hours
the mortality would be quite small (Grant and Reeve, 1951},

SHOCK
1t 15 not possible to discuss the effects of hacmorrhage without
some mention of the problem of ‘shock® and sts relationship to
haemorrhage. There 15 a considerable degree of unanimity
amongst different workers that haemorrhage, i e blood loss and
hence diminution of blood volume, 1s the single most important
factor causing eventual collapse or tliness in cases of injury. Itis
also clear that b Ah and not b ion is
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temperature higher than will be the case when the local blood
flow is increased. So heating will either provoke vasoditatation
and may precipitate vascular collapse or cause localized thermal
injury.

The dangers of morphia should ako be well known. In the
event of low blood pressure and periphezal vasoconstriction,
subcutaneous injections of morphia will be absorbed extremely
slowly. Therefore there is 2 considerable risk that several injec-
tions may be given to control pain. If the bload pressure re-
covers and the cutaneous and subcutaneous blood flow increases
there willhen rapid absorption ofthe remaining morphia. Animal
work on the effects of haemorrhage shows that morphia givenn
relatively small doses increases the mortality rate {Gregersen,
1948).

SUMMARY

The cardiovascular effects of haemorrhage on man can !JC
distingusshed in certain respects from the results obtained in
ammals. There is no clear evidence of the existence of blood
Teservairs of any significance in man. It is probable that the
large vemns contract constderably afier haemorrhage, so taking
up the reductions in blood volume Haemodilution 15 slow, on
the average complete restoratton of the original blood volume
after 2o per cent haemarchage takes twenty-four hours. Hae-
morrhages of a hire reduce cardiac output by approximately
20 per cent, but bleod pressure and pulse rate remain virtually
unchanged.

Peripheral vasoconstriction occurs principally in the splanch-
nic area, including the renal vessels, and possibly in the skin.
The muscle vessels do not constrict with moderate haemorrhage.

Vaso-vagal attacks increase in frequency as haemorrhage
becomes larger, and there s approximmately 50 per cent inci-
dence with blood loss of ong fitre, Although blood pressure re-
covers rapidly, facial pallor and a slow pulse rate persist for
about an hour after the attack.

Haemorrhage associated with traumatic injury 1s always fol-
lowed by h dilution and not h entration

The treatment for haemorrhage js early and adequate blood
transfusion,
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systolic and diastolic pressure; ‘reversibility’ implies the possi-
bility of producing a more lasting lowering of raised blood pres-
sure or even of restoring it to normal.

that, as long ago as 1900, Gumprecht reported that the level of
blood pressure varied with rest and with emotion, The succeed-
ing half-century has seen persistent efforts ta explain not only
the occurrence of hypertension in man, but also its surprising
lability.

The realization that certamn forms of human hypertension,
even in the clinically malignant phase, are reversible marks an
important advance in our knowledge of hypertension. The
removal of a diseased kidney may, within a few minutes, restore
to normal levels a blood pressure that has been raised for years,
while the successful removal of a phacochromocytoma is accom-
panied by a similar dramatic reversal. The newer methods of
treatment of hypertension, by surgical or medical sympathec-
tomy, may also dramatically reduce the peripheral resistance
and blood pressure and, in so doing, may relieve the manifesta-
tions of malignant hypertension. Cournand (1949} has studied
five cases of mahgnant hypertension before and after sympath-
ectomy. The cardiac output was originally within normal
limits and remained unchanged post-operatively; the mean
arterial pressure and hence the total peripheral resistance was
significantly decreased.

When we consider the causes for this reversible increase in
arteriolar tone, it 15 clear that at least two possibilities exist.
There may be an increased neurogenic vasoconstriction or the
intrinsic tone of the vesscls may be increased, possibly as a result
of circul 1 1 Evidence that both
neurogenic and humoral factors are of importance.

Investigation of the control of blood pressure 1n animals has

0 : . - o
from the aortic arch and carotid sinus, the chemically stimulated
H
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cine, it is clearly presumptuous to discuss such a subject as

IN a series of lectures devoted to the scientific basis of meds-
the lability of blood pressure, far, while there has been an

enormaus valume of experi I'work on animals and clinical
observation and experiment on man, we havc scarccly got be-
L] a- . roon e X ol aievy - [ Y

i e
sure. In most hypertensive patients, at least in the early stages,
the blood volume, the viscosity of the blood and the elasticity of
the walls of the great vessels are normal, and the actual level of
the blood pressure and changes in that Jevel can be roughly
regarded as the resultant of two opposing forces; cardiac output
and the peripheral resistance.

The cardiac output has been repeatedly measured in patients
with both essential and chronic renal hypertension and found to
be normal, and it is now generally accepted that the underlying
abnormality is a generalized inerease in peripheral vascular
resistance. This increased resistance mrght be due cither to an
increase in artersofar tonus or to organic changes in the artcrx-
olar walls, Histological studies d ate that such al
changes as do accur in the vessels do not precede the occurrence
of the hypertension, This view 1s supported by cxpcnmcnml
work on antmals and by observation of the lability and reversi-
bility of raised blood pressure 1a man.

The term ‘Jability’ is applied to those transient fluctuations,
both upwards and downwards, that can be observed in both the
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THE CEREBRAL GIRCULATION AND HYPERTENSION
A further important advance in our knowledge of the circula-
tion in hypertension was made when Kety and his colleagues
(Kety, Hafkenschiel, Jeffers, Leopold and Shenkin, 1948)
showed that the cerebral blood flow in the uncomplicated
hypertensive patient was normal. This had been roughly
demonstrated in the past {cf. Williams and Lennox, 1g3g), but
the new nitrous oxide method allowed more precise measure-
ment and the calculation of the cerebral vascular resistance.

It is easy to state, as has so often been done, that the raised
arterial blood pressure is the result of increased arteriolar tonus,
but this simple statement leaves two important facts unex-
plained. First, why does the rise of blood pressure not call into
play the various y reflexes, especially since such
reflexes have been shown to be active in the hypertensive?
Secondly, why does the blood pressure rise to a level exactly
adequate to maintain normal cerebral blood flow?

The control of blood flow through the tissues is highly com-
plex and varies from organ to organ. Local regulatory mechan-
isms for maintaining blood flow have been demonstrated in
muscle, where 1schaemia produces local vasodilatation, either
by axon reflex or direct action of metabolites on the vessels. The
renal blood flow, as measured by clearance techniques, is
diminished m many patients with essential hypcrtenslon and it
has been argued that this impli a renal h in
human hypertension. The renal vasoconstriction is, however,
also reversible and 15 probably part of the generalized increase
in arteriolar tone. It would appear that the kidney possesses no
local regulatory hanism to p for increased vascu-
lar resutancc or lschaemla.

Aetoiiaa - P

stimulation of the vasomotor centre with resultant neurogenic
vasomotor reflexes affecting the arterial pressure. The tone of
the cerebral vessels must be increased in hypertension. Ifit were
not, the rise in blood pressure resulting from the increased peri-
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reflexes from the carotid body, postural vasoconstrictor reflexes
and those associated with change in cardiac output or venous
return. Many of these reft can be & ated to follow
acute change in man. Thus the sudden rise of blood pressure due
to increased periphersl resistance following the intravenous in-
fusion of noradrenaline is accompanied by bradycardia, which
is abolished by atropine (Swan, 1949).

The problem of chronic hypertension is, of course, different,
for in both human hypertension and experimental renal hyper-
tension in animals, the rise of blood pressure follows a general
increase in peripheral vascular tone and the rise in pressure does
not apparently stimulate the depressor reflexes which respond
to acute changes. This failure might suggest a breakdown of
the normat reflex mechanisms, but Pickering, Kissin and Roth-
schild (1936) have investigated the carotid sinus reflexin hyper-
tensive patients and found it active. Human hypertensiondoes
not r ble that produced in animals by denervation of both
carotid sinuses. Incidentally, treatment of the carotid sinus
syndrome in man, by bilateral denervation, does not lead 1o
hyperiension (Turner and Learmonth, 1948). It is possible in
fact to show that, at higher levels of blood pressure, reflex vaso-
motor control is still active and persistent arterial hypertension
in man cannot be explained in terms of failure of neurogenic
reflexes.

T must digress for 2 moment at this point to mention one fur-
ther reflex arc, brought into promiuence by the recent renewal
of mnterest in the veratrum alkaloids As long ago as 1867,
Bezold and Hirt descnbed the hypotensive effect of veratrurd
and showed that it evoked a vagal reflex resulting in brady-
cardia. This effect has been mntensively studied by Dawes, Mott
and Widdrcombe (19513, b). They have demonstrated that the
reflex arises from receptors in the coronary circulation and that
3t 3 aholished by cooling the vagi. The first effect is a reflex
bradycarda followed, with larger doses, by penipheral vaso
ditatation. Therc 15 also evidence that some of the alkalowds have
a central acton and this may be the main site of action in man.
Neither nosmal function nor the stumutus of this reflex s clear,
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pheral vasoconstriction, probably as a result of medullary isch-
aemia. I would draw attention to the importance of normal
cerebral blood flow and to the fact that here again, while com-
pensation occurs, the rise in blood pressure maintains a normal
cerebral flow.

The cerebral flow can, however, undergo adjustment without
evoking reflex vascular change. Kety and his colleagues (Haf-
kenschiel, Shenkin, Kety and Jeffers, 194g) found the cerebral
blood flow and cerebral oxygen metabolism unchanged after
bilateral thoraco-lumbar splanct for hypertension.
Cerebral vascular resistance was lowered, the cerebral vessels
apparently having undergone compensatory dilatation follow-
ing the fall in arterial blood pressure. Kety concluded that a pro-
longed or moderate fall in the blood pressure of hypertensives
was not associated with the expected reduction in cerebral
blood flow, when measured in the supine position. The vessels
of the brain appeared capable of compensatory dilatation. It is
clear that the reciprocal balance between cerebral vascular and
peripheral resistance is complex.

Striking changes in peripheral vascular tone accompany 2
change from supine to erect posture and, m both normal and
hypertensive subjects, little change in blood pressure occurs.
The cardiac output falls, probably as a result of diminished
venous return, and tachycardia and reflex vasoconstriction occur
(McMichael and Sharpey-Schafer, 1944). These reflexes func-
tion in the hypertensive. Anyone who has seen the dramatic

cerebral symptoms that result when, following ganglionic block-
B A el

the autonomic nervous system.

When we look at the various mechamisms subserving the
maintenance of blood pressure 1 both animals and man, it is
clear that these can be regarded as an mtricate system for main-
taming adequate cerebral circulation and oxygenation. The
carotid sinus, initiating compensatory vascular and cardiac
changes in response to sudden change in blood pressure, and the
carotid body, sensitive to chemical change, both lie on the mam
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pheral resistance elsewhere would lead to an increased cerebral
blood Row at the expense of other tissues. The maintenance of2
normal cerebral blood flow in the face of increased arteriolar
resistance appears to me to be one of the major homeostatic
trjumphs of the body and to merit further discussion.

While sympathetic fibres to the cerebral vessels have been
demonstrated and while stimulation of the vagus and carotid
sinus nerves has been shown in animals to produce dilatation
of the pial vessels (Forbes, Mason and Wortman, 1937}, DO
genic control is relatively unimportant compared to chemical
eontrol and is far less active than the neurogenic controt of the

eripheral circulation {Forbes and Cobb, 1938} .

Kety and his colleagues have studied the cerebral circulation
under various circumstances and have demonstrated 2 variety
of controtling mechanisms, They have confirmed and extended
the findmgs of earlier workers, that the regulation of the cere
bral blood flow appears to depend largely upon changes in the
carbon dioxide and oxygen tension in the arterial blood.

Kety and Schmidt (1948) have shown that, in normal mas
an increased arterial tension of carbon dioxide causes 2 marke!
inerease in cerebral blood flow. This results from ptriphth‘l
vasoconstriction with 2 rise in arterial pressure, the cardiac out:
put remaining unaltered. Anoxia also Jeads to an increast
cerebral blood flow, though here an imereased cardiac output
played a large part. In the brain chemical changes €A% thus
apparently initiate widespread reflex vascular changes through
the vasomotor centre, .

In a further paper Kety and his colleagues {Kety, Shenkin
and Schmidt, 1948) showed, from a study of patents with cerer
bral tumours, that as the intracramal pressure 105¢, cerebral
vascular resistance passively mereased and that up to 3 cerebro-
sprmal pressure of some 450 mm of water, there was & compen?
satory rise in arterial pressure, and, up to this pressure, cerebral
blood flow was Tty well maintained The patients who faited
to compensate and who exhibited 2 marked reduchion in cere:
bral blood flow were all comatesc. These findings confirmed
Cushing’s origmat observation (1go1) in animals that an acute
rise in c.s.f. pressure led to a rise m asterial pressure by peri-
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hypertensive patient, many of them aiming at the measurement
of the basal pressure, others at producing a rise from the base
line.

In the early stages of hypertension, whether due to chronic
renal disease or essential hypertension, the blood pressure falls
to normal with rest. Casual readings are raised, basal are
normal, This is the earliest clinical stage of hypertension, The
Jarge-scale investigation of blood pressure in United States
Army officers {Levy, Hill, Stroud and White, 1944; Levy,
White, Stroud and Hillman, 1945) suggested that a single
raised reading early in Ife 15 associated with a significantly
greater invalidism from hypertension in later years, and several
writers have shown that transient hypertensive casual readings
may precede the development of true hypertension (Diehl and
Hesdorfer, 1933; Hines, 1940).

As the condition progresses, the blood pressure fails to return
to normal with rest; the basal pressure 15 now raised. Campbell
and Blankenhorn (1925) showed that patients whose blood
pressure fell to normal with sleep had less evidence of disease
and less disability than those whose blood pressure remained
raised in sleep. It is probable, but difficult to prove, that 1t is the
height of the basal pressure rather than the casual, the persistent
stress on the artcnal and arteriolar walls, that is responsxble for
the 4 | changes that we recognize in the later
stages of the bcmgn and in the malignant phase of hypertension.

Can a prehypertensive phase be detected? Is there a stage in
hypertensive vascular disease when even casual readings of the
blood pressure are normal, but 1 which pathological over-
reaction to blood pressure raising tests occurs?

Varnous authors have claimed that such a stage exists and,
among others, the cold pressor test and breath-holding test
P T e Bt . 5 * s means

reactors
that, m
their tamuly histories, an abnormaity ign percentage of hyper-
tensive parents will be found, have not been fully confirmed or
generally accepted, nor 1s every hypertensive patient a hyper-
reactor (see Wolff, 1951). The cold pressor test measures a




102 M. L. ROSENHEINM

pat}{way of the cezebral circulation. The cerebral vessels donst
participate in the general reflex vasoconstriction to the same
extent that do the peripheral vessels and the gaseous tension of
the blood flowing through the brain can initiate changes in peri-
pheral vascular tone and cardiac output.

It appears possible that, in chronic hypertension in man, the
maintenance of a normal cerebral blood flow takes precedence
over the expected depressor vagal reflexes and that, as far as the
cerebral circulation is concerned, the rise of blood pressure may
be beneficial. Whether the initial rise in general arteriolar tone
is neurogenic or humoral, the cerebral homeostatic mechanim
may permit the rise of blood pressure to a new level at whick
cerebral blood flow is normal and, at this level, the usual vaso-
motor reflexes are active. This is pure hypothesis.

THE LABILITY OF BLOOD PRESSURE s

Even in a normotensive subject the artenal blood pressurc ean
readily be made to vary; it will rise with certain visceral stimuli,
with exercise, pain and emotion, and will settle with rest or
sleep. One of the striking features of the blood pressure m hyper:
tensive subjects is the greater tendency for such swings to occur.
It has long been known that raised blood pressure often falls
durng sleep or complete mental and physical rest, and the ten~
dency for the pressure to fall during hospitahization has proved 8
major difficulty in assessing the efficacy of new lines of treat-
ment.

In 1919 Tixier introduced the term ‘tension residuelle’,
reabizing that under basal conditions the bleod pressure of
hypertensives reached a lower, though not necessanly normal
fevel, and that various activities and stimuli usually kept it
above this basal level. In 1943, Smirk and s colleagues (Alam
and Smirk, 1943 Gatman, Anun and Smirk, 1943, Smirk
1944) stressed the importance of mensunng this ‘basal pres-
suse’, They regarded the casual pressure, the chance reading as
composed of this basal pressure with a superadded or ‘supple-
mental’ element. The basal pressure was shown by Kilpatrick
{2948) to be more consistent than casual readings.

Vanaus tests have been devised for the investigation of the
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Ackerman, Cohn, Schrocder and Steel, 1945). Given an in-
creased reactivity, an increased arteriolar tone, it is conceivable
that recurrent emotional stress, whether conscious or subcon-
scious, could lead to progressive deterioration. Does the subcon-
scious hostility or the increased arteriolar tone come first?

BASAL BLOOD PRESSURE
Various methods have been adopted for the measurement of the
basal blood pressure. Complete physical and mental rest,
though difficult to achieve, is as reliable as any. Ayman and
Goldshine (1g40) have stressed the difference between blood
pressure readings taken at hospital by the doctor and those
taken by a relative in the patient’s own home.

Cady, Horton and Adson (1936) introduced the use of barbi-
turate sedation into the study of hypertension, with the amytal
test. Hammarstrom (1947) showed that the lowest systolic and
diastolic pressures recorded under the influence of amytal were
practically identical with the lowest readings obtained during
twenty-four hours” qmet existence.

We have used a rapidly acting barbiturate ‘Seconal’ for the
sedation test and found that from the casual diastolic readmg it
was 1mpossible to predict the basal level that would be reached

. with sedation (Frew and Rosenheim, 1949).

With the introduction of the ganglion-blocking drugs, it was
hoped that 1t might be possible to remove the supplemental
neurogenic tone m hypertensive patients, leaving undisturbed
the basal pressure.

Acheson and Moe (1946) showed that the action of the tetra-
ct.hyl-ammomum ion was to block the transmission of auto-
nomic impulses at both sympathetic and parasympathetic
ganglia. It was soon found that tetra-ethyl-ammonium salts
produced a marked fall in the blood pressure of hypertensive
patients In normals little or no fall occurred In hypertensives
the amount of fall vanes and it is impossible to predict, from the
casual level, what fall will occur. The lowering of blood pressure
is due to the interruption of vasoconstrictor impulses. The car-
diac output 1s unaltered or slightly increased, the peripheral

resistance markedly lowered (Lyons, Hoobler, Neligh, Moe and
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response to pain and is of interest in that it demonstrates the
neurogenic reflex rise in blood pressure—the effect being re-
duced or abolished by ganglion-blacking drugs. It is of course
to be expected that any neurogenic reflex would have a greater
blood pressure raising effect if the arteriolar toric were already
increased. The prehypertensive state must exist but has, so far,
not been indisputably demonstrated,

Much has been written about the effect of entotion on blood
pressure {Alexander, 1939). This can be considered from two
different aspects. In many patients with essential hypertension
there is an abnormal hypertensive response to emotional stress.
The blood pressure of a normal person readily jumps abavc}he
basal level if he is disturbed or irritated. In the hypertensive,
discussion of certain subjects produces a sharp rise in pressur
and, in the study of the psychiatric make-up of patients, these
emotionally charged topics appear of aetiological significance.
It has been shown that in some cases the rise of pressure is due
to sudden increase in cardiac output with insufficient compen-
satory vasodilatation, in others neurogenic vasnconsmclion
occurs (Wolf, Pleiffer, Ripley, Winter and Wolff, 1948; Woll
and WolfE, 1951). It is, once more, not difficult to appreciate
how such sudden changes, whether in cardiac output or vaso:
constriction, might produce a greater response in patients with
raised arteriolar tone. L.

Psychiatrists, however, go further and claim to recognize 1t
hypertensive patients a somewhat uniform underlying reaction
or personality, The typical hypertensive has, they claim, had 3
difficult childhood, has made an mcomplete adjustment and has
been forced to stiffe his aggressive tendencics, He reaches adult
life filled with aggressive drive that is inhibited and not overt
and with subconsclous feelings of hostility and anxiety. The evi+
dence for a psychosomatic factor in hypertension is convincing,
but it is difficult to reconcile the claim that essential hy}?cf'
tension 1s entirely psychogenic with the establhshed fact thatitis
hereditary. Further it must be noted that this typical pictul‘lf of
burted aggression has been found 1n patients with hypcrtcm_xoz}
assoctated with hydronephrosis, pyclonephrutis an 8¢
renal aplasia as well as with essential hypertension {Binger,




LABILITY OF BLOOD PRESSURE 107

T.E.A. is probably purcly ganglionic, a maximal result is not
always obtained. The exact site of the hypotensive action of
barbiturates is not certain and a lowered cardiac output has
been reported following amytal (Winchell, Taylor and Chap-
man, 1951}.

Hexamethonium has a much more powerful and more pro-
longed action than T.E.A. It has a similar ganghon-blocking
action, but is not believed to stimulate the secretion of adrena-
line or noradrenaline. Hexamethonium will reduce the blood
pressure substantially below the basal level as measured by
T.E.A, or barbiturates. There is some evidence that the cardiac
output may be lowered as a result of venous pooling (Werko,
Frisk, Wade and Bliasch, 1951), the action being more pro-
longed, and, unless the patient lies quite flat part of the lowering
s certainly postural in origin The beneficial results obtained in
the treatment of hypertension by both thoraco-lumbar splanch-
nicectomy and the methonum drugs while partly due to the
direct decrease in peripheral resistance must owe much to the
postural element which is often prominent in successful cases

Studies with T.E.A. and hexamethonium leave httle doubt
that neumgemc lmpulses play a Iarge part n the productlon of

those with essential hypertension. This may be true in the
severer cases, but in my experience lability 1s marked in the
early stages of renal hypotension, and, even in the mahgnant
phase, chronic renal hypertension can be dramatically improved
by medical or surgical sympathectomy.

The hypertension of acute nephritis is very different to that of
chronic renal disease, for it has been shown that during the early
stage of this disease the rased blood pressure is fixed and does
not fall exther with sedation or T E.A., though it may drop to
normal and be normally labile a few days later (Ferns, Reser,
Stead and Brust, 1948; Frew and Rosenheim, 1949). The hyper-
tension of acute nephritis is apparently not neurogenic and 1t has
been suggested that it may be due to a renal humoral factor or
be related to the marked retention of sodium (Rosenheim, 1951).
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Peet, 1948). The effect is counteracted-by adrenaline, which
acts distally to the block and, in some patients, maximal falls
may not be obtained, the drug apparently stimulating the
adrenal medulla.

In 1949 we were able to show that there was a significant
correlation between the basal diastolic pressure obtamned with
T.E A, and that obtained with a rapidly acting barbiturate
(Seconal) (Frew and Rosenheim, 1949). A similar correlation
was reported between T.E.A. and amytal (Tamagna and
Poindexter, 1948} and, for young adults with hypertension
between T.E.A. and the spontaneous minimal blood pressure
(Frisk, Hammarstrom, Lagerlof, Werko, Bjorkenheim, Holm-
gren and Larsson, 1948). At that time, it appeared that com-
plete rest, barbiturate sedation and T,E.A. would all produce
the same basal pressure and that the supplemental or neuro-
genic element was temporarily removed.

It is of interest to note, in passing, that in the series of hyper-
tensive patients whose basal pressure we investigated the five
patients with papilloedema, i.e. 1n the malignant phase of hyper-
tension, had a high basal level with both T.E.A. and barbitur-
ate, and Lyons and his colleagues (Lyons, Hoobler, Neligh, Moe
and Peet, 1948) found that patients who failed to have a drop of
10 per cent or more from their initial diastolic pressure tended
to have greater retinal changes, a larger heart and more im-
paired renal function. This suggests again that secondary ana-
tomical changes are related to the height of the basal pressure.
It is impossible to predict from the results obtained either with
T.E.A. or with amytal which patients will respond well to
thoraco-lumbar splanchaicectomy. The basal blood pressure is
not a sound guide to surgical prognosis.

If it were possible clearly to splt raised blood pressure into a
basal or humoral and a supplemental or neurogenic element,
further study would be greatly simplified. Unfortunately 1t is
probably not. Firstly the basal pressure, though more constant
than the casual, 15 itself somewhat vanable from day to day and
Ferris and his colleagues {Ferrs, Reiser, Stead and Brust, 1948}
considered that there was a reciprocal interplay between the
humoral and neurogenic elements. Secondly while the effect of
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thoraco-jumb: lanchni y. I have no p | experi-
ence of these tumours and little has been recorded about the
lability of the blood pressure. Smithwick (Smithwick, Greer,
Robertson and Williams, 1950) states that the cold pressor test
is normal, others (Evans, Rubitsky, Bartels and Bartels, 1951)
have found it increased. Swan (1951) has reported one in which
amytal produced little fall of blood pressure and T.E.A., so far
from producing a fall, may precipitate a hypertensive crisis and
has been advocated as a test for the presence of 2 tumour (La
Due, Murison and Pack, 1947). It is interesting to note that one
case has been reported in which a low sodium diet produced
a fall in pressure and relief of papilloedema (Kositchek and
Rabwin, 1950).

he symp ofa ytoma are almost certainly
due to the Tiberation of adrenaline and noradrenaline into the
blood stream. These substances have been isolated from the
urine of patients and d d in large in the
Circulating adrenahne cannot, of course, mimic essential hyper-
tension, for it constricts the skin vessels, causes muscular vaso-
dilatation and increased cardiac output. Noradrenaline, on the
other hand, on slow mtravenous mfusion, produces a state
closely resembling human hypertension (Goldenberg, Pines,
Baldwin, Greene and Roh, 1948). There is an increase in peri-
pheral resistance with no alteration in cardiac output.

Can noradrenalme and adrenaline play any part in essential
hypertension? Studies with the newer adrenergic blocking agents
suggest that this is unlikely. A vanety of drugs have recently
been introduced which the v: ictor action of
circulating adrenaline and noradrenahne; apparently blocking
the response of the effector cells to the action of these com-
pounds, Two have been widely studied in hypertension, diben-
amine and benzodioxane, others, Priscol, Regitin (C.7337) and
dihydroergocornine, have been chiefly investigated in peri-
pheral vascular disease.

Db dibenzyl beta-chlorocthylamine, is a most potent

T U
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The present view, based on the action of the ganglion-black-
ing drugs, that there is a large neurogenic element in essential
hypertension and none in the hypertension of acute glomernfar
nephritis, is directly opposed 1o the findings of Pickering {1936)
who, as 2 result of measuring the blood flow through the hand
before and during full vasodilatation produced by warmth, con-
'cluded that the increased peripheral resistance in essential

vably numoral, his expeniments, especially as regards acute
nephritis, require repetition using other means of producing
vasodilatation.

How far is neurogenic control a factor in maaintaining normal
blood pressure? Heymans (1950}, from his animal experiments,
considered that ‘the vasomotar centre was continuously active,
sending out a stream of counstrictor fmpulses , . . to the peri-
pheral blood vessels’. If a large dose, 100 mgm, of hexametho-
nium bromide is injected intravenously in a supine normotens
sive man, a small falf of blood pressure may occur, but in some
the blood pressure remains practically unaltered. That neuro-
genic control has been removed can readily be demonstrated by
standing the subject up, and full vasodilatation can also be
shown. The blood pressure in such persons, while lying flat,
raust be maintained by the intnnsic tone of the artericles o by
their humoral stimulation.

HUMORAL MECHANISMS IN HYPERTENSION
Many possible humoral hanisms for the mai e of
normalorincreased peripheral resi havebeen igated
four require special consideration.

One well-established form of humoral hypertension is that
associated with a suprarenal medullary tumour, the phaco-
chromocytoma. It was originally believed that these tumours
produced only ntermittent cnses of hypertension, but it is now
clear that persistent hypertension may oceur and that this can
closely mimic essential or chronic renal hypertension, some cases
presenting in the malignant phase of hypertension. Some un-
suspected tumours have been found in patents selected for
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(Raab, Humphreys and Lepeschkin, 1950) found that deoxy-
cortone increased the pressor effect of adrenaline and nor-
adrenaline in man. Hypertension occurs in Cushing’s syndrome
and has been observed in many patients under treatment with
cortisone or AcTH. The importance of the adrenals in hyper-
tension has recently been emphasized by the important work
being done at the London Hospital (Floyer, 1g51; Ledingham,
1951).

There appears to be synergistic action between the adrenal
cortical hormones and sodium. The effect of low sodium diets on
hypertension, first suggested many years ago, has recently
roused great interest again. Therapeutic sodium depletion pro-
duces a fall of blood pressure in the great majority of cases of
hypertension. Sodium depletion appears to affect the basal
blood pressure, for the blood pressure in patients on low sodium
diets may fall well below the basal level achieved with T.E.A.
{Stead, Reiser, Rapaport and Ferris, 1948) or sedation prior to
treatment, and there 1s some evidence that the addition of
sodium to depleted patients or those with Addison’s disease
raises the basal and not the supplemental or neurogenic pressure
(Rosenheim, 1951). Sodium and the adrenal cortical hormones
are humoral agents that may play an important role in certain
phases of hypertension in man and Perera and Blood (1947)
have shown that patients with uncomplicated essential hyper-
tension react differently to normal man on sudden sodium with-
drawal. They do not lose so much weight, apparently holding
more tightly to their sodium. Dr. A. G. Spencer working in the
Medical Unit at University College Hospital has shown that the
hypertensive response to sodium depletion can be mimicked in
the normal by the administration of deoxycortone Thomas
{1951) has claimed to have found a similar reaction to sodium
deprivation in the prehypertensive phase, but this awaits con-
firmation

I have so far avoided reference to the possible renal origmn of
hypertension and the vast amount of work that has been done
on experimental hypertension since Goldblatt’s ongmal papers.
The remnfangiotonin story 1s fascinating, and renal 1ischaemia
m amimals produces a raised blood pressure that 1n many ways
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the hypertension due to released adrenaline or noradrenaline.
Given by slow intravenous drip, it produces minimal changes in
normal blood pressure, though orthestatic hypertension occurs
(Hecht and Anderson, 1947}, In patients with severe hyper-
tension, a marked fall in blood pressure results (Wunsch,
‘Warnke and Myers, 1950). The toxic effects of this drug prevent
its more widespread use.

Benzodioxane has also been widely used as a test for the pre-
sence of a phacochromocytoma, though its value for this pur-
pose has recently been doubted. In the typical case, the intra-
venous infusion of benzodioxane leads to afall of blood pressure,
the drug counteracting the direct vasoconstrictor action of circu-
lating adrenaline or noradrenaline. In essential hypertension,
however, no such fall is produced and, in many cases, a some-
what alarming sharp rise of blood pressure occurs, Nickerson
{1951} tudes that b di blacks responses to circu-
Iating adrenaline much more readily than those due to sympa-
thetic nerve activity and it has been suggested that the pressor
action of the drug is due to central stimulation or to an increase
in cardiac output, The fact that these two drugs are used to dis-
tinguish the hypertension of a phacochromocytoma from that of
essential hypertension does suggest that circulating adrenal
medullary hormones play little or no part in essential hypes-
tension, It may be noted that none of the specific adrenergic
blocking agents inhibits the vascular response to angiotonia
{Nickerson, 1951). ;

The adrenal cortex 1s also closely associated with hypertension,
and the relation between the various adrenal cortical hormones,
sodium and hypertension 1s gradually being unravelled. It has
long been known that expenmental hypertension cannot existint
the absence of adrenals, and that deoxycortone will raise the
lowered blood pressure of a patient with Addison’s disease. The
hypertensive patient 1s especiaily sensitive to deoxycortone and
has a larger hypertensive response than a normal person. It has
beenr shown that this response 13 not due to an increase in blqad
volume (Perera and Blood, 1947), nor to an increased cardiac
output {Goldman and Schroeder, 1948) and 15, presumably, the
result of direct acnion on the arterioles. Raab and his colieagues
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depend on increased arteriolar tone, it is not surprising to find
many similarities between them, but these similarities do not
necessarily imply similar underlying mechanisms.

1 have hete tried to marshal some of the better established
facts concerning hypertension in man and its lability. It is clear
that the problem is being approached along many and divers
lines and that some of these lines are converging. There are
many contributory factors in any single case of hypertension,
and while each single factor can perhaps be best studied by
animal experiment, the problem of hypertension as a whole
must be tackled, and ultimately solved, by study in man.
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mimics the picture of essential and chronic renal hypertension
in man, Yet its relevance to human essential hypertension is still
non-proven. Angiotonin, injected intravenously, produces a
marked increase in peripheral resistance due to increased arteri-
olar tone. The resultant hypertension is unaffected by T.E.A.
or adrenergic blocking agents—a clear example of humoral
hypertension. After a period of great enthusiasm, the pendulum
has swung and the renin mechanism is no longer regarded as
playing a vital part in man except in certain rare cases.

The other renal humoral mechanism that has excited interest
recently is the exciting hanism (V.E.M.) des-
cribed by Shorr and Zweifach (Shorr, Zseifach, Furchgott and
Baez, 1947). They reported that an extract of anoxic kidney
would sensitize the smallest arterioles of the mesentery to the
direct topical action of adrenaline. The anoxic liver is said to
produce another substance V.D.M. (vasodepressar mechanism),
which has been identified as ferritin and which inhibits the
effect of V.E.M. The interplay of these two substances has been
e e o

Lo o bemfan A mala tha relsyance

The concept, however, is of great interest—that a humoral
mechanism might render the arterioles more sensitive to adrena-
fine or, presumably, to sympathetic neurogenic impulses. We
have already seen that deoxycortone has been shown to have a
similar action, and Lee and Holze (1951) have recently demon-
strated heightened sensitivity of the arterjoles of the conjunctiva
in hypertensives to topically applied adrenaline.

One undoubted fact about essential hypertension is that it jsa
hereditary disease—but just what is inherited? On the one hand
it might be a hypersensitive vasomotor centre, a centre that
responded more vigorously than normal to visceral, psychic and
external stimuli; on the other hand, the primary fault might Jie
in the arteriolar bed which might respond more readily or
vig ly to normal 1 pul Smitk (1949} has
emphasized the many factors that appear to play a part in
determining the incidence of essential hypertension. Since both
essential and chronic renal hypertension, in the final issue,
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itlumination; the abscissae are the wavelengths of light with
blue on the left and red on the right and the ordinates are the
relative sensitivity of the eye, Curve (2) shows the sensitivity of
T T T 17N T [ T T T
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Fio 1, (After Wright, 1946.) The spectral sensitivity of the dark-adapted
(a) and hgh!-adzplcd (b) eye. Each curve is plotted as a percentage of its
‘own maximum,
the dark-adapted or scotopic eye and curve (b} that of the light-
adapted or photopic eye. The point of maximum sensitivity
changes on light adaptation from wavelength 500 my to wave-
lcngth 555 mp and the presence of two separate sensitivity curves
is the best evidence we have for the dual nature of the visual
system.

THE DARK-ADAPTED EYE

Let us consider the dark-adapted or scotopic eye first. The eye
in this condition is being used as a simple detector of light; form
vision is poor; the appreciation of colour is not possible so that
the sensations experienced are merely those of black and white,
and the system appears to be functioning as though 1t had but a
single mechamism. Evidence 1n support of this is derived from
the measurement of the absorption curve of the photosensitive
pigment, visual purple, and the comparison of this curve with
the sensitivity curve in Fig. 1.
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The Physiological Basis of Visual
Sensation

L. C. THOMSON

me an opportunity to discuss the mechanisms in the human

eye. Recently there has been considerable discussion amongst
physiologists as to the number of systems present in the visuat
pathway, and my purpose here is to examine the evidence to se¢
whether a decision on this question is possible.

Anatomically the visual system js divided into a number of
parts. The light at first passes through the dioptric mechanism of
the eye to form images of external objects on the retina, These
images are then recorded by a process which takes place in cells
within the retma called photoreceptors and consists of the
absorption of light by a photosensitive pigment which changes
1ts nature and initiates a nervous discharge in the subsequent
neurones of the retina. This nervous discharge forms the message
which is sent gver the transmission system of nerves to the brain.
Here in the brain the message gives rise to a sensation of light or
colour and can also be used to mitiate motor reactions elsewhere
in the body.

The dual nature of the visual system has been known since the
end of the last century. We possess two Separate receiving
mechanisms intermingled in the eye and optic nerve; one, the
scotopic mechanism wused at low luminance at night and the
other, the photopic system for dayhght vision and the apprecia-

tion of colour.
Fig. 1 shows the relative sensitivity of the eye at two Jevels of

IN choosing the title for this lecture T thought it would give
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that the spectral sensitivity curve of the dark-adapted eye would
be similar in shape to the absorption spectrum of visual purple
over the visible region of the spectrum, because at those wave-
lengths at which absorption is greatest there should clearly be
the greatest sensitivity. Comparisons of this kind have been
made a number of times during the last 100 years and one such
isshown in Fig. 3.

Spectraf Senstivity—percentoge absorbed

wave length-mu

Fic 3 (After Wald, 1938.) A comparison between the spectral sensitivity
of the dark-adapted eye (pomts) and the absorption spectrum of visual purple
(full line and hatched area) The sets of data have been equated at the
maxymum

In this diagram the pomts are the spectral sensitivity curve of
the dark-adapted eye and the hatched area the limits within

.which the absorption spectrum of visual purple lies The agree-
ment between these two sets of data 15 so satisfactory that one
can say that the dark-adapted eye uses a single mechanism and
that that mechanism relies on the single pigment visual purple.
The agreement between these two sets of data can be made even
more perfect by making several minor corrections to the data.

THE LIGHT-ADAPTED EYE
In the hght-adapted eye a more complicated set of mechanisms
is necessary because as well as bemng a recewver of light the eye is
able to dustinguish between colours and also between the shape
of one object and another. Thus the number of mechanisms used
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The absorption spectrum of visual purple which may be ex-
tracted from the retinae of animals with digitonin solutions is
shown in Fig. 2. The full line curve gives the absorption spec-
trum of the unbleached solution and the maximunm in the visible
at 500 mp is due to the light-sensitive portion of the molecule.

“[‘ T - T T ]
204~

]

lar__ - ]

o : ]

i 1

R
T
ot 1

Absorption

Wavelengthemp

Fic 2. (After Wald, 1949.) The absorption spectrum of a visual purple
sotution, Fulf line before exposure to light. Dotted line after exposure tolight

The maximum at 280 mpy is due to the protein portion of the
molecule and does not alter its position on illummation. The
dotted curve shows the absorption of the pigment when it has
been illuminated. i

Suppose now that the sensitivity of the dark-adapted eye is
the result of bleaching the single pig visual purple; one
wauld expect, since light can only be effective if it s absorbed,
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that the spectral sensitivity curve of the dark-adapted eye would
be similar in shape to the absorption spectrum of visual purple
over the visible region of the spectrum, because at those wave-
lengths at which absorption is greatest there should clearly be
the greatest sensitivity. Comparisons of this kind have been
made a number of times during the last 100 years and one such
isshown in Fig. 3.
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F1c. 3. (After Wald, 1938.) A comparison between the spectral sensitivity
of the dark-adapted cyc (ponts) and the absorption spectrum of visual purple
{full hne and hatched area) The sets of data have been equated at the
maximum

In this diagram the points are the spectral sensitwity curve of
the dark-adapted eye and the hatched area the hmts within
.which the absorption spectrum of visual purple lies. The agree-
ment between these two sets of data is so satisfactory that one
can say that the dark-adapted eye uses a single mechanism and
that that mechanism relies on the single pigment visual purple.
The agreement between these two sets of data can be made even
more perfect by making several minor corrections to the data.

THE LIGHT-ADAPTED EYE
In the hight-adapted eye 2 more ¢ 1 set of
is necessary because as well as being a recewver of light the eye is
able to distinguish between colours and also between the shape
of one object and another. Thus the number of mechanisms used
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must be more than one, since in all tasks requiring discrimina-
tion, one mechanism must behave in one way whilst others be-
have differently. If there are several mechanisms active no
simple carrespondence between the spectral sensitivity curve
and the absorption spectrum of photopic pigments can be ex-
pected, but the sensitivity curves of each mechanism individu-
ally might sum to give the averall spectral sensitivity curve of
the eye as given in Fig. 1 at (b}, Since the visual pathway is
inatomically divided into o ber of stages: photochemical,
tr: ission, geniculate bodies and brain, one can look

at the mechanism at vach of these points to see what evidence
there is which might point to an answer to the guestion: ‘How
many mechanisms are active?®

{0} fhstology of the Reting, One might expect that the nowmber
of mechanisms active in the light-adapted eye would be demon-
strable by histological methods; in fact one finds In retinal sec-
tions only two kinds of photoreceptors, sods and cones, The rods
are the photarcceptors for night vision and are assaciated with
visual purple and the cones in man are of one type only. In the
fovea centralis, which is the region of the retine around the
fixation point, and which has high visual acuity, the cones are
the only type of receptors and although celours can be easily
distinguished by the fovea only one type of receptor can be
demonstrated. In the bipolar and ganglion celf layers differen-
tiation into several series of different pathways is nat apparent,
although it s possible that the mop bipolar cell s associated
with the rod pathway only. The reason for the lach of know-
ledge on the number of mechanisms jn the anatomy of the
retna is that the only adequate method of staining is the silver
impregnation method, and this technique dernonstrates the cells
of the retina in a haphazard manner and does not show the way
in which they are connected together. Indeed it is probably
impossible to d these ions histologically since
it is the funcuoning of the synaptic tssue between the cells
which divides the neural pathways mto functionat groups.

(b} The Photockemical System. Apart from visusl purple, which
has already been discussed, visual violet, a pigment similar 1o
visual purple, and having similar funcoons i the dark-adapted
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eyes of freshwater fish, the information on photosensitive photo-
pic pigments is scanty. Wald (1949) has described a photosensi-
tive pigment obtained from bleaching extracts of chicken
retinae with red light which he called iodopsin; this pigment has
an absorption maximum at about 565 my: Dartnall (1g52), by
a new method of differential bleaching, has described a further
pigment with 2 maximum at 467 my. Dartnall’s method is sum-
marized in Fig. 4. He extracted the photosensitive material
from whole tench retinae and exposed the solution to light of
wavelength 610 my. This resulted in a partial bleaching of the
aloitoo o w P PR .

red-sensitive component of tench. They were found to be iden-
tical.

Having fully bleached a portion of the tench extract with
610 my he then proceeded to bleach the extract further with
white light. Dartnall then obtained a further difference spec-
trum representing the photosensitivity of the residual material
{the ‘Red-insensitive’ curve in Fig. 4). The sum of the red-
insensitive and red-sensitive curves gives the open circles in
Fig 4 and these figures show agreement with the closed circles
and full hine marked ‘total’ in Fig 4, which is the difference
spectrum for the whole solution when bleached with white light.
Dartnall thus effected a partition of the total photosensitivity of
the tench extract into a component indistinguishable from visual

violet and a new p having a in the blue
T T - -

authenticated visual pigments; visual purple and visual violet,
which appear to be alternative pigments and associated wath the
rod receptors, and 10dopsin and visual pigment 467. Only two of
these pigments could be utilized by a photopic visual mechan-
ism, and the evid from the photochemical field would seem
to mdicate that two mechanisms are available for colour dis-
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crimination, an inadequate number if other visual data are
considered. This field of research is at the moment exceptionally
active and there is little doubt that this conclusion will soon be
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Fio 4 (After Dartnall, 1952) Thc results of an experiment on a solution
from tench retinae :howmg the of the new ph
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altered. Whether it 15 possible to have three or more photo-
sensitive pigments in a single cye has yet to be discovered and
the results can be awaited with interest.

(¢} The Nervous Ty The most complete work on the
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organization of the nervous mechanism of the eye in relation to
the photopic mechanism has been done by Granit (1947). He
devised a small platinum wire electrode which could be applied
to the surface of the retina through the open bulb and could
pick up the spike action potentials from single ganglion cells. -
These single fibre records could be displayed on the cathode ray
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Fic. 5 (After Gramt, 1947). The spectral sensitivity curves of modulators
obtained by Gramt by electro-physiological methods from a number of
animals .

tube. On stimulating the whole of the retinal surface with light
of various wavelengths Granit was able to obtain sensitivity
curves from the elements which he had picked up. He demon-

Lo P - e e,
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lators’. Some of these curves are shown in Fig. 5. These narrow
curves have been obtamed by a number of different methods; by
direct stmulation, hght adaptation and polarization of the
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retina with a steady current. Their maxima are usually Jocated
in three main retinal regions, orange, green and blue.

There has been considerable discussion as to whether Granit’s
results indicate the presence of three or more mechanisms in the
photopic eye. Some would say that the three retinal regions
correspand to a triple subdivision of the phatopic eye and that
aniraals would have perhaps one modulator from each of three
regions. On the other hand it might be that an animal could have
all the modulator systems found by Grauit, in which case a5
many as eight seem to be possible, so that the information ob-
tained from Granit’s electro-physiological work does not answer
the question, ‘How many mechanisms?” in a simple way.

(d) The Whole Visual Mechanism. Subjective experimentson the
human eye using the whole visual mechanism and the visual
sensations might also be expected to reveal the number of
mechanisms operative in the light-adapted state. Ever since the
days of Helmholtz, who developed an idea originated by Thomas
Young, the results of the colour-matching experiment have
been taken as the basis for determining the mechanisms active
in the light-adapted eye. In this experiment the subject is shown
two adjacent light fields: one illuminated by suitably coloured
light, the other by a mixture of light from three suitably chosen
spectral regions, say a red, green and blue, the wavelengths of
which remain standard throughout the experiment. The obser-
ver is asked to match in colour and brightness the two hatves f:f
the field by varying the amounts of red, green and blue light in
the mixed field. A perfect match can be obtained for the great
majority of colours, and since this is possible by the use of .Illrlt
lights, this is tahen to indicate that there arc three mechanisms
active in the light-adapted eye. Recently the dcvc!upmcm'of
methods of measurement with a restricted visual field (15 min-
utes in diameter) has added some interesting information. If a
colour-matching experiment is performed with a bipastite ﬁclfl
subtending 15 minutes at the eye, the eyc behaves as though it
were partially colour-blind. This partial colour-blindness, hnown
as tritanopia, was rediscovered by Willmer (1944) at the centre
of the central fovea. Under these conditions of observation all
the wavelengths of the spectrum can be matched with mixtures
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of two standard spectral lights, a red and a blue, and thus vision
under these conditions is said to be dichromatic. Classically this
state of affairs would indicate that two visual mechanisms are
operative in the light-adapted central fovea.

‘When the spectral sensitivity of the foveal centre is measured
with a sumlar small field, a series of mnflections is found in the
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curve, two of which have been known for some time. In Fig. &
the logarithm of the spectral sensitivity is given on the ordinate
and the points refer to three observers with norma colour vision
The full lines indicate mathematically smooth curves with
which the spectral sensitivity points themselves can be com-
pared. Dips in the curve can be seen around wavelengths
Goo'mp, 540 my, 480 mp and 430 mp.

. Since, however, the energy determinations for the light used
in the measurement are made at the cornea, these sensitivity
curves refer to the whole eye and no doubt some correction
should be applied to them to allow for the light which is ab-
sorbed in the eye media themselves. It is possible that the inflec-
tions might disappear if this correction were known, However,
sa far as the information of absorption of light in pre-retinal
media goes, there {5 insufficient irregularity to account for the
shoulders seen in the measurements, If the irregularities are due
to the imperfect fusion of the separate sensitivity curves of the
colour mechanisms, then there would appear to be more than
two of these active.

A further paradox appears when another expersment with the
15-minute field is considered. Fig. 7 shows the results of an ex-
periment in which the ability to measure small differences of

i {brigt ) is d with a 15-minute field, The
ability to discriminate between one luminance placed on the
lower half of the field and another slightly greater one placed on

. Ry o LUV ITN

Alaring

sents a different overall brightness at which the measurements
. e R A T

instrument The curves have been artificially displaced, one
above the other, to enable their detail to be scen. At high bright-
ness the wavelength of the light makes little difference to the
ability to distinguish between closely related intensitics, but at
low brighiness the ability to distinguish lumi diffe

is best at wavelengths 460 my, 520 my and Goo my. These wave-
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lengths correspond to those at which Granit has found the maxi-
mum sensitivity of colour modulators, and it would seem that
the luminance discrimination is here the result of three separate
mechanisms. This would be in direct conflict with the evidence
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from the colour-matching experiments which indicate that with
a field of 15 mnutes in extent two mechanisms are at work. Con-
tradictions of this kind as to number of mechanisms active in the
light-adapted eye are 2 commonplace.

THE TRICHROMACY OF VISION
Even though there are a number of contradictions in the evi-
dence of visual theory, the results of the colour-matching experi-
ment mentioned earher are outstanding in their importance.
The fact that one can match all colours by manipulations in-
volving only three standard lights shows that the visual path-
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curve, two of which have been known for some time. In Fig. 6
the logarithm of the spectral sensitivity is given on the ordinate
and the points refer to three observers with normal colour vision,
The full lines indicate mathematically smooth curves with
which the spectral sensitivity points themselves can be com-
pared. Dips in the curve can be seen around wavelengths
600 my, 540 my, 480 my and 430 mg.

Since, however, the energy determinations for the light used
in the measurement are made at the cornea, these sensitivity
curves refer to the whole eye and no doubt some correction
should be applied to them to allow for the light which is ab-
sorbed in the eye media themselves. It is possible that the inflec-
tions might disappear if this correction were known. However,
so far as the information of absorption of light in pre-retinal
media goes, there 15 msufficient irregularity to account for the
shoulders seen in the measurements, If the irregularities are due
to the imperfect fusion of the separate sensitivity curves of the
colour mechanisms, then there would appear to be more than
two of these active.

A further paradox appears when another experiment with the
15-munute field is considered. Fig. 7 shows the results of an ex-
periment in which the ability to measure small differences of
luminance (brightness) is measured with a 15-minute field. The
ability to discriminate between one luminance placed on the
Iower half of the field and another slightly greater one placed on

—Alnnting

sents a different overall brightness at which the measurements
were made; for the upper curve the field as a whole was only just
distinguishable from darkness itself, and in the lower curves the
overall brightness was as great as could be obtained with the
instrument. The curves have been artificially displaced, one¢
above the other, to enable their detail to be seen. At high bright-
ness the wavelength of the light makes little difference to the
ability to distinguish between closely related intensities, but at
low brightness the abulity to distinguish luminance differences
is best at wavelengths 460 mg, 520 my and 600 my. These wave-
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way is somewhere or another limited to three components.
Those who feel that vision can be explained best by postulating
more than three mechanisms in the visual pathway have often
disregarded, or failed to understand, the significance of the
colour-matching information. The experiment tells us that the
colour-matching procedure has only three independent vari-
ables, and it is thus certain that for this test the eye operates
with only three mechanisms, The point is not easily understood
because it is mathematical in nature. The restriction to three
mechanisms is similar to the restrictions which a body has when
it moves about in space. The body can move sideways, back-
wards and forwards or up and down, and any complicated
movement can be resolved into differing amounts of these three.
Thus the independent movements which the body can perform
in space are restricted to three. The independent procedures in
the colour-matching experiment are restricted to three, and this
tells us for certain that the mechanisms somewhere in the visual
pathway are limited to three.

Unfortunately, three mechanisms, which pass right through
the visual system from the photoreceptors to the brain and
remain discrete and independent throughout, cannot explain
a large number of experimental facts, and we are forced to the
conclusion that the only theories of vision which will turn out to
be satisfactory are those which admit that there is a restriction
to three mechanisms somewhere in the visual pathway, and that
elsewhere the systems may be three or more. Theories of this
kind are known as zone theories and it is undoubtedly in this
direction that progress will in future be made.
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investigation of the tissue changes which are induced by the
injection of turpentine sub ly. Both d the

y.
early exudation of fluid from blood vessels in the affected region

TABLE 2. Early Inflammatory Reactions in Subcutaneous Tissue of Rats
after Injection of Turpentine
(Compiled from Ernst, 1926)

5 minutes Blood vessels slightly dilated, leucocytes ncreased within
blood vessels
15, Blood vessels dilated, endothelial lining cells swollen,

leucocytes definitely increased within vessels, oedema
around vessels,

0, b 1 fon of L

A
1 hour of
2 hours MuLn exudalion of LA, LLTIM 1orming, marked migra-

tion of leucocytes.

followed later by the migration of leucocytes from these vessels.
A third feature must be added, swelling of the endothehal cells
which line the blood vessels, which is remarkably constant.

METHODS OF INVESTIGATION

These fundamental observations have come from a long line of
studies which have resulted from classical methods of investiga-
tion which, I need scarcely remind you, depend upon the pro-
duction of changes 1n living animals and the sacrificing of these
animals at given ntervals for the microscopical study in fixed
preparations of what was happening at the time of death Such
a static method has serious limitations which need not be
entered into here. It is therefore all the more satisfactory that
direct observations on iving animals have brought out the same
features attributable to myury which we had learnt from static
investigations. Of these methods, I need only mention three.

The first may be dismissed 1n 2 few words though 1ts contri-
butions to our subject have been great. The 1dea of examning
transparent living tissues by means of a microscope seems to
have accurred first to Albrecht von Haller and Spallanzant
towards the end of the eighteenth century though Malpighi had
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E know quite well the microscopical picture of an

g ; i / abscess, a diphtheritic membrane or the early stages
of a lobar pneumonia and are aware that each of these
conditions shares two histological departures from the normal:
(1) the presence of an unusually large number of leucocytes
within the affected tissue, and (2) the presence of an exudate of
plasma or modificd plasma. So constant are these findings that
we make usc of their occurrence in a tissue in determining the
presence of harmful agents, even when we know for sure that it
is impossible to demonstrate such agents in the affected region.
Experience, too, has taught us that a time-table may be con-
structed in which the leucocytes and fluid can be arranged in
order of their appearance on the scene of damage; in other
words, the time sequence of the phenomena of inflammation can
be established with accuracy. Two such time-tables are illus-
trated here. The first one is based on the carefial study by
Carscadden (1927) of what happens when the liver is incised
aseptically, the second table is compiled from Ermnst’s (1926)

TABLE 1 Early Inflammatory Reactions 1n the Liver of Rabbits,
after Ascptic Incisions
{Compaled from Carscadden, 1927)

' Liver cells injured, exudation of plasma, fibrin forming.
! Marmnation and stass n blood vessels. Much fibnn
i Dilated vessels

1 hour t Much leucocytic Luver cells di

2 houns Masses of feucocytes m nyured tissuc

3, ! Much exudate and fibrin, clumps of leucocytcs

3 minutes
30




TISSUE RESPONSES TO INJURY 133

to leave the capillaries of an inflamed area within a few min-
utes of injury, and goes on exuding for a long time, some-
times for days or weeks on end. Studies with large molecular
dyes which 4ttach themselves to plasma proteins suggest that the
permeability of these capillaries is rapidly increased in the
neighbourhood of an injury and that this permeabulity alteration
persists even when the flow of blood through vessels is slowed
down or ceases. There is no denying that hydrostatic factors may
influence the exudation of fluid but they are not the major
factors. So, too, the migration of leucocytes from vessels is not
merely a mechanical process as some writers would have us
believe though it may be modified by such factors. Direct obser-
vation shows quite plamly that leucocytes can move in a fluid
medium independently of the rules of flow of the fluid, proceed-
ing by a minimal exercise of energy mn a directed or polarized
fashion towards the site of tissue damage. Opinions have been
expressed from time to time about the meaning of these pheno-
mena. Exudation of fluid has been suggested as a means of
flushing the affected site of injurious agencies and products,
of bringing to bear upon bacteria antibodies of all kinds and of
leading to the temporary blockade of the region by the forma-
tion of a sohd phase, fibrin, as the result of coagulation of one of
the components of the exuded fluid. Thus lymphatics may be
blocked up with this fibrin mass so that lymph flow stops and
one of the exits from the inflamed region thus may be closed.
All such developments have been held by first one and another
worker to be of advantage to the organism because of the sealing
off of the danger spot 1n some such fashion.

MIGRATION OF LEUCOCYTES
Even greater flights of imagination have been associated with
the migration of leucocytes. Through the life work of the great
Russian biologist, Metchnikoff, we have been convinced of the
universal occurrence of phagocy tosis in living things. I need only
recall the behaviour of umcellular organisms in therr biind
search for food, the apparently purposive response of the lowly
slime moulds to things which harm them, the setting aside of
motile cells in the coclomic spaces of coel which hurry
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long before used the method in his wonderful demonstration of
capillaries. A series of studies on the frog's mesentery or web
carried out in Great Britain by John Thomson of Edinburgh
(1813), Charles Hastings (1820), William Addison (1843),
‘Thomas Wharton Jones (1850) and Lord Lister (1858), foflowed
by the more penctrating investigations of Julius Cohnheim
(1867) in Germany, taught us to expect vascular phenomena,
exudation of Buid and migration of leucocytes from vessels in
the vicinity of cell injury, and from these observations came the
explanation of the time-honoured naked eye signs of inflam-
mation.

In recent years, it has become possible ta watch what goes on
in mammalian tissues, e.g. the rabbit’s ear, by means of the
i ious Clark-Sandi hamber, My assi Dr. A, D.

8
Bangham, has modified this chamber by the insertion of an
electrical filament so that standard busns may be produced in
the tissues under observation at will and the effects of the bumn
then followed as long as one wishes in unanaesthetized Tabbits,
T ot : ‘2T smesde—sfilagequence
' . that pre-
R e , <t Oxford,
present an unforgettable permanent record of reactions to
injury.

The third method, introduced by Speidel in America, allows
of the ¢ gtaphy of infl ion in the I t tail
of a tadpole for weeks or months on end. I must refer the reader
1o the original papers of these worhers for details and conclude
this secuan by stating that all such studies have given ample
confirmation of the ohservations and conclusions made by the
early investigators. Thus there is overwhelming proof of the
phenomena of inflammation and there is no gainsaymg the time-
tables which have been compiled by many workers. The first
steps in the analysis of tissue response to injury were taken in this
fashion.

EXUDATION Of FLUID
But analysis leads to further analysis and it is not surprising that
exudation of fluid and migration have in turn posed many ques-
tions. A great deal of careful work has shown that fluid begins
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to leave the capillaries of an inflamed area within a few min-
utes of injury, and goes on exuding for a long time, some-
times for days or weeks on end. Studies with large molecular
dyes which attach themselves to plasma proteins suggest that the
permeability of these capillaries is rapidly increased in the
neighbourhood of an injuryand that this permeability alteration
persists even when the flow of blood through vessels is slowed
down or ceases. There is no denying that hydrostatic factors may
influence the exudation of fluid but they are not the major
factors. So, too, the migration of leucocytes from vessels is not
merely a mechanical process as some writers would have us
believe though it may be modufied by such factors. Direct obser-
vation shows quite plainly that leucocytes can move in a fluid
medium independently of the rules of flow of the fluid, proceed-
ing by a minimal exercise of energy in a directed or polarized
fashion towards the site of tissue damage. Opinions have been
expressed from time to time about the meaning of these pheno-
mena Exudation of fluid has been suggested as a means of
flushing the affected site of injurious agencies and products,
of bringing to bear upon bacteria antibodies of all kinds and of
leading to the temporary blockade of the region by the forma-
tion of a sold phase, fibrin, as the result of coagulahon of one of
the components of the exuded flwd. Thus lymphatics may be
blocked up with this fibrn mass so that lymph flow stops and
one of the exits from the inflamed region thus may be closed.
All such developments have been held by first one and another
worker to be of advantage to the organism because of the seahng
off of the danger spot 1n some such fashion.

MIGRATION OF LEUCOCYTES
Even greater flights of i ion have been d with
the migration of leucocytes. Through the life work of the great
Russian biologist, Metchnikoff, we have been convinced of the
universal occurrence of phagocytosis m hiving things. I need only
recall the behavi of unicellular organi m thewr bhnd
search for food, the apparently purposive response of the lowly
slime moulds to things which harm them, the setting aside of
motile cells in the coelomic spaces of coelenterates which hurry
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to the site of activity of injurious agents, to illustrate how early
on in the evolutionary order this phenomenon appears. But we
should not forget that phagocytosis is not the only means of
protection which these creatures possess. Let me illustrate my
warning by referring to injury response in earthworms and
caterpillars.

If foreign material such as a suspension of India ink er a
bacterial culture be injected with care into the coclomic cavity
of a segment of earthworm several responses are evoked almost
atonce. A certain amount of the suspension is squirted out of the
coelom by way of the dorsal pore of the segment and is lost.
Some is passed on to the distal segment through the paired
openings which jom the segments until it reaches the tail seg-
ment. There it accumulates as clumps which become surrounded
by phagocytes until of macroscopical size, the so-called ‘brown
bodies’. Eventually it is got rid of by the device of autotomy, the
process of snapping off terminal segments and their replacement
by new formation of segments. A little Is also expelled through
the paired nephridia of each segment. Finally, quite an amount
seems to precipitate and clump within the cavity of the injected

cmmmaet almad sn thon cesbnm = oall aF sha cammant in cantact with

and sets free hordes of coelomic phagocytes and torms large
plates of these cells in close relationship to the clumped ink or
bacteria. Within a short period of time much of the foreign
matenal is taken up and enclosed in a dense mass of phagocytes.
We have here a process analogous to the formation of an abscess
or a tubercle (Cameron, e M e
sists for a long time, b

wandering away of phz,

material.

Response to njected material, whether inert or living, is like-
wise a comphicated affair in insect larvae. That pest of beehives,
the wax moth caterpillar (Galleria mellonells), is well suited for
such studies (Metalnikov, 1927; Cameron, 1g934). Let me
remind the reader, first, of its stmple anatomy. In the fully-
grown state it may be nearly 2 cm in length and 0 5cm broad,
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and it possesses a thin chitinous wall through which can be
inserted a glass capillary tube without much difficulty. In this
way agueous suspensions of bacteria, dyes, particulates or cells
can be injected in amounts which will not harm the caterpillar.
Such a suspension is rapidly dispersed through the two main
compartments because of the constant circulation of the coelo-
mic fluid maintained by the simple contraction of the rather
primitive heart. This structure lies within the posterior coelomic
compartment suspended upon a broad fenestrated membrane
called the pericardium. Coelomic fluid has to pass through the
tiny openings of the pericardium on 1ts way to and from the
heart and in so doing it glides along the surface of large phago-
cytic pericardial cells. These may be considered as a primitive
reticulo-endothelial system for they clear the coelomic fluid of
much that is abnormal in its physical compoution. Injected
carmine particles or bacteria are stored in great numbers in the
pericardial cells and they may persist here for the remander of
the caterpillar’s life, even surviving the vicissitudes of insect meta-
morphosis. I have demonstrated, for instance, living tubercle
bacilli in the pericardial cells right through the pupal stage to
the emergence of the moth after such bacilli are injected mto the
coelom of the larva. The coelomic fluid also contains many
phagocytic cells which can take up particles at a great rate. The
Malpighian tubules, which are primitive kidneys, also play a
part in defence by excreting foreign material and finally an
encapsulation process, like that I have described in the earth-
worm, accounts for much of the introduced material These
studies again show that phagocytosis is one of several mechan-
isms invented by the living orgamsm in reply to injury. Phago-
cytosis varies greatly in its efficiency in these simple forms and
one gains the impression that 1t is a sluggish business which 15
not especially effective.

I need not multiply my examples of this type of response and
the deductions which have come from them, inspired by the
enthusiasm of Metchnikoff, but I must insist that 1t is only too
easy to read mnto the fascinating phenomenon of phagocytosis a
great deal more than is justfied. In man there 1s no doubt what-
soever that 1t 1s a common, everyday process which may be of
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great value in dealing with relatively small numbers of bacteria
and foreign material, but one must still doubt its efficiency in
the presence of a virulent micro-organism, a heavy sowing of
germs, or a particularly severe or extensive destruction of tissue.

From all such researches and discussions have come several
general rules and simplifications which may be stated as follows:

(1) Agents which kill tissues produce inflammation,

(2) Agents which induce inflammation can produce damage
or death of tissue cells.

(3) A great variety of agents produce the same phenomena of
inflammation and the only factor common to all of them is that
of injuring cells or cellular products.

(4) Inflammation goes on independently of any controlling
action of the central nervous system afthough it may be modi-
fied by nervous factors.

(5) Diffusible sub: can be d ated in extracts of
dead tissue or in the products of inflamed tissue, which lead to
the phenomena of inflammation when they are introduced into
healthy living tissues 1n very small amounts.

DIFFUSIBLE SUBSTANCES

It is now a matter of history how Lewis and his school bu'\l} up
the argument, from ingenious researches on man, that a hista-
mine-like substance or substances can account for the cxudaficn
of fluid and the vascular pl of acute infl 1
They obtained highly suggestive evidence that H substance 15
liberated from damaged cells 1n amounts sufficient to evoke the
vascular responses of inflammation, The Lewis school also
showed that histamine was not responsible for the migration of
leucocytes (Grant and Jones, 1929) so that search for some other
factor became necessary.

During 1936, Menkin (¢ y, 1940} d d that
cell-frice inflammatory exudate from a number of sources
possesses the property of increasing capillary permeability and
of inducing polymorphony ' 1 - 7 winestTen T i
blood vessels in the rabbi
blood albumin has stmidar |
and Cullumbine and Rydon {1946) extended the latter observas
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tions to several enzymes and proteins and made partially suc-
cessful efforts to purify the active principle. They concluded,
Iike Menkin, that this was a polypeptide and accepted his name
‘leucotaxine’. None of these workers gave any evidence as to
whether these biological properties were confined to one com-
pound or, as seemed more likely, were shared by many.

Recently my colleague Dr. W. G. Spector (1951) has re-
investigated the properties of certain enzymic digests of protein
which reproduce the crucial features of acute inflammation and
has shown that the active principle of all such digests is the pep-
tide fraction. Working with a peptic digest of fibrin, Spector
found that the properties of increasing capillary permeability,
causing vascular endothelium to swell and mducing leucocytic
migration from the blood vessels, are shared by peptides with an
average chain length of 8-14 amino-acid residues. From the
same digest a fraction was obtained, with an average peptide
chain of 5 amino-acids, which could mmduce polymorph emigra-
tion and endothelial swelling but had no action on vessel per-
meabulity, A pure crystalline peptide, pancreatic trypsin mhibi-
tor, with an estimated molecular weight of 6000, was shown to
possess all three of the biological properties. Spector concludes
that such properties are possessed not by one but by many pep-
tides within certain homts of molecular size and that the bio-
logical action may vary with the length of the peptide chain. He
has succeeded in demonstrating in an inflammatory exudate
obtamed from a goat that the active principle of all three pro-
perties displayed by the exudate 15 the peptide fraction. With
Pproper caution Spector maintains that higher peptides are con-
cerned i producing some of the changes of acute inflammation,
especially the perpetuation of leucocytic mugration, but he
rightly pownts out that increased capillary permeability and the
consequent exudation of flid which set in very rapidly after
injury are quite likely the direct result of the trauma or infection.
Here liberation of histamine may be the responsible mechamsm
or a physical alteration in the protoplasm of damaged cells may
suffice,

We know very httle, too, about the factors which are respon-
sible for the liberation of histamine and peptides from injured
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cells or their products, Several pointers to a profitable field of
investigation come to mind.

(1) It is well known that certain bacteria of the Clostridium
group, e.g. Cl. welchii type A, produce powerful lecithinases
(«-toxin) and collagenases capable of hydrolysing compounds
which are essential constituents of all cell membranes. Thus they
may lead to disruption of muscle cells and destruction of reti-
culum and collagen fibres {see the excellent review of Payling
Wright, 1950).

(2) Some bacterial toxins, as well as snake and bee venoms,
bberate histamine from organs perfused with them (Feldberg
and Kellaway, 1937, 1938). This effect is due in some cases toa
lecithin-destroying agent, lysocithin.

(3) Rocha e Silva (1940) has shown that trypsin can bring
about histamine liberation iz vivo and this suggests that perhaps
the activation of proteolytic cell enzymes may in similar fashion
set free H substances,

(4) Beloff and Peters (1945, 1946) have identified proteases in
burned skin which act on proteins to produce active peptides
(Cullumbine ¢t af., 1947).

(5) The recent studies of Feldberg and Paton (1951) on hista-
mine liberators suggest that histamine may be set free from cells
in certain parts of the body without any gross structural distur-
bance of the cell, This discovery will be followed with great
interest by pathologists who have been puzzled from time to
time by the progress of an inflammatory reaction in the apparent
absence of tissue injury.

From these somewhat disconnected facts has been concocted
a story something like the following. Injury of various types so
acts upon ussue cells or their products that histamine, peptides
and perhaps other diffustble compounds are rapidly set free and
diffuse into the tissue spaces. These modify the permeability of
the adjacent capillaries and small vessels and dilate arterioles
whereby blood flow is at first accelerated and then slowed,
plasma exudes from the capillaries and somewhat later IcUC?-
cytes migrate towards the site of injury The exudation cf'ﬂ}ﬂd
dilutes the injurious agent and the products of its activity,
washes away these harmful substances, leads to the production
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of a fibrinous gel which fills up many of the tissue crevasses and
lymphatics and so prevents the dispersion of harmful material,
and brings into play immunity bodies which may have been
developed against agents such as bacteria. Migration of cells is
also a protective affair since it results in the mobilization of large
numbers of phagocytes at the spot where they are most needed.

IS INFLAMMATION BENEFICIAL?
But is this story true? What reasons have we for regarding in-
flammation as a purposive phenomenon? Not very many which
are convincing, I fear. Let me consider some of these in turn,
together with their counter-arguments.

(1) Exudation of fluid is said to dilute harmful material,
especially when there is ample space for dilution or provided
means exist for the removal of the diluting fluid. But the exudate
may sweep away the Injurious material to 2 wider field of
activity. This surely is highly undesirable m the case of virulent
bacteria, even though further protective devices, such as the
clearing hani of the reticulo-endothelial system, have
been invented by the organism.

{2) Tt is said that the formation of fibrin by clotting of the
exudate 15 of benefit through the blockade of pathways leading
from the inflamed area. Fibrin, however, is a good culture
medium for many bacteria and may favour their growth locally.
Many observers, too, have not been impressed by morpho-
logical evidence of the blockade phenomenon. In any case 1t is
slow in developing and often is delayed until too late to hold up
the spread of bacteria.

(3) Much emphasis has been placed upon the presence of
fibrin thrombi within lymphatics of an inflamed area, Such
thrombi are said to occlude lymphatics and suppress the flow of
lymph from the area But direct measurements of lymph fow
{rom a severely mjured region have shown that there 1s increased
lymph flow for quite a long time (Dninker and Field, 1933;
Cameron ef al., 1947), so that this suggestion has no sound
foundation.

(4) Fibrm is claimed to favour the activity of phagocytes
through acting as a bridge along which phagocytes may move
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towards their prey. There is some evidence for this view, but the
mechanism applies to the later stages only, for fibrin is formed
slowly..At tl.lc very moment when protection against the spread
of the injurious agent is most needed, this particular device is
not available.

(5) An ingenious suggestion attributes to the protein of the
cxudate the power of precipitating bacteria and other harmful
matter just as salt and dyes are precipitated in the presence of
p'rotcin. May not this also favour localization of bacteria at the
site of activity or concentration there of toxic substances?

(6) A serlous criticism of the theory is that no convincing
quantitative proof exists of the value of phagocytosis in living
tissue, especially against farge numbers of bacteria, or against
virulent strains of bacteria.

(7) Much striking experimental evidence has been collected
which shows that during the early phase of inflammation the
affected tissue is no more resistant to the absorption of bacteria
than normal tissue. The time required for an effective amount of
inflammation to develop about invasive bacteria is much longer
than the time required for bacteria to spread from the site at
which they lodge (Issaeff, 1894; Cobbett and Melsome, 1898;
Wadsworth, 1904; Rivers and Tillett, 1925; Opie, 1929, 1930;
Cannon and Pacheco, 1930; Angevine, 1934, 1936; Rich, 1936;
Lurie, 1936; Cannon and Hartley, 1938).

Only when the exudate contains specific antibodtes against the invaders
do we find convincing evidence for the view that inflammation is profectice
in funetion, I would therefore suggest thatinflammation is of value
when it leads to the rapid accumulation of antibodies at a spot
where they are urgently needed; under other circumstances it
may be a nuisance or cven a menace. It is a kind of evolutionary
gloss, a blundering, clumsy affair which can add to the burden
of the already over-taxed organism but which may turn out to
be an advantage if the organism has already learnt the trick of
providing the most successful of all safeguards, immune bodies.

Nearly 150 years ago, the great French experimental physi-
ologist Magendie, then a young man of twenty-six, wrate his
first important scaientfic paper. In it he pomted out that it was
the marh of 2 perfected science to have a small number of prin-
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ciples under which a large number of facts might be readily
grouped. In that respect the physical sciences—chemistry,
physics and astronomy—and above all the queen of sciences,
mathematics, are models of what science ought to be. How
often must the thoughtful student of disease have asked himselfl
whether pathology is such a science? Can many of the facts,
accumulated 5o patiently over the years, be grouped together
under a few principles? Are we in p of principles which
allow of the ncat, concise summary of those features which we
hold to be significant and from which we may venture into the
field of deduction and speculation? The purpose of this lecture
has been to show that 1n one field of pathology we may claim
modest success in this aim, even though the pattern is still
indistinct in many of its details.
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IX

Studies of Normal and Pathological
Physiology of the Kidney

D. D. VAN SLYKE

T is a peculiar honor for the representative of a distant
Ilaboratory to be invited to discuss renal physiology in the

land of Bowman, Bright, Cushny, Starling, and the suc-
cessors who carry on their great tradition. The data that I shall
present are in part the yield of some years of experimental and
clinical observation by a group of investigators at the Hospital
of the Rockefeller Institute. But the work cannot be offered
without outlining the classic studies that provided its founda-
tion, and including results of contemporary colleagues whose ex-
plorations either inspired our embarking on new ventures, or
carried on where our navigation reached its limit.

THE FILTRATION-REABSORPTION PICTURE
Since the appearance of Cushny’s The Secretion of Unine in 1917,
the ‘filtration-reabsorption’ theory has provided the working
hypothesis for a large part of the research done on the physiology
of the kidney, and has formed a picture into which an otherwise
disconnected mass of facts could be fitted in logical order Wath-
out such a picture it would be difficult to integrate the results
that I shall try to review. I therefore pause to sketch its outlines
as it stands today, with some of the added background and
nuances that have grown into the picture since 1t was first drawn
by Cushny’s master hand

About 20 per cent of our bodies consssts of extracellular fluid
which surrounds and bathes the cells. This fluid is of extra-
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ordinarily constant composition with regard to its concentration
of crystalloid solutes. The organ by which this constant com-
position is chiefly maintained is the kidney. It maintains not
only the composition, but also, by regulating the water output,
the volume,

According to the filtration-reabsorption theory, as the blood
courses through the glomeruli, at a rate in adult man of about a
liter per minute, part of the plasma water (about one-fifth, as
will be shown later) with its dissolved crystalloid solutes is fil-
tered out and passes down the tubules. In the tubules there
occurs a reabsorption of enough water to maintain the extra-
cellular fluids at their normal volume, and enough of the various
crystalloids to maintain their individual concentrations in the
extracellular fluid constant within extraordinarily narrow fimits.

The intelligence with which the tubular cells discriminate
between the different constituents of the glomerular filtrate and
decide which to reject and which to reabsorb is almost unbeliev-
able. The tubules divide the constituents of the glomerular fil-
trate mnto three classes. First, those that the organism nceds to
retain as completely as possible, such as glucose and amino-
acids, which are reabsorbed almost completely. Second, those
canstituents of the glomerular filtrate which must be reabsorbed
in varying amounts to retain exactly enough to preserve the con-
stant volume and electrolyte content of the extravascular body
fluid. Such are the water and the electrolytes. Third, those meta-
bolites for which the organism has no further use, such as urea,
uric acid, and creatinine, which arc rejected and excreted.

The cells of the tubular epithelium act like small force pumps;
they pump water from the glomerular filtrate back inte the
blood against a head of osmotic pressure which becomes in-
creasingly great as the filtrate goes down the tubule and be-
comes more concentrated. At the same time they selectively
reabsorb or reject the difT dissolved sub es in the filtrate,
according to whether the body requires these substances to
maintain the composition and volume of the extravascular body
of fluid. This selective pumping process is carried on until the
urine is concentrated to an osmotic pressure which is usually
many times greater than that of the blood plasma, For this
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Fic. 1. Diagram of nephron. From Homer Smuth (1951).

process against a head of osmotic pressure energy 1s required, as
1t is required to pump water uphill against a head of gravity.
This energy 1s provided by the combustion of organic substances
in the tubular epithehum. In fact, the rate of oxygen consump-

tion of the hidney shows that 1t produces more than 100 times
L
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ordinarily constant composition with regard to its concentration
of crystalloid solutes. The organ by which this constant com-
position is chiefly maintained is the kidney. It maintains not
only the composition, but also, by regulating the water output,
the volume.

According to the filtration-reabsorption theory, as the blood
courses through the glomeruli, at a rate in adult man of about a
liter per minute, part of the plasma water (about one-fifth, as
will be shown later) with its dissolved crystalloid solutes is fil-
tered out and passes down the tubules. In the tubules there
occurs a reabsorption of enough water to maintain the extra-
celtular fluids at their normal volume, and enough of the various
crystalloids to maintain their individual concentrations in the
extracellular fluid constant within extraordinarily narrow limits.

The intetligence with which the tubular cells diseriminate
between the different constituents of the glomerular filtrate and
decide which to reject and which to reabsorb is almost unbeliev-
able. The tubules divide the constituents of the glomerular fil-
trate into three classes. First, those that the organism needs to
retain as completely as possible, such as glucose and amino-
acids, which are reabsorbed almost completely. Second, those
constituents of the glomerular filtrate which must be reabsorbed
in varying amounts to retain exactly enough to preserve the con-
stant volume and electrolyte content of the extravascular body
fluid. Such are the water and the electrolytes. Third, those meta-
holites for which the organism has no further use, such as urea,
uric acid, and creatinine, which are rejected and excreted.

The cells of the tubular epithelium act like small force pumps;
they pump water from the glomerular filtrate back into the
blead against a head of asmotic pressure which becomes in-
creasingly great as the filtrate goes down the tubule and be-
comes more concentrated. At the same time they selectively
reabsarbor reject the different dissalved substances in the filtrate,
aceording to whether the body requires these substances to
maintain the composition and volume of the extravascular body
of fluid This selective pumping process is carried on until the
urine is concentrated to an osmotic pressure which is usually
many times greater than that of the blood plasma. For this



STUDIES OF PHYSIOLOGY OF THE KIDNEY 145

RS

PROXIMAL.
TUBULE

B

BTy

THIN SEGMENT ————> e
Fic 1. Diagram of nephron. From Homer Smnh(lg_r,x)

process agamnst a head of osmotic pressure energy is required, as
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‘This energy is provided by the combustion of orgamc substances

m the tubular epithelium In fact, the rate of oxygen consump-

tion of the kidney shows that 1t produces more than 100 times
L



146 D. D. VAN SLYKE

the amount of energy that would be required to concentrate
the urine if the tubular cells were functioning as perfect engines.
The use that is made of the surplus energy is one of the problems
of renal physiology that yet remains to be solved.

‘The renal tubulcs, in order to know to what extent they must
selectively reabsorb the filtrate constituents of the secand group,
to maintain constant volume and composition of the milieu
interieur, must receive messages from other parts of the body.
These messages are at present not completely understood, butat
is known that some of them are in the form of hormones. The
pituitary secretes a hormone that stimulates reabsorption of
water; when this hormone is lacking, diabetes insipidus results,
with a flow of urine that may exceed 20 liters per day and result
in dehydration of the body unless water intake keeps pace with
such an output. Adrenal cortical hormones, at least partly con-
trolled 1n their output by the pituitary, regulate the activity of
the tubules with regard to reabsorption of sodium and potas-
sium; in Addison’s disease the deficit of messages to the tubules
in the form of this hormone or hormones results in uncontrolled
excretion of sodium and resultant sodium deficit in the extra-
cellular fluid, which is responsible for part of the symptoms of
the disease.

The filtration-reabsorption theary that I have sketched may
be considered to have originated with the physiologist, Ludwig,
a century ago. Ludwig (1844), from the structure of the nephron,
proposed the theory that the glomeruli filter water and its dif-
fusible solutes, and that the volume of the filtrate 15 decreased by
reabsorption as the filtrate passes down the tubule. Cushny
(1917), having more complete analyses of blood and urine at his
disposal, added the conception that the reabsorption is not a
simple osmotic diffusion, but a selective process, absorbing
different proportions of different filtrate constituents according
to the needs of the organism In opposition to this conception
was that of Ludwig’s porary, Heidenhain, who beheved
that the glomeruh filter only as much water as appears in the
urine, and that the solid constituents are chiefly added to .thc
filirate by secretion from the tubular epithelum. These nve.ﬂ
conceptions were reviewed by A. N. Richards (1938} in his
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Croonian Lecture before the Royal College of Physicians. At the
present day it may be said that observed facts support Cushny
in so far as the excretion of water and the usual solutes of the
urine is concerned, but that the tubules, besides their regularly
exerted ability to reabsorb, appear to have the latent ability also
to excrete when certain foreign substances, such as diodrast,
para-amino hippurate, or penicillin are presented to the hidney.
Then tubular excretion added to glomerular filtration provides
an dinarily rapid 1 of these sub {rom thc
body. When excessive of p ium are admini
the tubules appear to be able to changc from reabsorption to
excretion of this element (Keith, King and Osterberg, 1943).
Confirmatory evidence for the ‘modern’ filtration-reabsorp-
tion theory of Cushny was afforded by the brilliant experiments
of A. N. Richards and his school. Richards, with Wearn, Mont-
gomery, Walker, and other collaborators (1938), developed a
series of extraordinary methods for ultramicro analysis of the
constituents of the blood plasma. These investigators also deve-
loped a technique whereby they could puncture a single glomer-
ulus or different portions of the tubule of a nephron and
withdraw the glomerular filtrate as it was formed. With their
ultramicro methods of analysis they could determine the con-
stituents of the glomerular filtrate in volumes as small as one cubic
milhmeter. They showed that chlornide, bicarbonate, creatinine,
urea, unc acid, pH, and glucose in the glomerular filtrate thus
obtained had practically the same concentration as in the
plasma. Thus, they demonstrated by direct analysis that the
glomerular filtrate mn truth is a simple filtrate of the plasma. The
glomerulus functions as a mechanical filter, the blood pressure
forcing a certain proporuon of the water of the plasma, together
with the crystalloid solutes that are dissolved 1n it, into the
glomerular capsule by the hydraulic force of the blood pressure.
Analyses of filtrate from the tubules showed that in the proxi-
mal tubules an 1sosmotic reabsorption of a large part of the
filtrate and part of its solutes occurred; increase in osmolar con-
centration by selective reabsorption of water occurred mn the
loop of Henle or the distal tubule. These data were marshalled
by Richards (1938) thirteen years ago in lus Croonian Lecture,
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and more have been added since, especially by Walker and
Oliver (1941) who have extended the technigue to mammalian
nephirons. .

One of the objections earlier raised to the filtration-reabsorp-
tion theory was that the theory requires the filtration and re-
absorption of unbelievably great volumes of water, about 170
liters per day by the adult man. However, Walker, Bott, Qliver
and MacDowell (1941), using Richards’ procedure for direct
catheterization of the tubules, were able ta show in tggr thatin
mammalian kidneys the amount of fluid passing from the
glomerulus into the proximal tubule was equal to that required
by the filtration theary, and that at least two-thirds of the water
and all of the sugar were reabsorbed befare the end of the proxi-
mal segment was reached,

THE PROPORTION OF PLASMA WATER FILTERED
IN THE GLOMERULI
The group at the Rockefeller Hospital has been able to add data
concermng some of the factors postulated by the filtration-
reabsorption theory. One of these questions was the percentage
of plasma water that is fiftered into the glomerulus. This could

TABLE 1. Percentages of Ferrocyamde, Creatinine, and Inulin extracted
from the Plasma of Blood flowing through Dogs® Kidneys

Excretory Number of | Mean percentage | Standard deviation
by d i d from mean
Ferrocyamde 25 188 55
Creatrmine 36 199 38
Inulin 21 223 79

be determined by measuring the percentage of some plasma
constituent that is filtered with the water, but not reabsorbed
atall in the tubules Since 98 to 9o per cent of the filtered water
is reabsorbed, the percentage fall in plasma conccntra!'mn'of
such a substance occurring as the blood passes through the kid-
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neys could indicate the percentage of the plasma water with
which the substance was filtered. The anatomist, Gersh (1933—
34), showed that for the rabbit such a substance is sodium ferro-
cyanide. During ferrocyanide excretion, sensitive histochemical
methods showed that it was present in glomerular filtrate but
was absent in the tubular cells, indicating that it was not pass-
ing through them in either direction.

In order to find out how much the concentration of ferro-
cyanide in the plasma decreased as-the blood flowed through the
Lidney, 1t was necessary to obtain blood from the renal vein for
analysis. Also, it was desirable that the experiments should be
done under as nearly as possible normal conditions without
operative disturbance and without anaesthesia. A procedure for
accomplishing this was developed by Dr. C. P. Rhoads, now
head of the Memorial Cancer Institute in New York Rhoads
(1934) designed an operation whereby the kidney of a dog
could be drawn out under the skin of the flank and so placed
that the renal vem could be punctured by a needle by a tech-
nique similar to that by which blood 15 ordinanly drawn from a
vein in the arm. The fact that ferrocyanide was handled in the
kidneys of the dog, as Gersh had shown 1t to be handled 1n the
kidneys of the rabbit without any reabsorption, was demon-
strated by Dr. Benjamin Miller, then in our laboratory, who
went to Gersh’s laboratory and with Gersh performed experi-
ments on the dog’s kidney similar to those that had been done
by Gersh with the rabbit. As shown in Table 1 (Van Slyke,
Hiller and Muller, 1935b), the Rockefeller group found that a
decrease of about 20 per cent occurred in the plasma ferro-
cyanide concentration during perfusion of the kidney, and it
was deduced that about 20 per cent of the plasma water was
filtered. Creatinine and inulin showed, within the hmits of
experimental variation, the same behavior as ferrocyanide.
Ruchards, Bott and Westfall (1938) later provided independent
evidence that inulin 15 excreted exclusively by glomerular filtra-
tion, thereby strengthening the deduction that had been based
primarily on the behavior of ferrocyanide.
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EXCRETION BY THE TUBULES

In mammals the processes of filtration by the glomeruli and
selective reabsorption by the tubules appear to constitute the
mechanism by which the composition of the body fluids is ordin-
arily maintained. However, there are aglomerular animals
{Smith, 1951} in which all the excretory work is carried en by
tubules alone, and it appears that the power of tubular excre-
tion is retained by mammals, although used to a significant
extent only to eliminate foreign substances, or to assist in
elimination of normal excretory products under unusual con-
ditions. One might consider tubular excretion as an hereditary
reserve which can upon occasion be called into action. Thus, in
the case of potassium there is ordinarily no evidence of tubular
excretion; but when large amounts of potassium have been
administered to a dehydrated subject {Keith, King and Oster-
berg, 1943) or in renal disease (Platt, 1950) the potassium clear-
ance (ride infra) may be greater than can be accounted for by
glomerular filtration alone, as measured by the inulin clearance,
and the excess potassium excretion must be attnibuted to tubular
excretion, In man creatinine shows a similar behavior (Miller
and Winkler, 1937; Shannon, 1938).

The most marked examples of tubular excretion are shown in
the elimination of foreign sub es. One such sub e is the
dye, phenol red. Marshall (1931~32) showed that about 60 per
cent of the phenol red in blood was removed as the blood flowed
through the mammalian Judney. Such a complete removal
could not be accomplished by filtration alone. In fact, very hittle
of the dyc exists an the free state in the plasma, most of it being
bound to the proteins, so that little is presumably filtered. Other
substances have been found which are removed so completely
from the renal blood plasma that one must conclude that they
also are removed by active secretion by the tubules, The pro-
portion of hippurate extracted from the plasma by the ):idneys
was later measured in dogs by Phillips ef al. (1946), and in men
by Warren ef al. (1944), by comparing the concentration of hip-
purate in the arterial plasma with the concentration in renal
venous plasma, and was found 1n both dogs and men to average
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normally about 87 per cent, when the arterial plasma concen-
tration of the substance did not exceed 4 or 5 mg per 100 cc.
Bradley (1948) finds by catheterizing the right renal vein of men
an average extraction of g2-4 per cent, and attributes the some-
what lower values of the above authors to their use of the left
renal vein which drans the left ovarian or spermatic vein.

When the concentration of amino hippurate or diodrast
jodine in the arterial plasma is raised above 5 mg per 100 cc,
the amount excreted from each cc of perfusing plasma con-
tinues to rise, but not as rapidly as the plasma concentration. In
consequence the proportion excreted from the plasma falls pro-
gressively.

‘When amino hippurate exceeds about 20 mg per 100 cc
plasma, the amount excreted by the tubules per minute reaches
a maximum, and further increases in the plasma concentration
affect the excretion rate only by increasing the amount that is
excreted by filtration. A similar behavior is shown in the excre-
tion of diodrast and phenol red, and is also shown by the mech-
anism whereby glucose is reabsorbed from the tubular lumina
into the circulation As Shannon (1938, 1939) has shown, the
mode of transfer of these substances across the tubular wall 15

with the ption that the sub b
reversibly with some carrier in the cells of the tubule walls, the
carrier combining with the excretory substance on one side of
the cell and discharging the substance on the other side. When
so much substance is offered to the carrier (high concentration
of para-ammo hippurate 1n plasma or of glucose in glomerular
filtrate) that the carrier is saturated with the substance, further
increase 1n plasma concentration can cause no further accelera-
tion 1n tubular transfer and excretion. The process in 1ts kinetics
is quantitatively hke that of enzymes, which combine with sub-
strates and discharge them as products of enzyme action. That
the same carner i the tubular cells serves to transport more
than one substance is indicated by the fact that saturating the
carrier with one tubular excreted substance can retard the ex-
cretion of another.

The maximum rate of tubular excretion, symbolized as the
‘T’ that can be attained by raising the blood concentration of
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para-amino hippurate or diodrast, has been developed by
Homer Smith and his collahorators (1951) as a measure of the
‘functioning mass’ of tubular tissues,

SIGNIFICANGCE OF CLEARANCES OF DIFFERENT
TYPES OF EXCRETORY SUBSTANCES

The term ‘clearance’ was introduced (Moller, McIntosh and
Van Slyke, 1928) to indicate in a single value, easily visualized
as a volume of blood, the relation between the blood concentra-
tion of urea and the rate of its excretion, A blood urea clearance
of 75 cc per minute, the average for a normal man, indicates
that excretion in 1 minute clears the urea from 75 c¢ of blood.
In other words, a volume of 75 cc of blood contains the amount
of urea excreted per minute, The clearance concept, first
applied to urea, has been fruitfully extended by Homer Smith
(1951) and his collaboratars to express the relation of excretion
rates of other sub ta their rations in blood {blood
clearances) and plasma {plasma clearances), Glearance is caleu-
lated as R/B, where R is the excretion rale in mg of substance
per minute, and B is the concentration of the substance in mg per
cc tn the blood or plasme. The normal clearances of five sub-
stances, and the parts played by glomerular filtration and tubu-
lar excretion, are mdicated in Fig. 2.

¥t will be noted that about 40 per cent of the urea filtered in
the glomeruli is reabsorbed in the tubules. This reabsorption is
attributable, not to active cellular reabsarption, but to back
diffusion of the highly diffusible urea from the concentrated
tubular urine into the blacd. When the urine becomes highly
concentrated (urine volume under about 2 c¢ per minuie), the
back diffusion of urea becomes even greater than the 4o per cent
indicated in Fig. 2. The reabsorption is explainable by the laws
of physical dift = ™ "+ - * -~ D
urea the coeff
uniquely low.” . : '
of the urea diffused back, so that all of that filtered could be
excreted. The urea clearance can be pathologically decreased
either by decrease in glomerular filtration rate or by an increase
1n back diffusion through damaged tubules. As will be seen later,

'
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depression of urea clearance in clinical renal failure appears to
occur from both causes. When, from any cause, urea clearance
in man is depressed permanently below 5 per cent of normal,
clinical uraemia impends.

Inulin appears to be freely filtered in the glomeruli, and there

Renal plosma flow, c<1/_minE
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E L excretion
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Fic 2. Clearances, by normal men, of substances excreted by glomenar
filtration and by tubular excretion
is evidence that as the filtrate passes down normal human tubules
the inulin in it is neither increased by tubular excretion nor
diminsshed by reabsorption. Hence the plasma clearance of
inulin may be assumed under normal conditions to equal the
glomerular filtrate, For example, 1f 600 cc of plasma perfuse the
kidney per minute (Fig 2), and 120 cc of plasma water with the
mulin dissolved in it are filtered 1n the glomeruls, the inulin
excreted per minute will be the amount contained 1 120 cc of
artenal plasma, and the plasma mulin clearance will be 120 cc,
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equal to the filtrate volume. Hence, inulin clearances are used
as measures of the glomerular filtrate, and are often quoted as
‘glomerular filtrates’. It seems preferable to report the clear-
ances as such, rather than as filtrate volumes, because in con-
ditions of tubular injury it appears that some back diffusion may
occur, so that the assumption that inulin clearance is synony-
mous with glomerular filtrate may not always hold.

When para-amino hippurate and diodrast are extracted to a
normal go per cent from the renal plasma, the plasma clearances
of these substances approximate go per cent of the renal plasma
flow, and can serve as a measure of the flow. However, when the
tubules are damaged in advanced nephritis, or in the acute renal
failure that follows shock or poisoning, as will be shown later,
only a small fraction of the PAH or diodrast may be extracted,
and therr clearances are then much less than the renal blood or
plasma flow.

All of the excretory substances represented in Fig. 2 are of the
group which the body may be assumed to have no interest in
retaining, They are either end-products of metabolism (urea
and creatinine) or foreign substances. It is only such substances
m general that give clearances that have significance with
regard to the functional capacity of the kidney.

For substances like glucose and the amino-acids, which are
almost completely reabsorbed to retain their nutritive values, or
like the normal electrolytes, that are reabsorbed in the propor-
tions meeded to maintain their normal contents in the body,
clearance values have no definite significance 1n terms of func-
tional capacity.

MEASUREMENT OF RENAL BLOOD FLOW

If E mg of an excreted substance are extracted by the kidneys
from each cc of renal blood, and the substance 1s excreted in the
urine at a rate of R mg per minute, the volume of blood flowing
through the kidney can be calculated as R/E cc per munute.
The amount extracted from 1 cc of blood is found as the differ-
ence, A—V, between 4, the concentration of the substance n
arterial, and ¥, the concentration in renal venous blood. The
principle is that applied by Fick to measurement of the heart
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blood output from the rate of the body’s oxygen uptake and the
oxygen A—V difference. The validity of the calculation of renal
blood flow does not depend on the mechanism by which excre-
tion is attained; excretion of any of the five substances repre-
sented in Fig. 2 may be used. However, the accuracy of the renal
blood flow measurement depends on the percentage error in
measurement of the arterio-renal concentration difference,
A—V, of the substance, and this error is likely to be least when
the greatest fraction of the substance is extracted. The principle
was first applied by the group at the Rockefeller Institute with
urea as the excretory substance (Van Slyke ef al., 1934). Only
about 10 per cent of urea is extracted, so that a 1 per cent error
in blood urea analysis could cause a 10 per cent error in esti-
mated blood flow. Later, creatinine and para-amino hippurate
were used in measurements on dogs by the same group (Phillips
¢t al., 1946), and on men, with cathetenzation of the renal vein,
by Warren (1944), Bradley (1948), and others. Except in con-
ditions of tubular injury, extraction of the hippurate is about
go per cent complete (Fig. 2), so that an analyncal error of 1 per
cent causes hardly more than 1 per cent error in the measure-
ment of renal blood flow.

As mentioned, the plasma clearance of para-amino hippurate
or diodrast can serve as an approximate measure of renal plasma
flow when the normal 85-95 per cent of the substance is ex-
tracted from the renal plasma. Such use of the diodrast clear-
ance was first proposed by Smith, Goldring and Chasis (Bradley,
1948) for ‘the normal human kidney’. Abnormalties may
greatly decrease extraction Tubular mjury, such as occurs in
the post shock condition or from nephrotoxic substances, may
decrease the fraction extracted to as little as 2 per cent (Bull,
Jockes and Lowe, 1949). Bradley (1948) reports that in both
early and late glomerulonephnitis the extracted fraction may
fall. In such conditions the clearances of diodrast and para-
amumo hippurate may equal only a small fraction of the actual
renal blood flow.
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PARALLELISM OF BLOOD FLOW, CLEARANCES, AND
OXYGEN GONSUMPTION IN NORMAL KIDNEYS
When the renal blood flow varies, as it may from time to time in
the normal kidney, the percentages of urea, creatinine, inulin,
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and para~ammo hippurate extracted from the renal blood
remain approxxmatcly constant. Hence, their rates of excretion
vary in direct proportion to the renal blood flow (Flg 3). Also,
the oxygen consumption as shown in Fig. 4 varies in proportion
to the renal blood flow (Van Slyke, Rhoads, Hiller and Alving,
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Fic. 4 Direct proportionality of renal oxygen consumption to renal blood
flow From Van Slyke, Rhoads, Hiller, and Alving (1934).
1934). In the parallehsm between blood flow and oxygen con-
sumption, the kidney appears to be different from the tissues m
general. In other parts of the body, if the blood flow becomes
slower, tissue oxygen consumption is mamntained by extraction
of a larger proportion of the oxygen from the blood, and the
venous blood becomes darker 1n color and lower in oxygen con-
tent. In contrast to this behavior the blood flow in the normal
dog’s kidney can be accelerated or retarded by as much as a
factor of 3, and still the same proportion of oxygen, averaging
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about 10 per cent of the arterial oxygen, is removed from the
blood as it passes through the kidney. Even when shock de-
creases the renal blood flow to as little as o-3 of normal, the
fraction of oxygen removed is not increased (Dole et al., 1946).

The normal parallelism between renal blood flow, oxygen
consumption and excretion rates is consistent with the hypo-
thesis that at any moment only a certain proportion of the
nephrons is perfused by blood, each nephron with its surround-
ing tissue extracting a constant proportion of the oxygen from
its perfusing blood, and a constant proportion of the plasma’s
excretory constituents, The phenomenon of perfusion of only
part of the glomeruli at a given moment was seen by Richards
and Schmidt (1924) under the microscope in frog’s hidneys.
Khanolkar (1922), from the momentary filtration of haemo-
globin and dye in only part of the glomeruli of rabbit’s kidneys,
concluded that the same mechanism operated in the rabbit, the
circulation opening and closing in the glomeruli, so that at 2
given moment only a portion were perfused.

Damage to the nephron cells, such as follows renal ischaemia,
destroys these normal parallelisms among the various clearances
and the renal blood flow. The clearances become disorganized
by tubular inability to reject, reabsorb, or excrete in a normal
manner (Phillips and Hamilton, 1948).

MAINTENANCE OF THL BODY’S ACID-BASE BALANCE
One of the functions of the kidney is to maintain a normal pH
and a normal bicarbonate reserve in the plasma and in the inter-
stitial flmds. In man and in carnivorous animals there is ordin-
arily more acid than alkali formed by the metabolism. If the
surplus acid in the forms of sulfuric, phosphoric and other acids
were not gotten rid of, their accumulation would cause pro-
gressive decrease of the bicarbonate reserve of the plasma and
interstitial fluids, and a fall of pH to a fatal level, To prevent
such a catastrophe the kidney makes use of at least three
functions. i
1. Reabsorption of bicarbonate and alkaline phosphate. The first is
reabsorption of bicarbonate and of alkaline phosphate, of the
type of Na,HPO,, from the glomerular filtrate by the tubules.



STUDIES OF PHYSIOLOGY OF THE KIDNEY 159

The amount of bicarbonate filtered by man per day is estimated
at about 400 grammes, and the amount ordinarily in the
twenty-four-hour urine is only about o-2 gramme. Acid phos-
phate and some of the free carbonic acid are left in the tubules
(Sendroy, Seelig and Van Slyke, 1934), 2nd as the result the
urine becomes acid. The acidity attained by a solution of
either H,CO; or BH,PO, (B represents either Na or K) at the
concentration found in the urine, when the bicarbonate and the
alkaline phosphate are completely reabsorbed, is indicated by a
pH of approximately 5. In fact, a pH slightly below 5 is the
lowest reached in the urine. This low pH is attained as a rule
only when acid formation in the body Is so active that maximal
reabsorption of bicarbonate and alkaline phosphate is essential.

2. Excretion of free acid, or exchange of H* for Na* and K+ in the
tubules. A second mechamsm for getting rid of acid is either the
actual excretion of {ree acid by the tubular epithelium, or the
exchange of hydrogen ions by the epithelial cells for jons of
sodium and potassium from the glomerular filtrate m the lumina.
It has been demonstrated by Pitts (1946) that when dogs with
severe acidosis are infused with large amounts of phosphate the
amount of acid phosphate (BH,PO,) excreted is greater than
the amount filtered in the glomeruli, (The BH,PO, 1s about
one-fifth of the total phosphate filtered at blood pH, the other
four-fifths being B,HPO,.) Hence, 1t must be assumed either
that the tubules add acid phosphate to the filtrate, or that
hydrogen ions are exchanged by the tubular cells for Na+ and
K+ ions of the B,HPO, in the tubular lumina. This tubular acid
excretion is perhaps called into action only when great excess of
phosphoric or other acid must be gotten rid of. Under ordinary
conditions, and probably under all conditions of clinical acid-
osis, the acidity of the urme can be accounted for by selective
reabsorption of alkalme buffer salts, chiefly BHCO, and
B,HPO,.

3 Excretion of nta formed from gl and ds i
the kadneys. The third mechanism whereby the kidneys protect
the organism from acid intoxication is the formation and excre-
tion of ammoma, In conditions of acidosis the amount of
ammonia excreted 1s usually much greater than the titratable
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acid, In diabetic acidosis ammonia formation is the chief defense
against fatal intoxication, The ammonia is formed in the kidney
itself. This was shown by Nash and Benedict (1g21) who
demonstrated in dogs with acidosis that the ammonia content
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Fic, 5. The diabetic patients show the ahility to respond to acidosis, indt-
cated by low plasma CO,, by great increase in ammonia production In con-
trast the nephnisic patients show no ability for such response, From records
of the Hospital of the Rockefeller lnstitute,

of the blood in the renal vemn was greater than the ammonia
content in the arterial blood. If the excreted ammonia had been
taken from the blood, the above relation would have been
reversed  Fig. 5 shows confirmatory evidence from clinical
matenal that ammonia formation is a kidney function. The
stimulus to ammonia formation 1s acidosis. In the diabetic
cases, mdicated by the hollow circles in Fig 5, the excretion of
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ammonia rises as the bicarbonate reserve, indicated by the
plasma CO,, decreases. In the nephritic cases, on the contrary,
the ia excretion actually diminishes as the plasma CO,
decreases. There is failure of the kidney to respond to acidosis
with increased ammonia formation. This failure is attributable
to the fact that the diseased kidney loses the ability to form
ammonia. It 1s partly for this reason that acidosis is one of the
complications of renal failure.

The source material from which the ammonia excreted by the
kidney is formed was at first believed to be urca, then, from the
presence of deaminase in kidney tissue, the z-amino nitrogen
of amuno-acids (Krebs, 1936). The group in our laboratory
(Van Slyke et al., 1943) carried out experiments to ascertain in
the intact animal whether the ammonia in the urine is formed
from urea or from amino-acids or from both. Dogs were sub-
Jjected to the operation of Rhoads (1934) so that blood could be
drawn from the renal vein Thereby it was possible by analyses
of arterial and renal venous blood to measure the amounts of
urea per minute that were thhdrawn from the blood by the
kidneys and also the of ids, and to
the blood flows by the method previously described. For the
blood analyses especially accurate techmques had to be devxsed
to measure the changes in urea, amino-acids, and a
that occurred as the blood passed through the kidneys. The
results showed conclusively that no measurable amount of urea
was hydrolysed in the kidneys; all the urea removed from the
blood was excreted as urea in the urine. However, measure-
ments of x-amino nitrogen n arterial and renal venous blood
plasma of dogs in acidosis showed that the amounts extracted
from the blood were quite inadequate to account for the large
amounts of ammonia excreted 1n the urine. It therefore became
evident that neither urea nor the a-amino nitrogen of the
amino-acids served as the main source of the urinary ammonia.

A search for other possibilities eventually proved that the
chief source of urinary ammonia i the dog is the acid amide
nitrogen of glutamine. The amide nitrogen of glutamine is
easxly hydrolysed by the reaction shown in Fig. 6, yielding

ic acid and Gl ine had at this time never
M
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been demonstrated in the blood. However, Hamilton (1945)
devised a microchemical method by which he was able bath to
demonstrate and to measure glutamine in blood, and Archibald
(1944) developed an independent method based on the use of
the enzyme, glutaminase, which confirmed guantitatively the

CO~NH; COOH Ny
|
HCH Hen
i +H0 i
H(IZH =~ HCH
HC-NH, HC-NHq
COOH COUH
Glutoming Slutomc acid

Effect of qlutamnose on glutamre

F16.6_Formation of ammonia from the acid amide group of glutamine by
action of glutaminase.
chemical analyses. By both the chemical and the enxymic
method it was shown that glutamine constituted about one-
fourth of the total amino-acid content of the plasma, and that
the amount of glutamine amide nitrogen removed from the
blood plasma by the kidneys was sufficient to account for 6o per
cent or more of the ammonia excreted. The ammonia came
from the acid amide group of the giitamine, not the -amind
group. Table 2 shows the manner in which change from alka-
losis to acidoss increased both the removal of glutamine m.mf.lc
nitrogen from the renal blood and the excretion of ammonta I

TABLE 2 Relation between Rate of Glutamine De.asmdation in Renal
Blood and Ammoma Excretion in Unine. Dogs

Unne | Glutamme amide N removed
Gondstian | NH,—N from renal blood
mg per min mg per mn,
Actdosts 0562 033
0 039

Alkalosss 9005 602
Q004 002
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the urine. In the kidneys of nephritic patients who had lost the
greater part of their ability to form ammonia, Archibald (1945)
was able tod that gl i was practically absent,
whereas normal kidneys contain this enzyme.

In Fig. 7 are diagrammed the apparent mechanisms of

I

ial cells

l

Epithelial cells

Epsthel

Tubule
lumen

Ion exchange in tubule
to mainta:n NaHCO,
peserve of body

Fio 7 ¥ b m tubule intain bicarb reserve of the body.

NaHCO, reahsorption, and exchange of NH + and H* ions for
Na* ions of the filtrate to maintain the NaHCO, reserve of the
body. The NaHCO; (or other bicarbonate salt} absorbed by or
formed by ion exchange in the epithelial cells of the tubules is,
according to the conception presented, passed back mto the
blood of the capillary system that surrounds the tubules.

In Fig. 8 the apparent réles of the different segments of the
human nephron are indicated.

UNRELIABILITY OF URINE ANALYSIS FOR
DIAGNOSIS OF INTERNAL ACID-BASE
ABNORMALITIES
Since the three mechanisms for defense of the body’s brcarbon-
ate reserve diagrammed in Fig. 8 ordinanly increase their
activity in some proportion to the depletion of that reserve, it
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might be expected that unusually low bicarbonate excretion,
low urine pH, and high ammonia output would indicate the
degree of acidosis in the sense of internal bicarbonate depletion,
and that alkalosis would be revealed by the opposite changes in
the urine. However, interfering factors are such that observa-
tions on the urine can be misleading for diagnosis of the acid-
base balance of the body. The reabsorption of NaHCO, is
occasionally so complete in normal conditions that the pH of
the urine may be as low as 5, which is the minimum reached in
acidosis. The ammonia response to acidosis does not begin at

'

t i
! S'Reabsopption | Selective regbson
3 ption elective preabsopption of
i g :E.; of ca 90 per cem.! needed Hy0, Na', K', Ca™,
¢ 5 &lof 10, Noct, | O1 HOOS
¢ d NaHCO3; 3
1 & dian 33 1 ¥ HY
I Exchange of HYand NHg
:ﬁg;qo per cent of | from tubgule cells for Na*
1 1urea, (00 per | gpa x* from lumen.
! S;mntcfglucose. :
2 B

Fro. 8, Diagram of nephron dlustrating successive events in the glomern-
tus, proximal tubule, and distal tubule.

once, and, as shown by Folling {1929), 1t may require two or
three days to reach its maxymum. Also, in conditions of remal
damage, the kidney may Jose most of its ability to form am-
monia. Not only in acidosis, but also in alkalosis, diagnosis front
the urine may be equivocal. 3
Such is particularly the case in the type of alkaloss that s
perhaps most often encountered in the clinic, viz. that caused
by loss of gastric hydrochloric acid by vomiting or lavage. In
this condition the loss of gastric HCI may raise the plasma
bicarbonate to 50 per cent above normal, a serious alkalosis, and
with a high plasma pH. But there is also in this ccnditim"x a tre-
mendous depletion of the body’s NaGl, greatly exceeding the
increase in NaHQO,. As a result, the tubular reabsorption of all
sodium salts 1s so stimulated, in the apparent effort to conserve
what is left of the body’s sodwum salt supply, that the urine con-
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tains neither chloride nor bicarbonate. The complete reabsorp-
tion of the NaHCO), results in a urinary pH that may be as low
as § 3, despite a plasma bicarbonate over 40 millimoles per
liter (Van Styke and Evans, 1947). A similar condition can be
produced by loss of salt through excessive sweating. McCance
(1936) has summarized the condition as one in which ‘the kid-
ney prefers to regulate the osmotic pressure of the plasma rather
than its pH’. Administration of bicarbonate to ‘correct an acid
urine’ in such a case could produce a dangerous increase of the
internal alkalosis The required therapy is adequate administra-
tion of NaCl and water. When the N2Cl and water are replen-
ished, the kidneys quickly excrete the excess bicarbonate (Van
Slyke and Evans, 1947).

DIAGNOSTIC APPLICATIONS
OF RENAL PHYSIOLOGY

1t has been found in glomerular nephritis that as the glomeruli
are injured or destroyed the clearances of urea, creatinine, and
other excretory substances are diminished. Of these clearances,
that of urea 15 the most easily determined As a measure of
tubular function, the ability of the kidney to form a urine of high
specific gravity is a simple indicator. Addis (1925) has shown
that if a normal person is put on a fluid-free diet for twenty-four
hours, from after breakfast one morning untit the next morning,
and the urine for the last twelve hours 1s collected, the speafic
gravity will be above 1 026. As nephritis advances the concen-
trating power of the tubules dimnishes, and m advanced
nephritis the specific gravity of the urine is but hittle greater than
that of ultra-filtrate of the blood plasma, which is about 1 0o7.

These two measures of renal funcuon namely urea clearance

amA tha mmansemace et ~felo oo

dition of the kidneys in the different types of Bright’s disease.

Fig 9 shows results obtained in 2 case of acute glomerular
nephritis with recovery (Alving and Van Slyke, 1934). It is seen
that the urea clearance returned to normal within two months.
The low urmary specific gravity under the conditions of the
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Addis test, however, showed no increase in these twomonths, in-
dicating that tubular damage to the concentrating power still re-
mained, Seven months later both functions were entirely normal.
Fig. 10 shows a case (Alving and Van Slyke, 1934) that at
first seemed destined to recover hke the previous one. However,
the mitial improvement in function was followed after two
months by a progressive fall in the urea clearance and in the
concentrating power. Aftér two years the clearance had fallen
to about 5 per cent of the normal value and death in uraemia
resulted.

gnosts holds regardless of the type of renal damage (Van Slyke and
Stillman, 1930). When renal destruction is slow, however, a
careful régime may hold off uraemua for months after urea
clearance has fallen to 5 per cent. In acute renal failure, as in
and after shock, a fall of urea clearance below 1 per cent of
normal may be reversible, and followed by recovery (see Fig.
16).

Fig. 11 shows a case (Alving and Van Slyke, 1934) unusual in
that over a period of five years the urea clearance was normal
following subjective recovery from an acute nephritis, while the
specific gravity remamed subnormal. The fact that renal path-
ology continued during this perzod s shown by the continuance
of microscopic haematuria and of proteinuria. Ordinanly in
such a patient one would expect a gradual eventual fall in the
clearance with termination in uraemia. In this case, however,
the outcome was more fortunate. Eventually haematuria and
proteinuria disappeared, concentrating power rose to normal,
and complete recovery occurred

In ‘glomerulonephritis’ the tubules as well as the glomeruli
are altered, and the change affects tubular function as well as
morphology The tubules lose not only their ability to excrete a
bigh specific gravity urine, but they may also lose to varying
degrees the power of selective reabsorption, the sodium concen-
tration of the plasma may fall and potassiam may rise; the
excretion of water may fail to parallel intake, so that variations
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in intake that would normally be harmless may cause water
intoxication on the one hand or desiccation on the other. And
the permeability of the tubules to back diffusion of urea, and
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perhaps other excretory products, may increase so that unless
urine volume is kept high, increased reabsorption of urea adds

 its effect to decreased filtration in depressing the urea clearance
(Van Slyke, 1947). As Marriott has pointed out (1947), such a
patient may stave off uraemia by keeping his urine volume up to
2 liters per day, while letting the volume fall to 1 liter may be
fatal.
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Fro 11 Data from patient with nephnts, showing at first unprovement in
function, then gradual dechne to death 1n uraemia From Alving and Van
Slyke (1934)
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GLOMERULAR DESTRUCTION AND DECREASE
IN RENAL FUNCTION IN NEPHRITIS
The relation of the percentage of intact glomeruli in the kidneys
of nephritic patients to the urea clearance has been studied by
Hayman (1934) who used a method by which perfusible glo-
meruli could be counted in the macerated kidney. The approt-
mate relations obtained by Hayman are indicated in Fig. 12 It
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o
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Renal test i percentage of normat

0 I 1 !
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Percentage of intact glomeruls

it urea in chroni¢

Fic. 12. Relation of to
kidney disease From Hayman and Montz (1934)

is seen that the loss of the first 50 per cent of glomeruli 1s accom-
panied by a fall of only about 10 per cent in the urea c]cara'nCC‘
A similar relatively shght effect on urea clearance is obtained
when one kidney 1s removed; the clearance at first falls, but later
rises nearly to normal. It appears that destruction or removal of
part of the fmctioning nephrons is followed by hypertrophy, or
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increased activity, of the remaining nephrons to such an extent
that little loss of function occurs until over 50 per cent of the
glomeruli are put out of action. However, as the second 50 per
cent of the glomeruli are destroyed a very rapid fall in function
follows.
THE SHOCK KIDNEY

Concerning the kidney injured by shock, one could well say that,
in the past decade’s work that has developed the field, the first
word, and the last word, have come from investigators working
in London, If I venture to discuss the subject, it is because it has
become too important to omit in any review of applied renal
physiology.

Acute renal failure, without previous renal disease, occurs in
various conditions involving a decrease in the volume of circu-
lating blood Such condmons are severe haemorrhage, trauma,
burns, and desi They produce in the symptoms
of collapse, cold extremities, etc., currently considered as the
signs of ‘shock’.

Anuria during these conditions has probably been noted from
the earhest days of clinical observation, but the fact that serious
renal imjury may remain after recovery from the state of shock
was slow in gaiming recognition, Forty years ago Rogers {1916
1917) in his classical studies of Asiatic cholera, where anuria
accompanies shock from desiccation, found that a considerable
number of cases, after their desiccation was corrected by saline
infusion, recovered from the shock and the cholera, but not
from the renal failure, and died a week later in uraemia. How-
ever, it was the observations of Bywaters (1944) and his colla-
borators in London on the crush syndrome during the first years
of the late war that awakened mvestigators to study what, for
want of a better name, we call the ‘shock kidney’. It is 2 pleasure
to have this opportunity to acknowledge that work on this sub-
Ject 1 the Rockefeller Institute was directly inspired by the
reports of the Bywaters group. As the result of studies which they
proneered, clinicians have become alert to this renal syndrome,
and I am told by a colleague n a New York hospital that the
number of ized cases of the lition n the hospital at
present is Iikely to exceed the number of all other renal cases.
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The First and Second Stages of the Shock Kidney. The development
of the shock kidney may be divided into two stages. The first is
that of depressed renal function due to circulatory changes,
without organic injury to the hidney. If the condition does not
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Fii. 13 Decrease in ability of tubules to exwact para-amino hippurate
from renal blood plasma mn advanced nephritie From Cargill (1945).

go beyond this stage, renal funcuon is guickly restored by
restoring the general crculation,

The second stage is that of renal damage. If shock is severe
and prolonged, restoration of the general circulation may not be
accompanied by return of renal function. Anuria, or oliguria
with urine of specific gravity 1-008 to 1 010, may persist. Com~
plete or partial renal failure may last until fatal uraemia results,
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in a period that may vary from two to twenty days (Lucké,
1946). Or a gradual return of function may occur, with partial
or complete recovery. In fatal cases the lesion differs from that
found in uraemia from Bright’s disease. In the latter the glo-
meruli are destroyed, with varying changes in the tubules, and
the kidneys are often shrunken. In the shock Lidney the glo-
meruli show little change, but gross damage is apparent in the
tubules, and the kidneys are usually swollen to much more than

« Shock. In Fig. 14 are

. ., “the immediate effects

of progressing haemorrhage on different parts of the renal
function (Phillips ef al., 1946). Similar changes were observed
during shock from muscle trauma, The renal blood flows were
calculated from para-amino hippurate extraction and excretion,
as previously outlined. The ‘“filtered fraction’, viz. the fraction of
plasma water filtered n the glomeruli, was calculated as plasma
creatinine clearancefrenal plasma flow: this calculation appears
to be justified as long as tubular damage does not reach the
point where it permuts back diffusion of creatinine. The curves
in Fig. 14 illustrate the following effects, which were also noted
1n traumatic shock, (1) General arterial blood pressure may be
mantained until a large volume of blood has been lost. In this
experiment there was no fall in pressure of the femoral artery
imtil the volume of blood drawn, 44 cc per kilo, was about half
that originally present in the dog The mamtenance of pressure
during such a loss is attributable to peripheral constriction This
constriction, while causing some of the evident signs of shock,
such as bloodless skin and cold limbs, nevertheless reduces the
volume of perfused vascular bed in proportion to the blood loss
so that circulation and arterial pressure can be maintammed m
the heart and brain. (2) The kidneys may not at first take part
the peripheral constriction, but eventually do so. In this experi-
ment the renal blood (plasma) flow remamed normal until the
blood loss was 25 cc per lalo. With further blood loss a rapid fall
in renal blood flow set m. It appeared due to renal constriction,

because the femoral blood pressure for the next two hours re-

mamed normal, while renal blood flow fell by half. It is as
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though the kidney decreased its own circulation in order to
maintain that of the heart and brain. Since the normal rc{lal
blood flow is about 20 per cent of the cardiac output during
rest, there is an obvious advantage to the organism in a mech-
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anism for commandeering blood from the kldneys in time of
vital need. (3) A p y effect in mal; ing excretion
during hours one to four is seen in the marked increase in the
filtered fraction during this period, presumably due to efferent
constriction. (4} Eventually the sacrifice of the renal circulation
may become complete. In this experiment it occurred after the
volume of blood drawn was about 48 cc per kilo, There was 2
rapid fall in renal blood flow and excretion of creatinine and
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hippurate to almost zero. This débacle occurred when the
femoral pressure was still over 80 mm, and hence appears to be
attributable to renal constriction.

Fig. 15, from experiments like that of Fig 14 with acute shock
of gradually progressing severity, shows that extraction of para~
amino hippurate from the renal plasma continued to be the
normal 80 to go per cent until the shock advanced to such a
degree that the renal blood flow was less than 10 per cent of
normal. Up to this point, 1t is evident that all the blood was con-
tinuing to flow through funcuonmg nephrons. none could have
been diverted through non-functioning ct as
the shunt described by Trueta et al. (1946).

In the most advanced stage of the shock there was a marked

q
ged in
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fall in the percentage of hippurate extracted. This could be
attributed either to restriction of the renal blood to non-
excretory channels, or to damage to the tubules, which normally
excrete the greater part of the hippurate. Because of evidence,
both functional and histological, of tubular damage, we are
inclined to the belief that the final decrease in extraction was
due to tubular failure, and that the occurrence of the decrease
was a sign that the renal condition was passing from the first
stage of shock kidney to the second stage, with organic damage
to the tubules.
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Functional Picture Persusting after Shock. In Fig. 16 are charted
typical data from a case of renal failure following haemorrhagic
shock observed by Marshall and Hoffman (1949}, who followed
the condition from complete anuria to return of normal function
attained after several months. The functional data are plotted
on a logarithmic scale in order to make visible the early gains in
urea clearance, which started at less than 1 per cent of normal.
‘The case illustrates the fact that rise of daily urine volume to the
average normal of 1-5 liters, although a favorable prognostic
sign, may not indicate that renal excretion of urea, creatinine,
etc., has reached similar recovery. In this case on the day the
urme volume reached 1 5 liters the urea clearance was only
2 per cent of normal; the urine was hardly more than a plasma
ultrafiltrate, with urea concentration about that of the blood
instead of the fifty-fold greater concentration that would nor-
mally accompany a urine volume of 1 5 liters. Further increase
of urine volume to a polyuria, which frequently occurs during
Tecovery, is shown in this case where the daily output in two
weeks reached 6 liters. Even at this ime the urinary urea con-
centration was so low that the urea clearance was only 20 per
cent of normal. The inabihity of the kidneys to concentrate the
urine mdicates lack of tubular concentrating function. Another
indication of tubular damage is decrease in the clearance of
para-amino hippurate out of proportion to decrease in clear-
ances of manmitol or inulin, which are excreted by glomerular
filtration. Normally 70 or 80 per cent of the hippurate excretion
is behieved to be by tubular excretion, only 2o or 30 per cent by
glomerular filtration, and the hippurate clearance is several
times the clearances of muhin or manmtol. In the case of Fig 16
the first PAH clearance was no greater than the mannitol clear-
ance (not shown on figure), and 1 another case was even less
than the mannitol clearance.

ROLES OF DEFICIENT RENAL BLOOD FLOW AND
DEFICIENT EXTRACTION OF EXCRETORY PRODUCTS
IN EXCRETORY DEFICIT PERSISTING AFTER SHOCK
Untl the recent work of Bull, Jockes and Lowe (1950) 1n the
clinics of London University, it was uncertain whether, in cases

N
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fall in the percentage of hippurate extracted. This could be
attributed either to restriction of the renal blood to non-
excretory channels, or to damage to the tubules, which normally
excrete the greater part of the hippurate. Because of evidence,
both funectional and histological, of tubular damage, we are
inclined to the belief that the final decrease in extraction was
due to tubular failure, and that the occurrence of the decrease
was a sign that the renal condition was passing from the first
stage of shock kidney to the second stage, with organic damage
to the tubules.
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the kidneys found both in autopsies of human cases (Lucké,
1946) and in kidneys of dogs after non-fatal clamping of the
renal artery (Roof et al., 1951).

For failure to extract a normal fraction of the urea, creatinine,
ete. from the blood that does flow through the kidney, a pro-
bable cause is back diffusion through the damaged tubular walls
into the blood. That such diffusion can occur through injured
tubules was shown in 1929 by A. N. Richards (1929). He
watched the nephrons of frogs that had been poisoned with sub-
lethal doses of mercuric chloride. Circulation and filtration in
the glomeruli appeared undiminished, but the entire filtrate
was reabsorbed, so that none reached the bladder Richards
concluded: ‘The only explanation which I can reach is that,
under these conditions, the osmotic pressure of the blood pro-
teins is unobstructed by the normal qualities of the tubular
epithelium and is able to draw all, or nearly all, of the glomer-
ular filtrate back into the bloodstream.” Observations like those
of Richards have not yet been made on mammalian kidneys in
failure persisting after shock, but the absence of evidence of
serious glomerular damage and the presence of gross tubular
abnormalities, both structural and functional, lend weight to
the probabulity that a great part of the decrease of extraction is
due, not to failure of filtration in the glomeruli of such nephrons
as are perfused, but to indiscrimmate reabsorption of filtrate,
both water and solutes, similar to that observed by Richards
through the mjured tubules.

This conception is not new. Although Bywaters and his col-
laborators were not aware of Richards’ observation, published
in a short address, their recognition of the evidence of tubular
malfunction was clear, and one can repeat without change the
conclusion reached by Bywaters and Dible (1942) 1n their paper
of 1942 ‘In those of our fatal cases where adequate biochermucal
investigation was made, the urine was a dilute flmd showing
poor concentration of urea and Irttle reabsorption of chlorides.
These characters are those of a poorly concentrated glomerular
filtrate and suggest that there is a failure of the tubules to carry
out therr function. Such a finding agrees with the histological
picture, which 1s in the mamn tubular. . . . There may be exces-



178 D. D. VAN SLYKE

of renal failure persisting after shock, the diminished clearances
of urea and other excretory substances are due to failure of the
kidney to extract them from the blood, or to decrease in the
volume of the renal blood flow. Thanks to these investigators, it
may now be stated that both factors, retarded renal circulation
and deficient extraction, contribute in varying but important
degrees to the renal failure, Bull, Joekes and Lowe (1950) have
used catheterization of the renal vein to ascertain the propor-
tions of urea, creatinine, and para-amino hippurate extracted,
and to calculate by the principle of Fick the renal blood flows.
An example of their results is shown in Table 3. It is seen thatin
TABLE 3. Relative Effects of Retarded Renal Blood Flow and Depressed
Extraction on Clearances of PAH and Urea Patient, ten days after onset of
Shock Anuria. Data of Bull, Joekes, and Lowe (1950)

Renal blood Fraction of Blood
flow substance clearance

cc/min. extracted ccfmin
PAH Urea PAH Urea
a b ¢ axb | axe

Normal Values 1000 0900 | 0075 200 K

Observed 36 0021 [00096 | 075 034
Rati Observed 1 1 1 1 1
1% “Normal 28 B 8 250 | 220

this case, ten days after onset fromt shock, the renal blood flow
was only 1/28 of normal, and that from the blood that did flow
through the kidneys only 1/8 of the normal proportion of urea
was extracted, so that the urea clearance was reduced to 1f220
of normal. Para-amino hippurate extraction was even mwore
decreased, indicating tubutar failure. X

The cause of the persisting decrease in renal blood flow is un-
certain. It may be either persistence in the constriction of renal
vessels that is evident during shock, or pressure from oedema of
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renal blood flow had nearly returned to normal, but the ability
to extract para-amino hippurate from the blood was only one-
fourth of normal when the preceding ischaemia had lasted two
hours.

FAILURE OF WATER AND ELECTROLYTE
REGULATION BY THE SHOCK-INJURED KIDNEY
If the tubules fail to prevent reabsorption of the nitrogenous
end-products, we need not be surprised that they fail also in that
discriminatory reabsorption of water and of the individual elec-
trolytes required to maintain constant volume and composition
of the body fluids. Failure of tubular regulation was noted by
Bywaters and his collaborators (Bywaters, 1944; Bywaters and
Dible, 1942). It has recently been studied 1n detail by the late
John Lockwood and hss collaborators {Randall ¢ al., 1949,
1950) in post-operative conditions, and by Bull, Joekes and
Lowe (1950) in post-shock and nephrotoxic conditions. What
urine is excreted tends to approach plasma ultrafiltrate in com-
position. Neither the water nor the individual electrolytes are
retained or excreted according to need. In consequence, either
excessive retention or depletion of water, sodium, potasstum,
chloride, or bicarbonate may occur to a dangerous extent, unless

administration balances the automatic leakage.

Bull, Joekes and Lowe (1950), 1 treating ‘acute cortical
necrosis’, caused by shock or renal intoxication, replaced the
missing tubular regulation by day-to-day admunistration of
water and individual electrolytes measured to prevent either
excess or deficit in the body. Also, a low-protein régime adequate
in calories was used to retard accumulation of tissue waste pro-
ducts (Bull, Joekes and Lowe, 1949). With this treatment the
mortality, estimated five years ago at go per cent (Lucké, 1946),
was cut to a small fraction.

INFLUENCE OF ELECTROLYTE ABNORMALITIES ON
RECOVERY FROM SHOCK KIDNEY

It appears that the abnormalities of the body’s electralyte and

water picture caused by tubular faillure may not only mjure

non-renal organs, as when the heart action 1s affected by potas-

sium lation, or when pul y oedema follows excess
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F16 17. After-effects of clamping the renal artery for periods of from 20
minutes to 2 hours. The measurements of the renal blood flow and extrac-
tion of p h were noted approximately 2 hours after the
clamps ‘had been removed. The effects of the different peniods of renal
ischaermia resemble those of mild to moderate renal mjury by shock in man.
From Phllips and Hamilton (1948).

sive but unselective reabsorption of the glomerular filtrate
through the tubules, leakage back into the bloodstream * What
additional facts have since accumulated fit perfectly into this
picture,

That deficient tubular function can exist in the presence of
normal, or nearly normal, renal blood flow is shown by both
clinical and experimental observations. Bull, Jockes and Lowe
(1950) found that in patients recovering from shock kidney the
renal blood flow was usually restored before the ability of the
kidney to concentrate the urine was regained. Phillips and
Hamlton (1948) produced a condition resembling moderate
damage from shock by clamping the renal arteries of dogs for
periods up to two hours, Observations shown in Fig. 17 were
taken two hours after the clamps were removed; they show that
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structural in basis’ Pigment casts appeared in only two of
eleven cases dying within seventy-two hours. From the third day
on there appeared the typical necrosis, herniations, and rup-
tures of the tubules. It appears that the structural changes are
ytoamoresubtle disintegration of cellular organizati

ROLE OF RENAL ISCHAEMIA DURING SHOCK IN

PRODUCING ORGANIC INJURY
The question arises: What so injures the kidney during shock
that the organ is left in a paralysed or crippled condition? There
is evidence that renal ischaemia is the answer. Such evidence,
to be convincing, must show that: (1) renal 1schaemia occurs
during shock, (2) ischaemia by itself can produce the type of
renal failure that persists after shock, and (3) 1schaemia can
produce the type of histological changes observed 1n post-shock
uraermia.

The first investigators to incriminate ischaemia were Scarff
and Keele (1943) of the Middlesex Hospatal. They did not attack
the first point, concerning the occurrence of renal ischaemia
during shock, but considered the other two They showed that
ischaemia produced in rabbits by clamping the renal artery for
one to two hours was followed by a period of renal failure, with
nitrogen retention, that could, as in the shock kidney, end in
cither recovery or uraemia. They also found that tubular lesions
developed, simlar to those noted in the crush syndrome.

At the same time, the group at the Rockefeller Institute (Van
Slyke et al., 1944} were engaged in experiments on dogs that
provided the missing link of evidence, viz. proof that renal
ischaemia does occur during shock (see Fig. 14), and confirmed
the similarity of the functional after-effects of clamping the renal
arteries to the after-effects of shock. When recovery occurred,
the urea clearance was found to start nising, as shown in Fig. 16,
some days before the blood urea began to fall, the behavior
resembling that of the human case shown in Fig, 14.

Roof, Lauson, Eder and Bella (1951), continuing the work on
the after-effects of 1schaerma begun by Phdlips and his group,
have observed over long periods the after-effects of clamping the
renal arteres of dogs for two hours. They found, as after shock
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fluid retention, but that the abnormalities may also be part of a
vicious cycle retarding or preventing recovery of the hidneys
themseives. An example is seen in the shock kidney caused by
desiccation in Asiatic cholera. There is a great loss of water and
all the electrolytes through the intestine, but relatively more
bicarbonate than chloride, because of the alkaline nature of the
intestinal secretion. The result is both desiccation and acidosis.
Anuria or oliguria with the dilute urine, etc. are typical of the
shock kidney results. Sellards and Shaklee (1grr) treated
seventy-cight cases by infusion of Ringer’s solution, containing
all the electrolytes except bicarbonate. The desiceation was
relieved, but not the severe acidosis, and in twelve cases the
renal failure continued and death occurred in uraemia. In
seventy-seven other cases adequate sodium bicarbonate to
relieve the acidosis was given, and only one death from uraemia
occurred. When anuria had been present for a day or less,
infusion of bicarbonate was often foliowed in a few hours by &
rapid increase in both volume and urea concentration (c.g. from
005 to 1 5 gm per 100 cc) of the urine, Rogers {1916-17}, in
treating cholera in India, found that by giving adequate amounts
of sodium bicarbonate 1n addition to sodium and calcium
chloride solution, the percentage of cases that died later in
uraemia was reduced from eleven to three. It is well to empha-
size that both Sellards and Rogers followed changes in blood
concentration and alkalinity by quantitative methods, and
measured therr administrations accordingly. It appears that
correction of the acidosis was essential to provide a favorable
medium for recovery of the damaged tubule cells. It is possible
that in part the brilliant therapeutic results of Bull, Joekes and
Lowe (1950) were due to restoring a favorable medium for
recovery of the tubular cells.

THE SEQUENCE OF POST-SHOCK FUNCTIONAL
AND HISTOLOGICAL CHANGES
Failure of tubular function develops before lesions become
apparent. Mallory (1947) found no visible changes for eighteen
hours after onset of shock anuria in wounded soldiers, ‘The
jmitial renal insufficiency is, therefore, functional rather than
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Lucké’s (1946) cases of ‘lower nephron nephrosis’ was from
carbon monoxide poisoning.

With regard to the third point, the similarity of the lesions
developing after renal ischaemia to those developing after
shock, Dr. Jean Oliver (Oliver, MacDowell and Tracy, 1951)
has added confirmatory evidence to that of Scarff and Keele *
(1943) and of Badenoch and Darmady (1947) and Darmady
(1947). By the courtesy of Dr. Oliver I can use some of his
photographs in advance of their publication. Oliver has used for
many years a procedure (Oliver, 1939) for isolating and observ-
ing separate nephrons from acid-macerated kidneys that reveals
with especial clarity the location and nature of structural
changes in different segments. He consented to apply this tech-
nique to dogs’ kidneys that had been removed some days after
the animals had been submitted by Phillips and his collaborators
(Hamilton et al., 1948; Phullips and Hamilton, 1948} to clamp-

ora

The preparations were fixed in formalin and stained with
iron-haematoxylin, The nucle: appear as unstained vesicles, due
apparently to the extraction of their nucleic acids. The mito-
chondrial rodlets persist through the preparation, although their
form is changed from the long, filamentous structures that are
seen in well-fixed histological sections to short, elongated gran-
ules, which still maintain their original linear orientation.

In Figs. 19 and 20" are shown proximal and distal tubules from
a patient that died in uraemia mine days after haemorrhagic
shock. In Figs. 21 and 22 are shown similar preparations from
the kidney of a dog, of which the renal artery had been clamped
for two hours by Phillips.

From examunation of these and similar preparations, Dr.
Oliver concluded that the lesions developed in dogs® kidneys
after one to three hours’ clamping were identical with the lesions
developed after experimental shock, and that both resembled
the lesions found m human cases that developed uraemia after
haemorrhagic or traumatic shock. The most characteristic fea-

For Figs 1922 sec Plates I-1V following p 396.
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in human cases, that several months might be required for com-
plete recovery, and that sometimes renal function, despite chni-
cal recovery, never completely attained its former level. One of
the tubular functions that they followed was the maximal
tubular capacity to excrete paro-amino hippurate, the T, of
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Fig. 18, Companson of course of rise m tubular excreting power for para-
amino luppurate ((Tw) during recovery of patient of Fig. 14, data of
Marshall and Hoflman {1949)) with course during recovery of dog from
?-huur clamping of renal artery (data of Roof, Lauson, Eder and Bella
1951))
Homer Smith (1951). In Fig 18 is shown a comparison of the
recovery curves of this function in one of the dogs of Roof,
Lauson, Eder and Bella and in the patient of Marshall and Hoff-
man (1949), whose other functional data have been shown in
Fig. 16.
Clinical evidence that anoxia can damage the kidney is seen
in the occurrence of azotaemia 1n subjects poisoned with carbon
monoxide (Drinker, 1938; Loeper et al., 1g41). Also, one of
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balances are maintained in the absence of serious cardiac or
other non-renal complications, an active life may often be
enjoyed until renal destruction has passed the point marked by
fall of the urea clearance below 10 per cent of normal, and com-
fort and some activity may sometimes be maintained until the
clearance has fallen below 5 per cent.
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ture of nephron change he considers to be destruction of the
basement membrane of the tubule, seen in all four of the pre-
parations, with breaks in the tubule wall which often open
directly into veins. This is the lesion first noted by Dunn,
Gillespie and Niven (1941) in two cases of the crush syndrome.

In kidneys injured by nephrotoxic poisons, although the
functional effects appear the same, Oliver, MacDowell and
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characteristic lesion was degeneration of the epitheltum rather
than the disruptive break, although the latter also might occur.
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ducts requires extra urine volume to prevent their reabsorption,
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disintegrate, and inability to form ammonia favors the develop-
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blood specific gravity went up and down with variations in fluid
intake. Treatment of the tubular factor in chronic renal disease
has in the past, perhaps, been too often applied only when
symptoms became acute, rather than by preventive régime.
Provided nutrition (Borst, 1948) and the water and electrolyte
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THE IRRELEVANT ANTIGEN
The first difficulty is the deplorably catholic tastes of the anti-
body-forming mechanism in man and animals. Whatever sur-
vival value the possession of such a mechanism has for a species
Iike man—as a means of dealing either with the large molecules
or the living parasites that get into the body—the mechanism
has developed little discrimination. The world is full of antigens,
bacterial or otherwise, and given the chance, the body responds
1o all of them. In the would-be immunizer’s view, the mechan-
ismis as likely to make a wholly irrelevant response to an invad-
ing parasite as it is to produce a protective antibody. Secondly,
bacteria are bags of antigens. The flagella and cell-walls, and
large molecular cell-substances——proteins, carbohydrates, lipids
or combinations of them—enzymes and so forth, may ail induce
antibodies, though only a few of them may be immumzing
antigens.
THE SIMPLE VACCINE
None of these irrelevant antigens and antibodies would matter
i in every disease it was both sufficient and harmless to mocu-
late, let us say, whole cultures of bacteria. But this simple pro-
cedure is not often successful. For p e i g
antigen may be too toxic, as it is with most of the exotoxins,
and require detoxifying without destroying 1ts antigenic powers:
or the irrelevant antigens and other bacterial substances may be
50 toxic that the maximum tolerated dose of whole vaccine does
not contain enough of the immunizing antigens. Furthermore,
it may be impossible to preserve m the artificial antigen the
immunizing property of the natural infection. But even when
we have reasonable experimental evidence that a killed vaccine
is a useful prophylactic, we are usually far from knowing beyond
all reasonable doubt that the vaccine really works. A rigotous
test of a vaccine in the human herd with proper controls has
seldom been made. In spite of a great volume of work 1t is only
during the last few years, for example, that we have good proof
of the efficacy of BC.G vaccine, and that mainly m a few
rather p ive ities. We are in much the
same condition with whooping cough vaccine; there is plenty of
o
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Some Aspects of Antibacterial
Immunity

A. A. MILES

treatment would occupy most of the lectures in this series.

I propose to consider not so much what has been dis-
covered, as how we may best sift out those facts that more
immediately concern the practice of medicine. I may not suc-
ceed in simplifying the issues that are actively debated nowa-
days. But in all debates by specialists, even informed onlookers
sometimes find it hard to distinguish the issues that are immedi-
ately smportant to them from those whose applications to medi-
cine are still very much 1n the womb of time; and it is here that
I hope to be useful.

All our thinking about immunity to bacteria starts with the
simple and early concept that the specific immunity to a second
attack of an infective disease is due to the induction of specific
antibodies; and that the function of these antibodies, broadly
speaking, is to opsonize the invader and so make it susceptible to
the attack of phagocytes, and to neutralize its toxins. Now there
is hittle in subsequent work to suggest that this concept does not
embody the most important of the specific defence mechanisms
against bacterial infection, and upon this concept we have built
up the practice of prophylactic inoculation by vaccines, dead
or alive, and various preparations from bacteria; and of anti-
serum therapy of infections. Nevertheless, it is often difficult to

apply.

Tuz field of antibacterial immunity is enormous and a full
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active in the tissues, and is rightly employed in diagnosis. But
it is not a very reliable indicator of immunizing antibody, anc
by implication, of immunizing antigen. Because, as I have
already mentioned, most of the antibodies formed are probabl;
irrel The flagellar agglutinins that arise in the enteric
fevers, whose detection is excellent for diagnosis, are wholly
unprotective. Much more rewarding is the search for antigens

iated with pathogenicity. The classical ple of the
pneumococcus illustrates nearly all the essential features of the
discovery of an immunizing antigen (Table 1), To summarize it

TABLE 1. The I izing Antigen of the Py
Form
Smooth Rough
capsulated non-capsulated

Virulence + 4+ +
Resistance to phagocytosi +++ *
Constant of speaific

polysacchande +++ +
Tmmumizing power +4+ *
Capsular speaific polysaccharid

= ‘aggressin’ .

A lar antibody {a i i

)
(b) 18 protective in man and the
experimental animal

briefly, the virulent pneumococcus is capsulated, but in the
course of variation 1t may lose its capsule, and in doing so loses
virulence, resistance to phagocytosis in the test tube, and power
to immunize as a bacterial vacane; the restoration of the cap-
sule restores all these lost properties.

The capsular substance is largely a polysaccharide, which
characterizes the particular pneumococcal type; and the anti-
body responsible for immunity to that type is anticapsular;
because a protective antipneumococcal serum loses potency
when the capsular antibody is removed by adsorption. Capsular
polysaccharide 1s not very toxic but it enhances infection by
pneumococci of the same type in immunized animals, presum-
ably by neutralizing antibody that would otherwise be available
for opsomization; and finally, the anticapsular anubody 15 cura-
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suggestive evidence that it works in man, but little firm proof.
‘We can in fact seldom depend on making a good field trial; and
when a vaccine succeeds in 2 field trial we don’t usually know,
as scientists, how to make another equally good batch of vaccine,
though we may know, as master chefs know, how to set about
cooking up a potent immunizing brew in the media kitchen.
There is no doubt that some of the pertussis vaccines recently
tested by the Medical Research Council’s team in this country
are active (Report, 1951); and that certain laboratories seem to
have the trick of making good vaccines. But there is as yet no
test or set of Jaboratory tests that will with certainty pick out the
winners. There are rough correlations of efficacy in man with
mouse protection tests, but only rough correlations; occasion:tlly
a good mouse vaccine is poor in man and a poor mouse vaceine
good i man; and to change in the mouse test from challenging
by intracerebral inoculation of living A, pertussis 1o challenge by
the intranasal route is to get in some cases quite different esti-
mates of the potency of the vaccines.

With B.C.G. vaccine we have a test of efficacy in man,
namely, the development of tuberculin allergy. And if we are
prepared to accept a positive tuberculin reaction as evidence of
antituberculous immunity we can judge whether the vaccine
was a good one; but even with this, the production of 2 good
B.C G. vaccine today is a triumph more of ritual and faith than
of science.

1 stress these difficulties to show that good immunizing agents
cannot be achieved merely by making a preparation of the
organism and answering the question, ‘Does 1t work?" We have
10 be usually content with only suggestive evidence in man, and
back up our faith with the most rigorous laboratory search for
the immunizing antigens, and the best ways of using them.

THE SEARCH FOR IMMUNIZING ANTIGENS
In a search of this kind, we often take our first hints frm}\ the
infected animal or man. For instance, recovery from the infec-
tion may be accompanied by a nse in antibody to one or more
of the bacterial sub Now antibody response in the
natural infection 1s good evidence that a certain bacterium 15
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what we mean by that much abused word ‘toxin’, As a working
definition I would call it a microbial substance that observably
damages living organisms in ecologically significant conditions.
The operative parts of that definition are ‘observably’ and
‘ecologically significant’. Taking ‘observably’ first, it is not
enough to infer a toxic action in natural infections, because on
isolation in a purified state a bacterial substance is toxic. You
will find the reductio ad absurdumof this argument in an advertise-
ment for a popular digestive tablet, which portrays a stomach in
the act of excreting all its hydrochloric acid in one concentrated
drop; enough, as the picture rightly indicates, to burn a hole in
the carpet. We have a more serious example in the Clostridia.
The «-toxin of Cl. welchii is a lecithin-splitting enzyme and is
rightly credited with endowing that organism with its patho-
genicity. The saprophyte Cl. bifermentans also produces an anti-
genic lecithinase of the samekind which, if concentrated enough,
is toxic; but in no way does it confer any pathogenicity on CY.
bifermentans; and we have no right to call it a toxin (Mles and
Miles, 1950).

By ‘ecologically sigmficant’ conditions I mean conditions
resembling those in the natural relation of host and parasite.
For example, many bacteria, pathogemc or otherwise, produce
haemolysins: but there is little evidence that the haemolysins of
pathogenic bacteria ever haemolyse the bloed during an nfec-
tion. It may be objected that I am making no allowance for
cumulative effects, such as an anaema that develops during a
chronic mfection by a haemolytic bacterium. Thus 15 true, but
until such a cumulative effect is demonstrated, I maintamn that
there 15 no evidence of toxic action 1 ecologically significant
conditions.

I am labounng this pomt because loose arguments about
toxins lead us to behieve that we know far more about the action
of infective muicrobes than we actually do Moreover, if you give
an antigen a bad name by calling it toxic, you automatically
give a good name—antitoxm—to the antibodies agamst it, and
may mislead others into beheving that such antibodies play a
sigmificant part in prophylaxs or cure.
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tive in man, The picture is not complete, because, for example,
virulence is not wholly a matter of capsulation: but, had not the
sulphanilamides and antibiotics intervened, it is a picture that
would, I imagine, still suffice today as a basis for the specific
treatment of g Ip i

‘We must not expect to find a comparison of virulent and non-
virulent forms always so rewarding as in the pneumococcus.
Virulence determines the multiplication of the bacteria in the
body, and may depend on substances quite different from these
which induce immunity; in such a case the immunizing antigen
may be present in the non-virnlent forms as well. Indeed, we
successfully immunize cattle with avirulent Br. abortus (McEwen,
1a40), and Otten found a vaccine made from a strain of low
virulence effective in man {Otten, 1941). In other words, the
antigens peculiar to the virulent forms may be irrelevant,

THE TOXINS

There is a stronger case for antigens associated with virulence,
when these antigens are taxic. Thus the case for immunizing
against the classical exotoxins, diphtheria, tetanus, botulinut,
the gas gangrene and the scarlet fever toxins, is clear-cut. They
obviously play a predominant part in the disease, because the
symptoms of intoxication largely mimic the natural disease.
Moreover, they are neutralized in the hody by antitoxins, and
antitoxins are curative, This is not to say that antitoxic fmmun-
ity 1s the whole answer to these discases, It is certainly not s0
with scarlet fever, where antitoxin treatment may scarcely affect
the course of infection by the causative streptococcus; and there
ate uncomfortable suspicions, especially in malignant forms ?f
the disease, that more than antitoxic immunity is required in
diphtheria. But we are fully justified by the results in our pre
occupation with the antitoxic immunity to these diseases, what-
ever antibacterial unmunity we should aim at in addition.

CRITERIA OF TOXICITY IN BAGTERIA
When a bacterium has no obvious exotoxin, the selection of
toxic antigens 1s less easy, and before passing on to the lesser
bacterial toxins, 1 want to digress for a mement to consider
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are effective in the natural disease. Endotoxins cannot be said to
mimic it, but that is hardly to be expected, since they have no
specific action in the experimental animal; but if we exclude
the peculiar features, say, of gonorrhoea, meningitis, cholera,
typhoid fever and Bact. coli pyelitis as consequences of the vari-
ation in the organs particularly attacked by these diseases,
there is a residuum of fever and intoxication which might be
attributed to endotoxins. Moreover, 1n some cases the number
of dead organisms required to kill the animal s of the same order
of'size as the number to which a smaller living infective dose has
grown to by the time the animal dies. It 15 reasonable therefore
to assume that in such diseases the animal dies of the endotoxin.
We are fortified in this belief by the fact that inoculation with
the purified endotoxin, which in many of these bacterial species
is the O somatic antigen, confers active immunity and that
O-antisera confer passive immunity.

It would however be premature to claim this as a justification
for selection of endotoxins as immunizing antigens, because
these O-antisera, though they protect agamst the discase, are
not markedly antitoxic. Indeed, H. R. Morgan (1941) has
shown that endotoxin-antitoxin precipitates are themselves
toxic, suggesting that the O-antibody, though 1t combines with
the endotoxin, does mot necessanily neutralize it in so doing.
There is another piece of evidence that the endotoxins are not
necessarily toxic in ecologically significant conditions. In an
experiment designed to demonstrate the inheritance of immun-
ity to the endotoxin of the mouse typhoid bacillus, Hull, Hats-
well and Topley (1940) bred from muce that survived a large
dose of endotoxin. When the offspring were mature, they were in
turn tested with endotoxin, and the survivors used for breeding.
Table 2 summarizes the results. In ten generations, there was a
survivor rate of 70-80 per cent to that dose of toxin; of the
tenth generation of a control set of mice not subjected to selec-
tion by endotoxin, only 20 per cent survived. Clearly there is a

X 1al nherited resi: to endotoxin., Yet when the
tenth gencrations of selected and control mice were infected
with living mouse typhoid bacilly, the death rate in the two
groups was simular, In other words, resistance to the endotoxin
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THE ENDOTOXINS

The toxic materials in bacillary bodies have been studied in the
prateus, coliform, salmonella and dysentery, brucella and
pasteurella organisms, in the cholera vibrio, and in the gono-
coccus and meningococeus; and though there are many differ-
ences, they conform to a general pattern (Burrows, 1951). They
are complexes of protein-like material, polysaccharides and
lipids. The toxicity is usually associated with P and N-contain-
ing components in either the conjugated protein or the poly-
saccharide part of the complex. The polysaccharide seems t
confer the immunalogical specificity, and the conjugated pro-
tein either confers or improves the antigenicity of the whole
endotoxin,

There is also a close resemblance in biclogical properties. In
the experimental animal the toxic dosage, symptoms and post-
mortem pictures are similar. Endotoxins may produce ;Mly
pyrexia and then shock, diarrhoea, prostration. There 13 an
carly hyperglycacmia and later a hypoglycaemia. After death
the chief ct are congestt d and small haemorr-
hages in the gut, the abdominal viscera and lungs. Some obser:
vers argue that endotoxins act chiefly upon the central nervous
system, others that they interfere with carbohydrate meta:
bolism. The majority, struck by the vascular changes in life and
at death of the mtoxicated animal, believe that endotoxins arc
primarily vascular poisons (Delaunay and Lebrun, 1947
Delauney, Lebrun and Cotereau, 1947). But since most of the
vascular changes can be seen only in animals lethally or neat-
lethally intoxicated by the endotoxn, it is hard to decide
whether we are dealing with a Jaboratory phenomenon, of
something that parallels actual infection by endotoxin pro-
ducers. But there are two facts that suggest a predilection for the
blood vessels—endotoxins in small doses readily cause haemorr-
hages in certain rat and mouse tumours; and they are prominent
among the substances that sensitize the vascular system to the
violent changes we see m the Shwartzman-Sanarelli pheno-
menon. .

But these facts do not help us to decide whether the endotoxins
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plain saline bleb would. The discovery of bacterial hyaluroni-
dases, and the demonstration that certain viruses produced
bigger skin lesions when they were injected along with hyalur-
onidase, led naturally to the idea that the enzyme might be a
valuable aid to a bacterium in spreading through the tissues;
and the idea that the power to synthesize hyaluronidase in part
determines the invasive properties of a bacterium has been

pted by many bacteriologists. Nevertheless, the evidence is
still very equivocal. In the first place, though hyaluronidase-
production is sometimes associated with pathogenic strains of a
bacterial species, the non-hyaluronidase producers among such
strains do mnot lack virulence (Crowley, 1944; Pike, 1948;
Russell and Sherwood, 1949). The association of hyaluronidase
and virulence may therefore be accidental. It is true that, ex-
perimentally, hyaluronidase can enhance some infections by
spreading them through the host’s body. But it 15 pertinent to
inquire where the spread is taking the microbes. Are they going
into susceptible or into bactericidal tissues? Hyaluronidase en-
hances vaccinia sk nfection, presumably because a virus par-
ticle is infective wherever it 1s pushed by the injection. But it
may decrease local lesions due to bacterial infection, because the
inoculum is spread more thinly over a larger region of skin, and
is more readily suppressed by the natural defences of the body
(Duran-Reynals, 1935). We must also consider the probable
conditions of hyaluromdase action in natural mfection. The
phenomenon of experimental hyaluronidase enhancement is
evident only when the inoculum 15 injected under pressure. The
enzyme appears to have no mtrinsic powers of spread, so that
we should expect it to spread natural infection only when the
inflammatory exudation had built up a certain hydrostatic
pressure 1n the tissue (Hechter, 1946 and 1947). We might
expect this 1n the late stages of an infection, but not perhaps in
the earlier stages. The si; conditions for blishing the
pathogenic effects of hyaluromdase must firstly include some
knowledge of whether the requisite pressure is likely to be en-
gendered, and secondly, whether 1t is to the bacterium’s advan-
tage to be spread into relatively healthy tissue. One possible
proof 13, of course, immunological. Is antibody to hyaluronidase
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and resistance to infection were not connected. Now the endo-

toxins are present on the surface of the bacteria, and indeed

characterize their antigenic behaviour in agglutination. It is
TABLE 2. Generations of Mice tested with . Typhimurium Endotaxin

Generation  Percentage survival of

offspring of
o
Survivors Controls
of Test
1 — 67
2 41 43
3 50 28
4 29 8
5 48 17
6 37 4
? 71 20
8 59 17
9 56 9
10 77 19

possible therefore in many cases where anti-endotoxic anti-
bodies are protective, they act merely as opsonins, and not as
antitoxins, If this is generally true, the principle of assuming
that endotoxic antigens are likely to be immunizing antigens has
given us the right answer, but for the wrong reasons.

THE AUXILIARY PATHOGENIC FACTORS
There remain those bacterial products that have no demon-
strable toxicity, but which are thought to have a decisive influ-
ence on the course of mfection because they can in suitable
cir act upon lian tissue or on s
that tissue. I have already mentioned the bacterial haemolysins,
Another outstanding example will serve to introduce the argu-
ments for their relevance to immunity. Many bacteria produce
spreading factors, which m all cases appear to be hyaluronidases.
Now the hyaluronidases act on animal tissues that contain
highly polymenized hyaluronic acd. In the skin, for example,
the hyaluronic acad 15 part of the intercellular substance binding
the tissue cells together When saline containing hyaluronidase
is injected intradermally under pressure, the bleb formed by
injection spreads outward and subsides far more rapidly than 2
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IMMUNITY TO STREP. PYOGENES
The list of antigens in Strep. pyogenes is disconceningly complex

even (hou ghit mcludcs only (he streptococcal antigens for which
some rel in pathogi iscl

‘TABLE 4. Antigens of Strep. Pyogenes
P (nucleoprotein)  Shared by other species
M (proten) Type speatfic
T ({proten) Inter-type specific
C (polysacchande)  Species specific
Erythrogenic toxan
Streptolysin.O
Leucoudn
Fibrinolysin
Hyaluronsdase
Protease
Rubonuclease
Desoxynbonuclease
First come the antigens which determine the serology of the
coccus, The nucleoprotein P antigen is shared by other species.
This fact does not necessarily exclude 1t as an effective immuniz-
ing antigen but there is no positive evidence that 1t 1s. The M
and T proteins, which are respectively type specific and shared
between types, and the C carbohydrate, which characterizes the
Strep. pyogenes group as a whole, are all features of pathogenic
strains. But since immunity to these varieties of Strep. pyogenes 1s
type specific, it 1s clear that neither T nor C antibodies are con-
cerned 1n 1it. The M anugen is associated with virulence and M-
ibodies are iated with pr jon (L field and Dole,
1946 Lancefield and Stewart, 1944). It mn fact fulfils all the
criteria that mdxcate the fundamental importance of the capsu-~
lar sub (Table 1), As Rothbard
(1948) and Rothbard ‘and Watson {1648) 1 the U.S. have re-
cently shown, the M antigen is associated with virulence, being
plentiful m mfecting stramns from man, and scanty in carrier
strains. It confers resistance to phagocytosis on the coccus, and
anti-M sera are opsonic 1n the test-tube, and protective in ex-
perimental infection.
The erythrogenic toxin is a true exotoxin and certainly signi-
ficant in scarlet fever. It is a species specific toxin, so that the
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protective? A test of this kind was made by Evans {1943) In
experimental CI. welchil infections in the guinea-pig; and here
an antihyaluronidase serum was not beneficial.

The case for hyaluronidase as a factor in pathogenesis should,
I think, be regarded as unproven. It is unlikely that we shall
ever prove it by finding that it is the one feature of 3 bacterium
that confers virulence; and in the absence of such proof; the
i logical test—does hyaluronidase i ize against in-
fection, or is antihyaluronidase serum p ive?—is crucial.
The moral of this analysis is that for proof of pathogenic signi-
ficance it is not enough ta find an enzyme inbacteria that happens
to have a substrate in the animal body. The microbial chemists
are likely in the next few years to characterize a lot of bacterial
enzymes and it would be astounding if these had no effect on
some compenent or other of mammalian tissues, Moreover, they
will in all probability be antigenic and as soon as a suitable
serological test is devised, antibodies to the enzymes will be
demonstrable in the infected animal, T suggest that about these,
as about many other bactenal antigens already described, we
should keep an open mind, admitting them into the ranks of
relevant antigens only after severe scratiny; and in this scrutiny
we must bear in mind the relative value of the various types 0
evidence of pathogenic sigmficance of an antigen, which as 2
summary of my argusment so far are listed in Table 3in ascend-
ing order of importance and value,

TABLE 3. Types of Evidence for implicating a Bactenial Antigen in
Immunity

(1) Speaific antibody response in natural disease
(2) Assoasanion with varulent form of bacterium.
{3) Observable effect on hast or host tissues.
R S

14) . - '
Let us now examine three bacteria, Strep. pyogenes, Staph.
byogenes and B. anthracs, in the light of these critena.
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IMMUNITY TO STREP. PYOGENES
The list of antigens in Strep. pyogenes is disconcertingly complex
even though it includes only the streptococcal antigens for which
some relevance in pathogenesis is claimed.
TABLE 4. Antigens of Strep. Pyogenes
P (pucleoprotein)  Shared by other species
M (protein) Type specific
T (protewn) Inter-type specific
G (polysacchande)  Speciesspecific
Erythrogeme toxin
Streptolysin-Q
Leucocidm
Fibnnolysin
Hyaluronidase
Protease
Ribonuclease
Desoxyribonuclease
First come the antigens which determine the serology of the
coceus. The nucleoprotein P antigen is shared by other species.
This fact does not necessarily exclude it as an effective immuniz-
ing antigen but there is no positive evidence that it is. The M
and T proteins, which are respectvely type specific and shared
between types, and the C carbohydrate, which characterizes the
Strep. pyogenes group as a whole, are all features of pathogenic
strains, But since immunity to these vanetes of Strep. pyogenes is
type specific, it is clear that neither T nor C antibodies are con-
cerned in it. The M antgen 15 assocxated with virulence and M-
antibodies are associated with protection {Lanceficld and Dole,
1946; Lancefield and Stewart, 1944). 1t in fact fulfils all the
criteria that indicate the fundamental importance of the capsu-
lar sub m the p (Table 1). As Rothbard
(1948) and Rothbard and Watsen (1948) m the U.S. have re-
cently shown, the M antigen is associated with virulence, being
plentiful in infecting strains from man, and scanty in carier
strains, It confers resistance to phagocytosis on the caccus, and
anti-M sera are opsonic in the test-tube, and protective in ex-
perimental mfection.
The erythrogenic toxin is a true exotoxin and certainly signi-
ficant 1n scarlet fever. It is a species specific toxin, so that the
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antitoxin is suitable for scarlet fever, no matter what the infect-
ing type of streptocoecus,

The streptolysin S, properly speaking, need not be considered
here because its antigenicity is doubtful. Human sera wil
neutralize its haemolytic activity, and the neutralizing titre may
change with disease. Neutralization, however, appears to depend
not on a true antibody, but a lipo-protein component associated
with the atbumin fraction of sera. In any event, neutralizing
sera are not protective.

The streptolysin-O has a greater claim to our regard, because
it s a Ieucocidin, perhaps the main leucocidin elaborated by the
coccus, and in purified state it is toxic. Moreover, anti-O sera
are 10 a small extent protective in experimental infections
(Todd, 1935).

The fibrinolysin is not uself Iytic, It is an enzyme-tike sub-
stance which activates a normal component of the serum—
named plasminogen—to produce the proteolytic enzyme plas-
min. It is not related to strain-virulence in the Group A strep-
tococci, and though anti-fibrinolysins arise in the sera of inl:ccted
persons, they appear to be irrelevant, It is tempting to see in the
power to lyse tlots—including the defensive clots belseved by
some 1o play a large part in localizing infections—the reasons for
the invasiveness of the fibrinolytic streptococei. But there is 10
good evidence that this is so.

As regards hyafuronidase 1tself; not afl types of Strep. grogenes
produce it in Jarge amounts, though since antihyaluronidase
antihodies are induced by most types of streptococcus 'lhc
potentahity is probably fairly widespread. But these is tinle
proof of ats significance in immumty. I mention the proteasc
and the two nucleases for the sake of completeness, T can suggest
no pecubar pathogenic function for the protease. The strepto-
coccal nucleases, however, are capable of thinning out extremely
viscous exudates, like those formed m the pleura, which appear
1o owe their viscosity to high polymers of ribonucleic acids, pre-
sumably derived from pus cells. If the viscons exudate is defes-
sive, 2 nuclease would be a useful weapon for the coceus, just
as a fibrinotysin might be agamst defensive clots or in destroying
the fibrin threads that Smith and Wood (1949) suggest give
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mechanical support to phagocytes. We do not know: but per-
haps it is not unfair to note that both the fibrinolysin and
nuclease, under the names of Streptokinase and Streptodornase,
are now employed for the removal of necrotic debris from
wounds and closed cavities (Tillett ef al., 1950)—a nice modern
instance of an old saying, where we beat bacterial swords into
clinicians’ ploughshares.

‘We can then simplify the picture of streptococcal immunizing
antigens, leaving only the M protein, the erythrogenic toxin,
and perhaps streptolysin-O; and if we are stringent in our
demands for proof we might exclude the streptolysin-O. The
rest, | ificant antihyaluronid antistreptolysins,
antifibrinolysins and antiproteases are in elucidating, for ex-
ample, the relation of Strep. pyogenes to rheumatic fever, we can
dismiss for the time being as irrelevant antigens.

IMMUNITY TO STAPH. PYOGENES
‘We can make an equally good simphfication with what we know
of the Staph. pyogenes antigens.

TABLES5 Antigens of Staph Pyogenes

Carbohydrate ? Species specific
Haemolysins, alpha (Exotoxtn)
beta
gamma
delta
Leucocidin
Fibrinalysin
Hyaluromdase
Coagulase
(Enterotoun)

I do not want to do more with the list in Table 5 than note
that we still do not know with certamty the antigens respons:ble
for the undoubted bacterial immunity that follows i injection of
coccx mor the conditions in which undoubted annto‘ﬂc mmun-

P U T A T

U

I am chiefly Interested in coagulase as an illustration of my prin-
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ciples of selection, The association of coagulase with patho-
genicity among the staphylococci is indubitable; but then so is
the association with a-toxin production and there is a much
better case for a-toxin as an active pathogenic factor; the
association of coagulase might then be accidental. But Smith
and Hale (Hale and Smith, 1945; Smith, Hale and Smith, 1947)
produced evidence firstly that the coagulase could coagulate
only by activating (or being activated by) a factor in the blood
of the host; and that for animal species without the blood factor,
the staphylococcus was not very pathogenic. Secondly they
showed that in a coagulable serum, a coagulase-producing
staphylococcus increased in resistance to phagocytosis presum-
ably because it was covered by a deposit of fibrin. This 15 an
admirable example of a test made in ecologically significant
conditions; that is, the fundamental condition of defence by
phagocytes is reproduced. It only remains to prove the protec-
tive value of anticoagulase sera in order to establish beyond
doubt the pathogenic réle of the staphylocoagulase in infection.
IMMUNITY TO B, ANTHRACIS
My third example, B. anthracs, illustrates the failure of all the
criteria, excepting the fundamental one, ‘Does it work?”
TABLE 6. Antigens of B. Anthracis
Somatic polysacchandes PS

Capsular polypeptide PP (neutralizes the anthracidal
substance 1n the nissues)

Induction of Immumzing

antibody power

Somatic PS + [}
Capsular PP + 0
Filtrate factor

Baailary substance

+‘albumm’ o +
Lesiwon factors

Somatic PS + ‘globulin’ 0 +

Toxic capsular substance + o

Of well-described antigens, we have some ponsaccharidcs in
the body of the bacillus, and a capsule which, unlike other
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bacterial capsules so far studied, consists of a polypeptide. Both
these antigens are active in dead bacilli, and both (Table 6) are
irrelevant. This is a particularly instructive and cautionary fact
because the capsule is associated with the virulent forms of the
anthrax bacillus. We should perhaps expect this result from the
older work on anthrax, which established clearly that dead
virulent bacilli did not immunize, but living avirulent bacilli
did. The recent work in France (Grabar and Staub, 1946; Staub
and Grabar, 1947) and the U.S (Cromartic ¢ al., 1947) is based
on the old observation that oedema fluid from anthrax lesions
could immunize. The French workers’ fractionation of cedema
fluid gave them a complex of a polysaccharide from the body of
the bacillus and a protem, presumably from the tissues. The
American workers got similar results, in their hands the antigen
. was associated with globulin components of the fluid. Gladstone
(1046, 1948), on the other hand, sought for an immunizing anti-
gen in cultures of the bacillus When plasma is added to the
culture medium, during a particular period of growth the cul-
ture ins an i i b which is a complex of
bacterial sut e and serum albumin. This plex, like
the oedema factor, behaved as a protective antigen, The dis-
crepancy mn the reputed nature of the protein part of these two
immunizing factors may be resolved when 1ts exact nature is
known; because the association with albumin or globulin may
depend on the method of fractionation employed (Heckly and
Goldwasser, 1949). Now this combination of a polysaccharide
with a protein to form an antigen is a familiar phenomenon in
bacteriology, but there are obstacles to this explanation of the
immunizing substances from the anthrax bacillus. The immun-
ity is not transferable m the serum of the animal: antibody to
the factor does not appear unless the animal is hyperimmunized,
and when it does appear, 1t reacts 1n no observable way with any
component of the bacterium, of plasma or of tissue extracts.

The nature of the i Y too is pecul In the i
ammal, as 1n normal, susceptible animals, the capsulated bacilli
proliferate up to 4-8 hours, but after this period, bacilli in the
immunized anunal begin to lose thewr capsule, and are later
killed. This death does not appear to be brought about by
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Cipl_cs of selection. The association of coagulase with patho-
genicity among the staphylococci is indubitable; but then so is
the association with a-toxin production and there is a much
better case for a-toxin as an active pathogenic factor; the
association of coagulase might then be accidental. But Smith
and Hale (Hale and Smith, -~ ¢+ @i Hola ned Qonlth anamd
produced evidence firstly t

only by activating (or being

of the host; and that for animal species without the blood factor,
the staphylococcus was not very pathogenic. Secondly they
showed that in a coagulable serum, a coagulase-producing
staphylococcus increased in resistance to phagocytosis presum-
ably because it was covered by a deposit of fibrin. This s an
admirable example of a test made in ecologically significant
conditions; that is, the fundamental condition of defence by
phagocytes is reproduced. It only remains to prove the protec-
tive value of anticoagulase sera in order to establish beyond
doubt the pathogenic réle of the staphylocoagulase in infection.

IMMUNITY TO B. ANTHRACIS
My third example, B. anthracis, iltustrates the failure of all the
criterin, excepting the fundamental one, ‘Docs it work?®
TABLE 6. Antigens of B, Anthracis
Somatic polysaccharides PS

Capsular polypeptide PP {neutrahzes the anthracidal
substance i the tissues)

Induction of Immunizing
anttbody power
Somatic P§ + 0
Capsular PP + 0
Fillrate foctor
Bacillary substance

+‘albumin’ [»3 +
Leson factors

Somauc PS +‘globulin’ ] +

Toxic capsular substance + ¢

Of well-described antigens, we have some polysaccharides in
the body of the bacillus, and a capsule which, unlike other
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the prinaple of giving at least two immunizing doses spaced so
as to take full advantage of the secondary response described by
Glenny (1925) whereby the first dose of an antigen conditions
the antibody-forming mechanism in such a way that the second
dose given after an interval of about four weeks produces an
enormous antibody response. We might also consider whether it
is worth improving antibody response in the patient by nutri-
tion But here, I think, we should find that since only gross mal-
nutrition interferes with antibody production, we should not
achieve much by overfeeding the reasonably fed; though we
should probably do well to ensure, particularly in an infected
patient, that there was no lack of the water-soluble vitamins.

PASSIVE IMMUNITY
So far I have discussed active immunity. I should like to finish

remove all the unwanted and inactive serum proteins.

We can also ensure that the antibody gets as quickly as pos-
sible to all parts of the infected body by giving it intravenously.
But since the infected or intoxicated tissues are usually extra-
vascular, we then have the antibody on one side of the capillary
endothelum and 1ts destination on the other. Protems pass
slowly and in relatively small amounts through the normal
capillary wall, but more quickly when the permeability of the

wallss d as itis, for le, during infl on.
Fig. 1 summarizes some observations (Miles and Miles, 1943)
on the lation of CL welchii in artficial lesions

made by the a-toxmn in the muscle of rabbits given antitoxin at
varying times after the toxin In lesions one hour old, for
example, the permeability of the capillaries has been mcreased,
and there is a rapid build-up of antitoxin from the circulation.
But with a more slowly acting toxin like diphtheria toxin or one
which, like tetanus or botulinum toxin, has no effect on the
capillary wall, neutralization will depend on the normal slow
rate of antibody accumulation in the tissues, Now this may not

be quick enough in severe infections or intoxications. Anti-
]
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phagocytosis, though phagocytes appear in the lesion. Cromartie
and his colleagues describe in tissues and leucocytes an anthra-
cidal factor which appears to decapsulate and then to kill the
bacillus. This anthracidal factor is neutralized not only by the
non-toxic capsular polypeptide but also by a substance found by
Cromartie and others in lesion fluid, which resembles capsular
polypeptide, but which is toxic to animal tissues.

As far as the picture can be safely simplified, we have then a
normal defence hanism of the host—not i logical—
the anthracidal factor, which during invasion with virulent

N R A . R
c

of the capsular substance, but in some way or other there is
better mobilization of the anthracidal substance, and the infec-
tion is overcome locally without spread of the invader.

It would be premature, of course, to assume that the inter-
pretation of this immunity will necessarily lie outside the field _uf
orthodox antigen-antibody effects. We are becoming familiar in
allergy with antibodies that are impotent in one way or anoth.cr,
and yet are authentic members of the family of antibodies.
Moreover, protective antibodies do appear in animals hyper-
immunized to anthrax, so that we could postulate an antibody
production that is normally never exuberant enough to spill
over into the blood stream in detectable amounts but which is
in sufficient concentration 1n the tissues. But it would be cqus:lly
unwise to be too conservative. Like tuberculosis, anthrax is 2
pecubar disease, and in both we may find defence mcch:mis;m,
even those which are made more effective by specific immuniza-
tion, which depend more on a true cellular than on a humoral
immunity.

The explortation of immumzing antigens. When, as in these ex-
amples, we have identified the immunizing antigen, there
remain the problems of using 1t to the best advantage, prnblcfns
which I can do no more than mention. We have various adju-
vants that increase antigenic potency—the aluminum salts
used with diphtheria toxoid are outstanding in this respect—
but it is still doubtful how they act. We can, and should, apply
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the antibodies are refined by peptic digestion. The antitoxin has
of course to go through more than capillary walls in this
placental passage, but there is other evidence that the l\uld-uP
occurs at the capillary endothelium, because the natural anti-
body of the same species (1.e. guinea-pig antitoxin in the guinea-
pig) is also best in neutralizing diphtheria toxin, when the toxin

100¢
EFFICACY OF

PERCENTAGE
oF
MAXIMUM 5O
POSSIBLE
NEUTRALIZATION

o
~t ] | 2
AGE OF TOXN LESION (HOURS ) WHEN
ANTITOXIN GIVEN  INTRAVENQUSLY

F1o 2, The dechne 1n efficacy of intravenous diphtheria antitoxin ad-
munstered at varying intervals after intradermal injection of diphthena
toxin in the guinea-pig.
is put into the skin and the antitoxin given intravenously. I do
not wish to imply that if these observations prove to be generally
applicable all therapeutic horse antisera, and especially refined
horse antisera, should be replaced by human antisera. The
refined horse antisera are manifestly effective. But there may be
diseases and occasions when the greater maobility of the human
antibody would prove decisive.

1 should perhaps conclude with a justffication of what may
appear to be a most reactionary view of some recent advances
in immunology, i which I have reduced the complexities to a
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toxins probably have very little action in rezersing already estab-
lished intoxication. They act mainly by stopping further mis-
chief,

In Fig. 2, for example, which summarizes some of our obser-
vations on the neutralization of diphtheria toxin in the guinea-
pig’s skin, by antitoxin in the circulation, it is clear that, in
terms of the effective neutralization of the toxin when antitoxin

60,
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Fi6 1. Accumulation of antitoxinin Gl welchii a-toxin lestons

fn musvans hofars tha tavin the efficacy of antitoxin given after the
1se, as in others, we must

. of antibody. That must

always be a fixed principle of antiserum therapy. Bu.t some
recent work of Hartley’s (1951) suggests that the :.mubodzes
in general use are slower than they need be in t}}clr passage
through the capillary wall. For example, diphtheria antitoxin
made n the g pig, and admini 1 to preg guinea-
pigs, passes much more quickly into the foetus than does
diphtheria antitoxin made in the horse: and the rate of passage
of both guinea-pig and horse antitoxin is greatly reduced when
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the antibodies are refined by peptic digestion. The antitoxin has
of course to go through more than capillary walls in this
placental passage, but there is other evidence that the hold-up
occurs at the capillary endothelium, because the natural anti-
body of the same species (i.e guinea-pig antitoxin in the guinea- -
Ppig) is also best in neutralizing diphtheria toxin, when the toxin
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toxin in the gunea-pig.
is put into the skin and the antitoxin given intravenously. I do
not wish to imply that if these observations prove to be generally
applicable all therapeutic horse antisera, and especially refined
horse antisera, should be replaced by human antsera. The
refined horse antisera are mamfestly effective. But there may be
diseases and occasions when the greater mobility of the human
antibody would prove decisive.

I should perhaps conclude with a justification of what may
appear to be a most reactionary view of some recent advances
1n immunology, in which I have reduced the complexities to a
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toxins probably have very little action in rezersing already estab-
lished intoxication. They act mainly by stopping further mis-
chief.

In Fig. 2, for example, which summarizes some of our obser-
vations on the neutralization of diphtheria toxin in the guinea-
pig’s skin, by antitoxin in the circulation, it is clear that, in
terms of the effective neutralization of the toxin when antitoxin
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' , disease, as in others, we must

. ‘ction of antibody. That must

always be a fixed principle of antiserum therapy. Bu't some
recent work of Hartley’s (1951) suggests that the :‘mtlbodxcs
in general use are slower than they nced be in their passage
through the capillary wall. For example, diphtheria antitoxin
made in the guinea-pig, and administered to pregnant guinea-
pigs, passes much more quickly mto the foetus than does
diphtheria antitoxin made 1n the horse: and the rate of passage
of both guinea-pig and horse antitoxin is greatly reduced when
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few antitoxic and a few opsonizing antibodies. I do not wish to
suggest for one moment that the observations that I have dis-
missed as irrelevant to antibacterial immunity may not be
proved relevant in the future, or that even now they are not of
the first importance in bacteriology. They are irrelevant only
because the argument has been severely confined to one aspect
of immunology. In all conservatism there is an element of lazi-
ness, and I have been conservative with the intention of reliev-
ing those of my readers who are not professional bacteriologists
of some of the burden of bacteriological fact they may feel
obliged to carry for their medical thinking. I hope I have been
successful,
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XI
Viruses as the Causes of Disease

S. P. BEDSON

animal pathology which is not surpassed by any other

form of microbial agent of disease. The aspects of virus
disease that I can most usefully consider concern the ways in
which viruses are transmitted from host to host, the routes by
which they spread within the host and the manner in which they
produce disease. There 1s something of interest to be said on all
these three aspects of virus disease.

VIRUSES are now known to play a part in human and

MODES OF SPREAD OF VIRUS INFECTION
As a generalization 1t can be said that infectious discases are
spread by the same means whether they are caused by hacteria,
viruses or protozoa. Just as 1n the case of bacterial discases there
are some virus infections which are spread very largely or even
exclusively by contact—lymphogranuloma venereum and rabies
are good examples—but the vast majority are spread indirectly
through the usual channels—the air, by infection of food, milk
and water, by fomites or by insects. The emphasis in the virus
group 1s on air-borne mfection and the alimentary tract is rela-
tively ummportant as a portal of entry of virus infection. It is
true that examples of virus diseases spread 1n the latter way are
becoming more numerous. There is evidence, for instance, that
infective hepatitis may be water-borne (Neefe and Stokes, 19457
Olin, 1947) or even spread at times by food (Read, Bancroft,
Doull and Parker, 1946) or by milk (Murphy, Petrie and Work,
1946). And the rediscovery in recent times that those infected
with the virus of poliomyelitis excrete the virus in the stools for
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weeks or months afterwards, her with jts d ation in

breaks of this discase do oceur {Goldstein, Hammon and Viets,
1946) and that it may even, at times, be spread by food, parti-
cularly uncoohed food (Barb:r, 1938). It appears, however, that
when poliomyelitis is by air-bomne parti-
cles is the important mode of spread (McFarlan, 1946; Bum:t,
1945) though faecal spread may well be responsible for ensuring
survival of the virus between epidemics,

In connexion with the means by which virus diseases are
spread the most interesting problems, to my mind, are presented
by those diseases in which at first sight there seems to be no
evidence that infection is of extrinsic origin. So strong is the

suggestion in some msumccs that lhe mfccuon arises intrinsically
Wl b tan

that this idea of spontanecus and intrinsic origin of viruses has
never had many adherents and that a ¢loser examination of
apparent examples of its ocourrence has provided a more
rational and ptable exp And although this work is
no longer very recent 1t seems to me worthy of mention because
of its extreme interest and because it may have escaped the
attention of those who are not pnmanly concerned with the
study of viruses.

The first example which I wish to mention comes from veter-
inary medicine: swine 1nfl ; we are indebted to the Ameri-
can patholagist Shope for the full understanding of the natural

citay

whilst wfection with the bacterium is sympmm\ess' cm\y ‘when
‘actmg together do these agents evoke the clinical picture of
swine influenza. Although this disease is contagious, the ex-
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plosiveness of its outbreak in the late autumn simultaneously at
a number of unconnected points and the rapidity with which it
spreads through herds and from farm to farm find no conven-
tional explanation. No sporadic cases of swine influenza occur
between epidemics nor are carriers of the virus to be found then,
and were it not for the brilliant researches of Shope (1g943) this
yearly outburst of swine influenza might well have been ad-
vanced in support of spontancous generation of the virus, Now
we know that swine influenza virus has an important and unex-
pected host in the swine lungworm, The larvae hatching from
the ova laid by adult worms in the lungs of pigs suffering from
influenza participate in the virus infection of their host and this
infection persists throughout their further development. The
first three stages of this larval development are spent in the
earthworm and completed when the earthworms are eaten by
the pigs and the liberated lungworm larvae reach the lungs by
way of the circulation. They bring with them the virus which is
not detectable by direct test, but can be unmasked in the pig by
the application of 2 variety of provocative stimuli relatively
harmless in themselves, Thus the virus is disseminated widely in
swine herds before the onset of swine influenza epidemics but iln
a form which only becomes unmasked when the infected ani-
mals are subjected to the provocative stumulus provided by the
wet, cold and inclement weather of late autumn.

The two human conditions to which I wish to make reference
in this connexion are herpes febrilis and zoster. As I have said
already, the absence of evidence pointing to an external source of
infection 1n those suffering from recurrent attachs of herpes has
led to the suggestion that the virus arose spontaneously in the
tissues of the sufferer. That the virus is present in the lesions fs
established and generally accepted, it 1s only its origin W!liCh 5
in dispute. It is also recognized that herpes can be contagious—
the venereal transmission of herpes of the genitals is an example
in point—but in the majority of herpetic cases infection by con-
tagion seemed to play no part. The newer knowledge ?f the
natural history of this disease has provided an explanation of
this anomaly. The demonstration that adults subject to recur-
rent herpes possessed herpetic antibody in their blood in con-
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siderable amount whereas it was absent from those who never
suffered from herpes (Andrewes and Carmichael, 1930; Brain,
1932) suggested that herpetic subjects probably carried the
virus. When they acquired the infection which led to the estab-
lishment of the carrier state remained unsolved until Dodd,
Johnston and Buddingh (1g38) showed that vesicular stomatitis
in young children was usually due to herpes virus and Burnet
and Williams (1939), confirming this, observed that these were
primary infections since herpetic antibodies were absent at their
inception and only developed as the disease progressed. It scems
then that primary infection with herpes virus usually occurs in
the early years of life taking the form of an aphthous stomatitis
recovery from which leaves a carrier state lasting throughout
hfe. And in those that carry the virus the balance between the
resistance of their tissues and the virus may be upset from time
to time by one of the many factors known to precipitate an
attack of herpes, thus allowing the virus temporanly to gain the
upper hand Apparently also if infection with herpes virus 15
avoided in the first five years of life it is unlikely to be acquired
later. Burnet (1945) suggests that the reason for this 1s that infec-
tion 15 acquired in the home from a parent—the mother most
T b B e P

N . . 1
body, is greatest 1 those belonging to the lower social strata
where the standard of hygiene is lowest. It is not suggested, of
course, that primary infection with this virus cannot occur 1n
older children or adults because 1t does (Scott, Steigman and
Convey, 1941) but the chances of acquiring the infection after
early childhood are very many fewer and in addition there 15 the
probabulity that with increasing age the epithelial cells of the
mucous membranes become less suscephible to herpes virus.

The epidemiology of zoster presents a very similar problem.
The wvirus, which incidentally has no relationship to herpes
virus, can be demonstrated in the vesicle fluid It 15 of the same
s1ize as the virus of varicella, the two viruses cross-react sero-
logically so strongly that with the complement fixation test they
are 1ndistinguishable, both produce nuclear inclusions and
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neither will infect other animals than man. Infection can be
transmitted by intradermal inoculation of vesicle fluid to chil-
dren who have not previously suffered from either disease and it
has been shown experimentally in children that these two viruses
cross-protect (Kundratitz, 1925; Brunsgaard, 1932). The evi-
dence suggests, in fact, that the viruses of zoster and varicella are
one and the same. When, however, we consider the epidemi-
ology of these two diseases the picture is a very different one.
Varicella is a disease primarily of children, it is highly infectious
and spreads as varicella. In zoster, as in herpes, infection does
not appear to arise extrinsically; in the vast majority of cases
zoster 15 symptomatic, the attack being precipitated by such
factors as trauma, X-rays, new growths or poisoning with such
things as arsenic; only very rarely does zoster give rise to zoster
in those exposed to it, very much more commonly it gives rise to
varicella. Zoster is primarily a disease of adults and in a high
percentage of cases, some 70 per cent, there is a reliable history
of having had varicella earlier in life. These facts suggest that
those recovering from varicella continue to carry the virus and
that later in life the persisting virus infection can be lit into
activity by one of the factors known to precipitate an attack of
zoster. In zoster the primary site of virus multiplication, as
we know from the work of Head and Campbell (1900}, is
the gangha on the posterior nerve roots from which centres the
virus spreads centripetally to the posterior, and sometimes the
anterior horn of the cord, and centrifugally to the skin whex:c
the characteristic vesicular eruption is produced. Whether this
means that in the carrier the virus lies dormant in the ganglia or
is carried elsewhere, in the blood for example, we do not know,
but we have enough information to enable us to explain the
natural istory of zoster without recourse to such unconven-
tional hypotheses as spontaneous generation. And my purpose
in referring 1n some detail to the natural history of herpes, zoster
and swine 1nfluenza is to emphasize that closer inspection of
these apparent examples of the mtrinsic ongin of viruses has
always provided a more acceptable and biologically sound
alternative explanation.
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THE SPREAD OF INFECTION WITHIN THE HOST
I should like now te consider briefly the ways in which, after the
initial infection, viruses spread within the body of their host.
Although in this respect viruses and bacteria often behave alike,
there are some differences which are both interesting and im-
portant. Whether the virus reaches its host by contact, by being
inhaled or by being swallowed, it early meets with susceptible
cells which provide the environment necessary for its multi-
plication. It is in these initial foci of infection that the virus
increases in quantity while the disease is incubating and it is
from these foci that infection spreads locally or generally, In
some cases, such as molluscum contagiosum, the infection never
spreads beyond these initial foci and the disease is Jimited to a
few cutaneous lesions with an absence of any general disturb-
ance. Presumably the virus multiplies slowly in those epithelial
cells which it has entered and although the virus colony in the
cell’s cytoplasm comes to assume enormous proportions, the
cell seems to suffer httle physiological upset and does not die
and break down. In the more virulent virus infections, however,
death and disintegration of the infected cells occur early, the
infection spreads locally and when eventually the local build-up
of virus has reached an adequate level it is spread thence to
susceptible cells 1n other parts of the host there to set up those
secondary foci of infection which are responsible 1n major part
for the symptoms of the disease. It has long been recognized not
only that viruses require cells in which to multiply but that the
various species differ in the types of cell that they can utilize for
this purpose; they exhibit what we call cell or tissue tropism.
The virus of foot and mouth disease 1s eprdermotropic; 1t multi-
plies initially in epidermal cells and when 1t generalizes, as it
does through the blood stream, the secondary foci again occur
in epithelium. In the past this tissue tropism has, at times, been
interpreted too strictly. This has been so, for instance, in the
case of the virus of pohomyelitis which was considered to be so
strictly neurotropic as to be incapable of multiplying i any but
nerve cells, making 1t difficult to understand how a small
inoculum introduced peripherally could provide enough virus
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to produce, as it does at times, widespread nerve cell damage or
to account for the considerable amount of virus found regularly
in the stools. We now know that poliomyelitis virus can make
use of the cells of other tissues, including epithelium, for its
multiplication in culture of the Maitland type and since ako
virus has been demonstrated in the tonsil and the wall of the
small intestine it seems most probable that in poliomyelitis, asin
other virus infections, there is multiplication of the virus at the
periphery from which initial foci the central nervous system is
later invaded in a small percentage of the infected. On the other
hand foot and mouth virus which evinces a predilection for
epithelium shows a selectivity even within this range of cells. In
the guinea-pig, for instance, this virus will multiply in the
epithelium of the soles of the feet, of the dorsum and the edge of
the tongue; when injected into the skin of the flanks it fails to
produce Jesions. And if the virus is injected intramuscularly in a
dose adequate to produce a generalized infection it is in the
‘pads’ of the fore and hind feet and in the epithelium of the
dorsum and edge of the tongue that lesions develop. A chance
observation made by Mrs. Maitland when working with this
virus at the Lister Institute threw some light on this selective
location of epithelial Iesions. A guinea-pig with a deformity‘ ofa
hind leg caused by a fracture which resulted in the a.mmnl
walking on the dorsum of one hind foot, was inoculated in the
pads of both hind feet; only in the pad of the normal foot, the
one on which it walked, did lesions develop. This suggested to
Mrs. Maitland that pressure on the pad epithelium was neces-
sary for the development of foot and mouth lesions. Investiga-
ting this possiblity she inoculated a normal guinea-pig in the
pads of the hind feet and bandaged the feet, protcc}mg dfcm
from pressure by a generous layer of cotton wool; lesions fa‘llcd
to develop. Repetition of this basic experiment with variations
confirmed that pressure was necessary for foot and mouth virus
to develop n the epithelum of the soles of the feet of the
guinea-pig. This presumably also explains why lesmt}s of .th_c
tongue are confined to its edges and upper surfn.Cc since it is
those parts of the tongue which press against unyielding struc~
tures, the teeth and the hard palate. But the full understanding
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of this phenomenon escapes us. Possibly the effect of pressure Is
due simply to slowing of the circulation thus providing the virus
in the blood stream with an opportunity of passing through the
vessel wall and so of reaching epithelial cells. In any case it 1s
interesting to note that the phenomenon is not peculiar to foot
and mouth disease, since it has been shown that it is possible in
measles to increase the intensity of the rash in an area of skin
simply by strapping the skin firmly before the eruption has
occurred. In the two diseases we have just considered, measles
and foot and mouth disease, multiplication of the virus in the
initial and peripheral lesions is followed by invasion of the
blood stream, a viraemia is established giving rise to secondary
lesions wherever suitable susceptible cells exist. The same is
probably true of the other exanthemata though it would seem
that in smallpox the viraemia which is responsible for the skin
eruption and the majority of the secondary foci elsewhere is
preceded by a transient invasion of the blood stream by virus
from the initial foci situated most probably somewhere in the
mucosa of the respiratory tract. This virus is rapidly removed
from the circulation by reticulo-endothehal cells in the spleen,
fiver and elsewhere where it multiplies and then reinvades the
blood stream in a massive way. This sequence of events in pox
diseases has clearly emerged from the studies of mouse-pox
(cctromelxa) by Fenner (1948) and resembles very closely what
happens in typhoid fever. In other virus diseases the spread of
inifection from the initial lesions takes place by lymphnnc chan-
nels. This is well hified by lymph m
which condition the virus passes from the msxgmﬁc:mt primary
lesions on the glans penis or the mucosa of vulva or vagina to the
nearest lymphatic glands. The glands involved are commonly
the inguinal ones and the bubo so produced 1s the condition
which brings the sufferer to the doctor, the small primary lesion
having been overlooked. These modes of spread of infection
within the body of the host which we have considered are, how-
ever, in no way unusual and are used by bacteria as much as by
viruses. A method which is peculiar to viruses is passage along
the axis cylinder of nerves The viruses of herpes simplex, zoster
and poliomyelitis all spread in this way and though the first




222 S. P, BEDSON

two are, at times, carried by the blood stream, poliomyelitis
virus seems to use the axonal mode of spread ta the exclusion of
all others.* Goodpasture was probably the first to provide good
evidence of this mode of spread of virus infection. His experi-
ments (Goodpasture, 1925) were made in the rabbit with herpes
virus and he relied on the presence of the typical nuclear inclu.
sions produced by this virus as evidence of the presence of virus.
He inoculated rabbits in the right masseter muscle with a neuro-
tropic strain of herpes virus, killing the animals as soon as they
became febrile and before clinical signs of infection of the
central nervous system had appeared. The Vth nerve was then
examined histologically and sections of the Gasserian ganglia
and of the mid-brain in the neighbourhood of the Vth motor
nucleus were also prepared. No lesions were detectable in the
Vith nerve whereas the Gasserian ganglion on the inoculated side
showed histological change with involvement of the nerve cells.
Intracerebral lesions were confined almost exclusively to the
nerve cells of the Vth motor nucleus and the number of these
cells affected corresponded with what one might have expected
had infection come by the axis cylinder of the Vth nerve. And
although there was some involvement of neuroglal cells in the
neighbourhood of the Vth motor nucleus where the motor fibres
of the Vth nerve disperse to enter the nucleus and the my:elm
sheath thins out, these were few compared with the injury
within the nucleus itself, In the case of poliomyelitis there is even
better evidence of this axonal mode of spread of the infection.
Some years ago Hurst (1930} and Fairbrother and Hurst (1930)
showed by histological examination of the central nervous sys-
tem at different levels between the brain and the nerve cells in
the anterior horn of the cord, that in monkeys inoculat?d
intracerebrally with poliomyelitis virus the sequence and dis-
position of the histological changes mdicated that the virus
travelled from the bran to the cord by axonal routes. And since
that time other investigators have produced confirmatory evi-
dence of a like nature. Recent work has put the matter beyond
doubt, Faber, Silverberg and Dong (1950) for instance have

1 Recent work suggests that a viraerma may occur and play an important past
1n the early stages of poliomyelutis (Bodian, 1952)
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infected monkeys by dipping the cut end of the maxillary divi-
sion of the Vth nerve into a suspension of poliomyelitis virus. The
animals were killed two, three and five days after infection and
the Gasserian ganglia and the brain stem, at o 25 mm. intervals,
were examined for histological change; the ganglia were also
tested for the p of virus by subi lation. Virus reached
the Gasserian ganglion by the third day and had spread to the
pons and medulla by the fourth or fifth day.

Having reached the pons and medulla the virus spreads up-
wards to the brain and downwards to the cord, reaching this
latter situation by the sixth to seventh day. It is noteworthy that
in some of the animals the virus did not spread beyond the
Gasserian ganglion. Making use of electron microscopy De
Robertis and Schmitt (1949) have demonstrated particles in the
neurotubules of sciatic nerves of monkeys infected by nerve-dip.
Similar particles could not be demonstrated in preparations of
normal sciatic nerves and 1t was thought that they were pro-
bably the virus since they were of the right dimensions and
because of the rate at which they travelled along the nerves It
has been estimated by Bodian and Howe that poliomyelitis virus

e 1

observation awaits confirmation the axonal passage of polio-
myeltis virus from periphery to centre seems beyond doubt.
The importance of this work lies in the fact, as demonstrated by
Rous, McMaster and Hudack (1933), that living cells are imper-
meable to antibody and in consequence poliomyelitis virus in
transit from the periphery to the centre by axonal routes is pro-
tected agamst the action of the antibodies. And this no doubt
explains the failure of scrum therapy to influence the course of
the disease however early it may be used in the pre-paralytic
stage of the illness,

CHANGES PRODUCED IN THE CELLS AND TISSUES
BY VIRUSES
Finally I would like to consider the changes which viruses may
produce in the cells which they infect for this, of course, 1s funda-
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mental to an understanding of virus disease. These agents multi.
ply only in intimate association with living cells. There is much
evidence that it is in the interior of the infected cell that virs
multiplication occurs, though it has recently been suggested by
Hoyle (x950) that the final stages in the development of influ.
enza virus may take place at the surface of the infected cell, a

indicates that virus multiplication occurs inside cells; the demon-
stration that so many of the cytoplasmic inclusions produced by
viruses are virus colonies and the fact that viruses which have
been allowed time to unite with the cells in which they subse-
quently multiply are protected against neutralizing antibody,
support this view. It seems undoubted, also, that the necessity of
the living cell for virus multiplication s that these agents ate too
small to carry the enzymes y for an independent exis-
tence and that they are therefore forced to make use of the
enzyme systems of the cells they parasitize. There seems little
doubt that much, if not all, of the damage sustained by the
infected cell is due to this borrowed use which the virus makes of
the enzymes of its host. The surprising thing, however, is the
amount of virus multiplication which the cell will sustain with-
out apparent damage, at least that is what strikes one when
following the development of psittacosis virus in tissue culture.
My colleagues Barwell, Salaman and Welch have been maki.ng
a study of this and they have observed cells in which qu\}c
appreciable colonies have developed and yet the cells appear in
good shape with their mitochondria little, if at all, damaged;
and this 1s with a virus which with further growth and increase
in number soon destroys the infected cell. Incidentally their
observations (unpublished) do not support Bauer’s views on the
mode of virus multiplication. He has suggested (Bauer, 1949)
that the first result of infection of a cell by a virus is the conver-
sion of the cell cytoplasm into virus cytoplasm which then
breaks up into a number of particles which by a process of con
densation become elementary bodies. This would imply that
there was 1o increase in the number of virus particles from the
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time when the transformed cytoplasm of the cell fragmented,
whereas progressive multiplication appears to occur in the
case of psittacosis virus. The first readily detectable evidence
of multiplication of this virus is the appearance of small aggre-
gates of large virus particles lying in a cell cytoplasm of normal
appearance. These virus masses rapidly increase in size until
they occupy a large part of the cell and eonsist of an enormous
number of mature virus particles or elementary bodies. This
sequence of events suggests multiplication by division, a sugges-
tion which 15 borne out by the appearance of the virus seen in
smears made from the spleens of mice at varying intervals after
infection. Another thing that strikes one about the early stages
of virus infection as seen 1n the animal is the absence of any
reaction on the part of the tissues to the presence of intracellular
virus multiplication. In the lungs of mice which have been
infected with psittacosis virus administered intranasally, for
instance, cells in the alveolar wall may be seen enlarged and
packed with virus and yet the rest of the alveolus has a normal
appearance. Only later when these infected cells have broken
down and discharged their contents does any response to the
infection make its appearance. Then the alveolar walls are
thickened and infiltrated with cells some only of which are poly-
morphs and the alveoh contain a varying admixture of serum,
desquamated alveolar cells, red cells and polymorph leucocytes.
In virus infections the inflammatory reaction 1s not primarily to
the presence of the virus, it is a response to the cell damage
caused by the virus, during the initial virus multiplication the
surrounding tissues remain indifferent. This, after all, is what
one might expect and is another point 1n favour of virus multi-
plication bemng intracellular.

‘What is the sequence of changes in a cell infected with a virus?
The first effect appears to be one of stimulation for the infected
cell commonly increases in size and divides more frequently than
normal This leads to hyperplasia of the affected tissue which is
well shown in the early stages of the exanthem of smallpox or
varicella and the lesions produced in the chorio-allantois of the
chuck embryo by such viruses as cowpox or herpes. It is true that
ths hyperplastic effect is usually and rapidly replaced by one of

Q
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necrosis when, as the result of the rapid multiplication of virus,
the cells die and disintegrate. This occurs in the virus infections
I have just mentioned, the pox viruses and herpes, and the
hyperplastic papule is replaced by a vesicle which Iater pustu-
Iates. And in some virus infections, of whichk foot and mouth
disease is an example, the march of virus multiplication pro-
ceeds at such 2 tempo that there is not time for hyperplasia to
develop and cell destruction dominates the picture almost from
the inception of the lesion, In other virus infections, however,
death of the cells and necrosis of tissue are either insignificant or
entirely absent; the infected cells are stimulated to divide at an
enhanced rate, hyperplasia dominates the picture presented by
the virus lesion and the result is the formation of a neoplasm.
This type of reaction is exemplified by the virus papillomata
or human warts, where the resultant growth is non-malignant,
and by the filterable fow! tumours such as the Rous fowl sarco-
mata, many of which are highly matignant. Why certain viruses
behave in this way is not known. It is as though the cell by rapid
and repeated mitotic division was endeavouring to outstrip virus
muluplication, which it possibly does, and so rid itself of its
unwanted partner. To suggest that these viruses are Iacking in
virulence is merely to restate our ignorance. In the majority of
virus infections, however, the cells suffer damage which may end
in their death and the character of the lesions they produ.ce
depends on the balance struck between hyperplasia and necrosis.
The cutaneous lesions of variola, varicella, measles and hcx:pcs
show this admixture; in the lesions produced by this last virus
one sees the characteristic ballooning degeneration of the cpi-
dermal cells which show varying stages in the development of
the mnclusions which ultimately occupy the major part of their
nucler. It is the death of these cells which paves the way for
vesicle formation.

THE EFFLCT ON THE HOST OF THE CELLULAR
CHANGES PRODUCLD BY VIRUSES
1t remains in conclusion to consider briefly the effect on the host
of the changes which viruses may produce mn cells. Obviously
this will depend on the type of change produced and the nurm-
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ber and type of cells affected. In smallpox, measles and varicella
in which there is an early dissemination of virus by the blood
stream—a viraemia—with the production of lesions in the
internal organs as well as in the skin, the general effect on the
host is probably the result of the multiplicity of the lesions with
breakdown of cells and the consequent liberation of toxic sub-
stances, rather than the destruction of any particular celis.
There is, of course, the added predisposition to secondary
bacterial broncho-pneumonia which occurs particularly in a
disease hke measles when affecting young children If noble
cells are selected for attack by the virus the result of their des-
truction will depend not only on the number of cells implicated,
though this naturally is of prime importance, but also on
whether or not the cells destroyed can be replaced. In virus
hepatitis, for instance, where in the case of average severity the
number of hiver cells destroyed is small, complete restoration of
the affected hver lobules takes place. Where there is greater
destruction of liver cells and particularly where there are
repeated attacks or relapses, fibrous replacement of the liver
cells may result and a multilobular cirrhosis is produced. Mas-
sive destruction of liver cells as in yellow fever would of course
be incompatible with life. The death of nerve cells 1s irreparable
and in poliomyelitis, the virus of which disease shows a pre-
dilection for the anterior horn cells, although many of the
affected cells are capable of recovery, a variable number suffer
complete destruction leaving permanent residual paralyses. The
virus of lymphogranuloma venereum produces necrosis of the
cells 1 which it multiplies but its choice of cells is the histiocyte
and 1t could be described as mesodermotropic. The virus spreads
from the initial lesions in the genital mucosa by the lymphatics
and in the secondary stage of this disease the inguinal glands are
commonly mvolved with the formation of a bubo. Though this
is a panful and incommoding condition the general effects are
mimmal, in fact the serious consequences of this disease result
from the chronic granulomatous lesions which develop 1 the
genital tract, the rectum or around the anus. These constitute
the tertiary stage of lymphogranuloma venereum and may in
the long run give rise to rectal stricture, elephantiasis of the
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vulva, clitoris or penis or various fistulous states, rectal, recto-
vaginal or vesico-vaginal, The serious consequences of lympho-
granuloma venereum in a large sense are mechanical and itis
only rarely that the virus reaches the blood stream and the
infection generalizes,

In the past it has been held that the deleterious effect pro-
duced by viruses on their hosts were brought about solely by the
indirect means which I have mentioned; any direct toxic action
was denied. Recent work necessitates a modification of this
view. Possibly as a consequence of the demonstration that
rickettsiae were toxic in themselves Rake and Jones (1934}
investigated this possibility in the case of the viruses of the
psi is-tymphogranul group and d d clearly
that, like the rickettsine, they were toxic to experimental ani-
rmals particularly when introduced intravenously, This toxic
action is associated with the virus itself; it can be neutralized
specifically and is elearly to be distinguished from infectivity.
More recently Henle and Henle (1946} have adduced evidence
in support of a toxic action by influenza virus and although this
evidence is possibly less convincing than in the case of the
psittacosis-lymphogranuloma viruses, obviously one has now 10
bear in mind the possibility of a direct toxic action by the virus
in the pathogenesss of virus disease.
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XII

Antibodies and Immunity to Virus
Infection

A. W. DOWNIE

tended during the past quarter of a century by the

development of new techniques for handling these
organisms in the laboratory. The concurrent studies on the
nature of immunity to virus infections, however, have to a large
extent been directed by what we already know of immunity to
bacterial infections, It was at one time held that immunity to
virus disease was of a different nature from immunity to bacteria,
being essentially based on specific resistance of cells and inde-
pendent of humoral antibodies. The work of recent years has
shown that 1n acquired immiunity to both kinds of infection anti-
bady is of paramount importance. Such differences as have been
demonstrated are determined by the exclusively mtracellular
habitat of the viruses. 1 may note that what follows concerns
virus infections m man and other animals. In plants and
bactena the absence of a vascular system excludes the partici-
pation of antibody in resistance to virus attack.

Our views on the significance of antibody in virus infection
have been greatly influenced by experimentaf observations ot
laboratory animals. We must always keep in mind that in such
work the conditions are artificial. In the study of viruses patho-
genic for man the viruses used may have been considerably
altered by labaratory manipulations, the animals we infect do
not suffer from diseasc due to these viruses under natural con-
ditions, the routes of infection may be 1 and the infecti

Ouk knowledge of virus diseases hos been greatly ex-
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virus doses are usually very yuch greater than those which
initiate human disease. None the less from these experiments we
have learned something of the conditions in which antibody may
effectively prevent infection; and the information and sugges-
tions which these studies provide can and should be tested by
observation on virus infections in man.

Immunity to virus infection is a vast subject and here I can
only touch upon some aspects of it, After a brief consideration of
non-specific factors in resistance I propose to discuss antibody
and immunity to virus infection in relation to (a) the prevention
of infection by convalescent or immune serum, (5) correlation of
serum antibody levels and resistance, (¢) estimation of antibody,
(d) mode of action of antibody, {¢) development of antibody in
relation to clinical course, (f) antibody and the duration of
immunity and (g) subclinical infection.

RESISTANCE TO VIRUS INFECTION INDEPENDENT
OF SPECIFIC ANTIBODY
Although the resistance resulting from naturally or artificially
acquired virus infection 1s largely dependent on antibody—the
altered serum globulin produced by the tissues in response to
virus invasion—there are other less clearly defined factors which
help to determune the resistance of persons exposed to an infec-
tious agent for the first time, i e. persons lacking specific anti-
body. In any community of such persons there is apparently
considerable vanation in the susceptibility of the individuals
within 1t. The results vary with the nature and virulence of the
virus, but in addition to clinical cases, a certain number become
nfected but show no symptoms—subclinical infections—and in
others no invasion of the tissues by the virus occurs. It 1s in the
second and third categories that we presume factors other than

POV SRS, SO A

readily demonstrated 1n experimental and natural infections in
ammals and are apparent in certain human dseases. The child
suffers less severely from measles than do adults and yellow fever
is a relatively mild disease in children It has been suggested that
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this lower susceptibility of the young is related to the greater rate
of celtular metabolism but this is hardly a satisfactory explana-
tion. Only suckling mice are susceptible to Coxsackie viruses,
while another neurotropic virus produces symptoms only in
mature animals.

Mucus and other glandular secretions have been shown to
have an inhibitory effect on some viruses, for example influenza
virus is inhibited by nasal mucus. Armstrong {1950) has found
that infection of mice with Lansing and herpes viruses may be
retarded by the addition of mucin to the inoculum. From an
analysis of the incidence of poliomyelitis in relation to tempera-
ture and humidity, he suggests that these factors are important
because of their effect on the mucous secretions of the upper
respiratory tract.

The finding of virus inhibitors in bacterial extracts {Ginsberg,
Gocebel and Horsfall, 1948) suggests that the nature of the
bacterial flora of the upper respiratory tract might have some
influence in preventing infection in normal individuals. Recent
observations have shown that influenza virus and the virus of
mumps may be inhibited by the serum of certain individuals in
the absence of specific antibody; Wilson Smith and his cal-
leagues have noted variations in this inhibitory property against
influenza virus in the same persors at different times (Smith,
1951). My colleagues McCarthy and Germer have been exam-
ining normal human sera for inhibitory effect on smalipox virus.
Of eleven individuals who had never been vaccinated or ex-
posed to smallpox the serum of five showed appreciable neutral-
izing activity against the virus. A similar variation in inhibitory
actwity was shown by sera examined from normal rabbits and
guinea-pigs (McGarthy and Germer, 1952). While there is no
evidence that such inhibitors in normal secretions, serum and
tissue extracts determine resistance to natural infection this is 2
possibility that at present cannot be excluded from consideration.

The influence of infection of an animal with ene virus on sub-
sequent or simultaneous exposure to a second has recently been
the subject of a good deal of experimental study. It has been
shown that under certain conditions an interference effect on
ane of the virnses may be demonstrated not only by a different
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strain of the same virus but by an unrelated virus. While these
studies have provided interesting ideas on the nature of the
reaction of cells to virus invasion, the importance of these
interference phenomena in human disease is unknown.

The nutritional state of an animal, hormonal influences and
the physiological activity of particular cells have also been shown
to have some bearing on susceptibility to virus infection under
experimental conditions and may well play a part in the field.

THE PREVENTION OF INFECTION BY IMMUNE
SERUM

Recovery from infection is usually associated with and probably
determined by the development of specific antibody in the
infected animal, The immunizing infection may be chinical or
subclinical and the immune response can be artificially induced
by injections of living, usually attenuated, virus and, in some
instances, by concentrated mactive virus vaccies. That anti-
body is responsible for this actively acquired immunity in man
is most readily demonstrable by the protective effect of con-
valescent serum, or of y-globuln prepared from it, in measles
and certain other diseases. A similar protective or neutralizing
effect of convalescent serum can readily be shown m the
laboratory in those diseases where the causal virus is pathogenic
for laboratory animals. This effect 15 the basis for some of our
diagnostic tests. The protective effect of antibody has also been
used, more often in veterinary than in human medicine, by
injecting antibody-containing serum at the same time as viru-
lent virus to simulate active immunity. In such procedures the
dose of serum must be carefully chosen so that the virus should
not be completely mactivated by the antiserum.

CORRELATION OF SERUM ANTIBODY LEVELS AND
RESISTANCE TO INFECTION
If specific immunity agamst a particular virus 1s dependent on
antibody in the circulating blood or tissue fluid then it should be
possible to correlate serum antibody titres with ressstance of
individuals exposed to the virus. There is not a great deal of
evidence of this kind available. Recent observauons on influenza
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show a general correlation between high antibody levels and
resistance to infection. The observations of Maris ¢¢ af {1946} on
mumps provide good evidence on this point. They found in a
study of groups of children in institutions that of 163 who had
complement-fixing antibody in their sera only one contracted
mumps, whilst among 283 who had no antibody 56 cases
occurred.

There are obvious difficulties in the way of gathering informa-
tion on the correlation of antibody in man and resistance to
specific diseases, Estimations can be made of antibody only
against certain viruses. The examination of large numbers of
sera may be a formidable task and, even if such examinations
were made, subsequent exposure to the virus under considera-
tion mught not occur. It is easier to ensure and control exposure
to infection in animals, and observations in this field have shown
good agreement between the possession of high antibody levels
and resistance to infection. Fenner’s work on mouse-pox pro-
vides a good example of this kind of investigation (Fenner and
Fenner, 1949).

THE ESTIMATION OF ANTIBODY
Observations of the kind we are discussing will obviously be of
value only 1f the antibody estimated is active against the virus
which 15 to produce infection and this point requires further
examination. There are certamn features of our methods for
measurement of antibody which may be misleading. Some of the
defects of our tests are referable to the nature of the viruses or
virus antigens used for test and others are inherent in the kind of
test employed. In certan di for ple infl g and
poliomyelitis, there may be different immunological strains of
virus responsible for human outbreaks at different times or
places and the strain used for estimation of antibody r{lﬂ)"“m
correspond to that responsible for outbreaks under investigation.
It seems likely that many observations on antibody titres of
human sera to the Lansing strain of poliomyelitis are of little
value as an indication of resistance to poliomyelitis strains of
different immunological type (sce Brown and Francis, {947)-
There is the further possibility that the virus stran used in the
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laboratory for antibedy estimations may, by passage in foreign
animal hosts, have lost its original immunological characters.

Techniques used for estimating viral antibody. The tests used fall
into two classes: (a) in vitro tests and (b) in vivo tests. Of the
o tests the pl fixation technique is most generally
used but the inhibition of haemagglutinins is technically simpler
and has been useful particularly in the study of influenza and
pox virus antibodies. Both these techniques are convenient but
vary in sensitivity; while they serve to indicate an antibody
response to virus infection they do not mnecessarily give an
accurate estimate of the power of a serum to neutralize or inacti-
vate the virus, Indeed in the case of vaccinia and variola virus
the results of these 1 vitro tests do not closely parallel those
obtained by neutralization methods. The in vavo tests involve the
use of laboratory animals or chick embryos and, while more
expensive and time consuming, give a better measure of virus-
inhibiting activity of a serum. Of the neutralization techniques,
that using the chick embryo chorio-allantoss 1s practicable only
against certain viruses, but 15 a sensitive method of measure~
ment. In variola convalescent sera antibody may be demon-
strated by the chick embryo chorio-allantois techmque for years
after an attack, at a time when in ziro tests and neutralization
tests in the rabbit give negative results. In general the techmques
used for estimating antibody vary in sensitivity and all are pro-
bably inadequate for the detection and measurement of anti-
body. Sera which may be negative for antibody by tests against
laboratory strains of virus in unnatural hosts may, in the persons
from whom they came, be effective agamst strains of virus to
which these persons may be exposed. In other words, failure to
demonstrate antibody by laboratory methods does not neces-
sanly prove its absence.

MODE OF ACTION OF ANTIBODY
Laboratory investigations have largely shaped our 1deas on the
modeof action of antibody. The experiments of Andrewes (1929)
clearly demonstrated that antiserum, to be effective, must make
contact with virus before the virus has an opportunity to wfect
tissue cells. Immune serum injected into the same area of rabbit
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skin a few minutes after virus was ineffective in preventing the
development of a typical lesion and Raus and his colleagues
working with suspensions of cells showed that vaccinia virus
within a few minutes of making contact with susceptible cells
was thereafter inaccessible to antibody (Rous ef al., 1935}, This
fact has been confirmed for other viruses and by other tech-
niques. Observations of this kind offer an explanation for the
failure of immune sera in the treatment of established vinss
disease, Tissue culture techniques have been used in attempts fo
analyse the relative importance of cells and antibody in detes-
mining the resistance of immune animals. Such experiments
have generally shown that virus will grow readily in cells from
an immune animal cultured in normal serum provided that the
cells have previgusly been washed free from antibody. On the
other hand virus is prevented from growing in cells from 2
normal animal cultured in serum from an immune animal, pro-
vided that the virus makes contact with the serum before it has
access to the tissue,

The mechanism of the inhibition of virus by antibody is not
known, The antibody Is not by itself virucidal, but by combina-
tion with virus under suitable conditions antibody renders visus
non-infective. It is likely that the mode of action varies with
different viruses as immune sera against different bacteria vary
in their mode of action. In some virus infections labile factors in
fresh serum seem to have a significant effect in reinforcing the
action of antibody. Table 1 illustrates this point. It is not known
TABLE 1, The Potentating Effect of Heat Labile Factors in Human Serum.

Neutralization of Variola Virus on the Chorio-allantois
by Post-vaccination Serum

Per cent neutralization of virus

Serum dilutions
Serum unheated Serum l:ca(cd
at 5
Undiluted 00 »
us 44 o

125 2% o
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whether antibody combines with virus and prevents 1t from
entering susceptible cells, or whether the virus coated with anti-
body enters such cells but is prevented from multiplying therein.
‘There have been suggestions, too, from the work of Douglas and
Smith (1930), Fairbrother (1933) and others that phagocytic cells
may be important in the disposal of virus which has been ‘inacti-
vated’ byantibody. Antiviral sera are not antitoxic, for viral toxins
comparable to bacterial exotoxins have not been demonstrated.

THE DEVELOPMENT OF ANTIBRODY AND THE
COURSE OF CLINICAL INFECTION
Information on this matter is available only in a few diseases
where methods of measuring antibody are practicable In
mumps the studies of Henle and his colleagues, to which T will
refer agam, have shown that antibody may be present 1n the
blood at the time of onset of symptoms. In smallpox antibodies
appear towards the end of the first week of illness. Experimental
studies of influenza and ectromelia infection in mice have also
chotim b fha meineas o€ eufle e io the blood may pre-

with the view that
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In mumps for example the inflammatory swelling of the paro-
tids or submaxillary glands almost certainly represents the
reaction to damage and necrosis of cells infected by virus some
time before, If, as seems probable, there 15 blood-stream dis-
semunation of virus during the incubation period, 1t is likely that
the parenchymatous cells of the salivary glands are infected with
virus at this time. Within these cells virus will be protected from
the action of antibody which may subsequently appear Only
when virus proliferation in these cells has proceeded to such a
degree as to cause extensive cell necrosis are signs of inflam-
mation likely to arise. Further infection of cells need not occur
thereafter in order that signs of disease may develop. Thus anti-
body present at onset of illness may prevent further infection of
cells without inhibiting the inflammatory response to the necro-
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sis of cells already infected. In smallpox too, as in ectromelia
infection of mice, there is reason to believe that progressive
infection of cells stops at the time antibody appears in the circu-
lation, and that the further clinical progress of the diseasc
results from the growth of virus in, and destruction of, cells
already infected with virus before the antibody response occurs.
On this view death from smallpox may ensue after antibody has
appeared in the blood, as a result of widespread infection of cells
prior to the development of antibody. This situation has paral-
lels in the field of bacterial infections, Patients may die from
tetanus or diphtheria in spite of the injection of large amounts of
antitoxin; if lethal amounts of toxin have already been fixed by
susceptible tissue the giving of antitoxin is of no avail. In lepto-
spiral anfections death may occur in the third or fourth week
of illness long after antibodies have appeared in the blood and at
a time when leptospira may not be demonstrable in the tissues.

ANTIBODY AND DURATION OF IMMUNITY

Is there any correlation between the persistence of antibody and
the duration of immunity after virus infections in man? We may
consider briefly two different hinds of infection, namely that
exemplified by smallpox, measles or mumps, which are followed
by immunity tg further attack often lasting for many years, and
infections such as epidemic influenza which are followed by 2
relatively short immunity lasting for months or at most a year or
two. The short-ltived immunity following influenza is not how-
ever always tated with disapp ce of antibody from the
blood; the difference in the observed duration of immunity
between these two types of disease Is, 1n part at least, referable to
difference 1n the nature and Jocation of the infective process.

Smallpox In smallpox there 1s a generalized ifection, the virus
being distrrbuted by the blood stream before the commencement
of 1iiness to those tssues where further multiplication is to accut.
The onset of symptoms cotncides with the tremendous growth of
virus 1n the shin and elsewhere and s probably due to the pro-
ducts of cell necrosis, The generalized wfection induces a good
antibody response on the part of the Gssues and sn those patients
who recover antsbody titres are high and antibody may be
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detected in the serum for many years. In such individuals ex-
posed to infection a second time, virus would make contact with
antibody in the blood hefore it could reach those tissues where
further growth would have te occur before symptoms could be
produced.

Influenza. In influenza the immunity is short-lived and second
attacks are common. It was at one time thought that second
attacks were always the result of infection with a different
immunological type of virus. While this undoubtedly happens
it has been shown that second attacks due to the same ymmuno-
logical type of virus may occur within a few months (Francis
etal., 1944). Moreover antibody resulting from the first infection
may still be detectable in the patient’s blood at the time of the
second attack, thus confirming in man what had been demon-
strated in experimental ferret infections by Wilson Smith years
ago. In influenza, however, there 15 no generalization of the
infection. The virus implanted on the respiratory mucosa rapidly
involves considerable areas of surface cpithelium; the symptoms
of infection are presumably consequent on necrosis of the in-
fected epithelial cells. As there is no invasion of the blood stream
the infecting virus is not exposed to the full concentration of anti-
body which may be present i the circulation. But antibody to
be effective in ensuring protection must make contact with the
virus before wid P 1 infection of puible cells occurs; and,
as Francis has suggested, only specific antibody 1n the respira-
tory exudate or secretion could be effectve in preventing wide-
spread infection of the mucosa by influenza virus. This view has
recently received confirmation by the experimental work of
Fazelas de St. Groth and Donnelley {1950) on influenzal
infection in mice. Groups of mice were vaceinated by formolized
suspensions of viruses A and B given by various routes, eleven
days later the mice were challenged by intranasal instillation of
active virus Only vaccine prepared from the type used for the
subsequent test infection induced immumty and vaccines given
}ly the intranasal route protected better than those imjected
intraperitoneally, Titration of antibody 1n the serum and m the
br_onchial washings showed that 1n the intranasally vaccinated
mice, although the serum antihody might be less, the titre of
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anfibody in bronchial washings was considerably higher than i
mice given the same vaccine intraperitoneally. Fazekas de St.
Groth and Donnelley showed in further experiments that if the
antibody content of branchial secretion could be increased by
non-specific means a high degree of protection could be ob-
tained. This work seems to offer suggestions for variation in
the route of administration of vacciney sgainst influenza.
Herpes Sumplex. Infection with the virus of herpes simplex
secrmed at one time to present 4 paradoxical state of affairs in
that only those persons whose serum possessed antibody suffered
recurrent attacks of herpetic infection of the fips or other
mucous membranes. The situation has been clarified with the
demonstration of the nature of primary herpetic attacks, Thest
usually occur fn the first few years of hfe and may be associater
with 2 good deal of canstitutional upset. Indeed the capacityo
this virus to produce disease may in the past have been under
estimated, for it may be the cawse of a fatal encephalitis, o
severe and extensive vesicular eruptions in the skin. After th
initial infection children become carriers and may in after Iif
suffer from recurrent attacks of Iabial herpes, excited sometime
by other febrile tlnesses. Those adults whose serum possesses 1
antibody have never been infected with the virus. What then ®
the nature of the carner state, and why 15 the high concentratios
of antrbody m the blood not effecuve 1 preventing recurrenct
of the latent infection? It should be noted that antibody &
effective in preventing severe infections with the viras in the
herpettc carsier; widespread infections occur only in occasiona:
persons who encounter the virus for the first time. The ox_ﬂ)
exception to this that I know is the case of recurrent extensive
skin infection recorded in the paper of Borke, Dudgeon and
Burnet {1951) Thew patient was a diabetic who suffered from
atopic exzema and the authors consider that after the first cx-
tenssve eruption the virus may have persisted in the eczematous
areas of skin and was reactivated by the attacks of pneumonta
from which the patent suffered. One can oply speculate as to
the sequence af events which lead to a recurrence of focal herpes.
The recurrence is perhaps dependent on the tropism of the virus
for squamous epithelium and the relatively avaseular nature of



ANTIBODIES AND IMMUNITY TQO VIRUS INFECTION 241

that tissue, When the infection is clinically quiescent the virus in
infected cells may go on multiplying, but the virus liberated
from such cells is for the most part neutralized by antibody in
the intercellular fluid. Those conditions which precipitate a
clinical recurrence may involve vascular changes leading to
alterations in the amount or position of the intracellul
fluid so as to allow virus to escape the neutralizing action of
antibody. Once a sufficient number of cells have been infected
and destroyed, the local inflammatory reaction which ensues
leads to a local concentration of antibody which prevents further
extension of infection. Recurrent attacks of herpetic infection
are chmically obvious because of their superficial sitvation. It
seems possible that similar local reactivation of other latent
viruses might occur in deeper structures in the body but pass
undetected. It is known that virus may persist for a long time in
immune animals and there have been reports of reactvation
of psittacosis in man; latent infections with this virus in appar-
ently healthy birds may become clinically manifest if the birds
are badly housed and fed. Zoster may mn some cases be a lighting
up of a long latent infection with the virus of chickenpox.

SUBCLINICAL INFECTION
The incidence of subelinical infections varies according to the
nature and virulence of the infecting virus, For example sub-
clinical infections are common in poliomyelitis and in epidenme
influenza, less common in mumps and rare in smallpox Before
the era of laboratory research on viruses epidemuological obser-
vations indicated that such infections were frequent; and their
, in infl for ple, can readily be confirmed by
detecting the development or increase of antibody 1n the blood
of healthy persons exposed to infection. In individuals who have
been infected wath a particular virus the subclimcal nature of a
second or subsequent attack might be determined by the rapid
Production of antibody by tissues tuned for the task by previous
cchr.icncm The antibody so produced might prevent the virus
rom ding a suffi number of’ ptible cells to produce
symptoms. But subchnical infection may occur m persons ex-
Posed to a virus for the first time. In mumps for example about
3
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a third of all first infections are subclinical and the observations
of Henle ¢f al, (1948) are of interest in this regard. A group of
fiftcen children who had never suffered from mumps and whose
sera contained no antibody were infected with mumps virus in
chick amniotic fluid. Of the infected children seven d d
clinical mumps but cight never showed signs of their infection.
However, it was found by examining saliva repeatedly from these
eight children that virus was excreted by six of them between the
15th and 241h day after exposure~the time during which virus
was detectable in the saliva of the clinical cases. All the children
had developed antibody at the titne symptoms appeared.

We know little of the factors which so affect the extent of
infection that only in some do clinical signs and symptoms
become manifest. The outcome probably depends on the extent
of virus invasion up to the time antibody is developed, but it may
be also that individuals vary in the extent of tissue involvement
necessary for clinical symptoms to appear. We do not know
whether the subclimeal infection is due to partial inhibition of
virus and slowing of the infection by one or other of the non-
specific factors mentioned previously, or whether the speed and
extent of the immunological response on the part of the host’s
tissues 15 unusually great. Many observations have shown that
there may be great variation in the antibody response of indi-
viduals to the same infecting virus, a point which mght have
had more attention than it has received in this lecture. However,
it seems likely that in most cases of subclinical as of symptomatic
infection the development of antibody is mainly responsible for
arresting the progress of virus invasion. There are other aspects
of the subject which I have had no time to discuss, such as vari-
ation in antibody response to different viruses and to different
kinds of vaccine used for active immunization, variations in the
quality of antibody and variation 1 resistance of virus to the
action of antibody. From the point of view of medical practice,
however, what is known of the mode of action of antibady indi-
cates that anusera may be successfully used to prevent iliness
if given at the right time, but are not likely to be of value in
treatment of established disease. Limited trials of antisera in
treatment have confirmed this latter expectatson.
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Blood Coagulation in Theory
and Practice

R. G. MACFARLANE

coagulation theory is by means of a diagram illustrating

the stages by which it has been built up. Even the skele-
ton of well-established fact is complicated and anyone who may
have hoped for a simplification of his ideas will, I am afraid, be
disappointed. The logical beginning for such a scheme is fibrin.
So far no one has actually denied that bload dees clot when
withdrawn from the body, or that this solidity is due to the
formation of a network of fibrin It has heen recognired for
nearly a hundred years that fibrin is dertved from fibrinogen,
one of the plasma proteins, which has a Jarge molecule, probably
of an elongated necdle-like shape A fundamental point should
be emphasized here, The transformation of fibrinogen to fibrin
is the only indicator of coagulant activity and every factor or

diti q to infl

THE easiest way of seviewing the development of blood

pp to the clotting hanism has to
be inferred from changes in the rate of the fibrinogen-fibtin
transformation. No other d able change, chemical or

physical, occurs in any of the clotting factors, with the possible
exception of agglutinanon of the platelets. Fibrinogen is a refa-
tively stable soluble protem which 1s changed to insoluble fibrin
by a specific factor, thrombin. Certamn other substances arc
capable of precipitatng or coagulating fibrinogen but they do
not form the characteristic netwark of natural fibnin, Thrombin
is not normally preseat in the airculating blood but is generated
during the process of caagulation by the activation of its pre
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cursor, prothrombin, a factor associated with the a-globulin
fraction of the plasma. Activation of prothrombin is brought
about by the action of tissue fluids or extracts in the presence of
calcium and of certain other factors which I will mention later.
Substances which remove ionized calcium such as citrate or
oxalate prevent the activation of prothrombin. The tissue factor
is usually called thromboplastin (see Fig. 1).

This is the simplest form of the original classical theory of
coagulation which was built up by the work of Hewson, Hunter,
Lister, Schmidt, Morawitz, Mellanby, Howell and many others.
It served quite well to explain the commonly observed facts of

L

THROMBOPLASTIN CALCIUM
PROTHROMBIN THROMBIN FIBRINOGEN
FIBRIN

coagulation until workers began to measure the supposed con-
centration or activity of its various components. Quantitative
experiments always put a great strain on a theory which is not
complete, and in this case while the backbone of the theory has
remaimned firm it has been found necessary to make a number of
additions to the skeleton The first indications of these impending
changes occurred when the one-stage method for determining
prothrombin was introduced by Quick (1935) According to the
classical theory if an optimum amount of calcium and excess
thromboplastin 15 added to a mixture containing an unknown

s

Fia. 1,

[ SROEE BT S AT B
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resulted in great climical advances, but 1t also revealed some
anomalies which were difficult to explain. It did not give the
same results for instance as the two-stage method for deter-
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the stages by which it has been built up. Even the skele-

ton of well-established fact is complicated and anyone who may
have hoped for a simplification of his ideas will, I am afraid, be
disappointed. The logical beginning for such a scheme is fibrin.
Sa far no one has actually denied that bload daes clot when
withdrawn from the body, or that this solidity is due to the
formation of a network of fibrin. It has been recognized for
nearly a hundred years that fibrin is derived from fibrinogen,
one of the plasma proteins, which has a Jarge molecule, probably
of an elongated needle-like shape. A fundamental point shou!d
be emphasized here. The transformation of fibrinogen to fibrin
is the only indicator of coagulant activity and every factor or
condition supposed to influence the clotting mechanism has to
be mferred from changes in the rate of the fibrinogen-fibrin
transformation. No other d able change, ical or
physical, occurs in any of the clotting factors, with the possible
exception of agglutination of the platelets. Fibrinogen is a rela-
tively stable soluble protein which is changed to insoluble fibrin
by a specific factor, thrombin. Certain other substances are
pable of precipiating or coagulating fibrinogen but they do
not form the characteristic networh of naturai fibrin. Thrombin
is not pormally present in the circulating blood but s generated
during the process of coagulation by the activation of its pre-

Tmz easiest way of reviewing the development of blood
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As it now appears established that factor V can be regarded
asa real and necessary part of the clotting mechanism it can be
added to the classical theory. Its conversion to factor VI is more
problematical but for pl ! sake factor VI is included
in the figure though future work may modify this addition. In
this particular instance the discovery of a new factor has only in-
volved one further hypothetical factor; sometimes new factors
‘come in batches of five, the factor itself, its inhibitor, its inactive
precursor, its activator and the inhibitor of the activator!

We must now consider in greater detail what is meant by the
term ‘thromboplastin’. The existence of thromboplastin is in-
ferred from an effect and no single substance can be identified as
being responsible for this effect. The original view was that
thr plastic activity was a function of d d tissue, and it
Ba familiar observation that almost any ground-up tissue, par-
ticularly lung, brain or kidney, will potentiate prothrombin
conversion, But when blood is taken by vencpuncture it clots

R

the most careful technique designed to avoid contamination
with tissue fluid does not prevent the blood clotting in the
9rdmary way. It must be assumed, therefore, that the blood
itself contains its own source of thromboplastic activity and
since it does not normally clot in the vessels it must be assumed
further that this activity arises only when the blood is shed, or
otherwise altered. It now seems probable that there are at least
three factors concerned in the development of this intrinsic
thromboplastic activity, these being the platelets, a plasma
factor, and a ‘contact factor’ activated by foreign surfaces. If
any one of these is missing coagulation will not occur. For
instance if the blood is taken into a syringe coated with silicone,
which is a non-active surface, and is then transferred to a
silicone-coated vessel coagulation will not occur for many hours,
though it will occur promptly if the blood is transferred to
ordinary glass. If the blood collected by this silicone techmque
is centrifuged at high speed without contact with glass the
resultant platelet-free plasma will i fail to clot even
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mining prothrombin in which the prothrombin is converted ta
thrombin in the first stage of the procedure and the concentra-
tion of thrombin achieved is then estimated by the addition of
samples o fibrinogen sofution in thesecond stage. Itsoon became
obvious that the rate of thrombin production in the presence of
thromboplastin and calcium was dependent not onty upon the
amount of prothrombin but on other factors hitherto unknown.
The existence of one of these accessory factors was cleacly
revealed by the brilliant work of Owren (1947} as a result of his
study in 1943 of a patient with a rare form of haemorrhagic
diathesis. This patient had a clotting defect characterized by a
long one-stage prothrombin time, a finding which should have
implied that she had a deficiency of prothrombin This defect,
however, could be corrected by the addition to her blood of an
amount of normal plasma so small that the effect of the added
prothrombin must have been insignificant. The defect was also
corrected by a preparation of plasma from which all the pro-
thrombin had been removed. It was soon proved that this
patient lacked a normal factor which is essential for the rapid
conversion of prothrombin and which is not included in the
four factors of the classical theary of blood coagulation. Owren
called this additional factar ‘factor V* and suggested that in the
process of congulation it is converted into an active form,
‘factor VI, which is a potent accelerator of prothrombin con-
version. He has recently proposed the names ‘accelerin’ and

‘pro-accelerin’ for factor VI and factar V respectively (Qwren,

19509, As 50 often happens workers in other faboratories had

independently discovered the existence of factor V more or less

simultaneously, though their characterization of this factor was

nat so clear or so complete as that of Owren It now seems pro-

bable that the Ac globuln of Ware, Guest and Seegers (1947),

the labile factor of Quick (1943) and the accelerator factar of
Fantl and Nance (1g36) are all the same as factor V' Itis only

fair to record that Nolf (1908, 1538) has always mantained that

five factors take part in congulation and 1t 1s probable that his

thrombogen is identical with factor V. Unfortunately Nolf’s

work has becn so obscured by a complex theory that it has not

received the recagnition it deserves.
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hastens thrombin generation by reacting in some way with the
platelets thereby stimulating the more rapid formation of
thromboplastic activity, and Owren (1950) considers that throm-
bin is the activator of factor V. Running almost parallel with
thrombin generation is thrombin destruction, at a rate which is
itself proportional to the concentration of thrombin at any par-
ticular moment. It is clear that the coagulation of fibrinogen
depends upon a race between thrombin generation on the one
hand and thrombin destruction on'the other and anything
which influences either of these rates even to a relatively minor

PLATELETS H CONTACT FACTOR I
/
cateum 3
: THROMEIN '_rmanmom I
¥ i
FaCTOR Vi? liﬂanm

Fic 2, Ascheme |l the possible of factors
in blood coagulation A single arrow sigmifies ‘reacts wath’, a double arrow
signifies “converted to’

degree may have a comparatively large effect on the time
required for coagulation.

There are many other complications which could be men-
tioned in relation to this theory of coagulation but I will not
dwell on them because they are not well established. There have
been speculations, for instance, on the nature of thromboplastic
activity, including a suggestion that it is proteolytic in nature.
There have been suggestions of two stages in the thrombin-
£l 3 :

wwhich awa A sn L.
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blance to each other, or to what I have described, but all one
can say about them at the moment is that they have little
evidence to encourage their existence, and certainly not enough
to challenge the foundation of the classical theory.
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when in contact with glass, showing that bath contact and
the platelets are required for coagulation. The plasma factor is
more difficult to study because like factor V it is not recognizable
in normal blood, being only obvious when it is missing. It now
seems likely that haemophilia is due to a partial or complete
absence of this plasma factor which, since the addition of 2
small amount of the globulin fraction of normal plasma will
correct the clotting defect in haemophilia, has come to be called
‘antithacmophilic globulin’, Haemophilic plasma even without
contact and without platelets can be clotted readily by the
addition of tissue extracts. It can also be clotted, in the presence
of platelets and contact with a foreign surface, by the addition of
asmall of antih philic globulin, The absence of any
one of these three factors inhibits its coagnlation, It is therefore
reasonable to suppose that these three factors together result in
the development of 2 thremboplastic activity which is similar to
the activity of tissue extract. The co-operation of these three
factors can therefore be illustrated in the diagram (Fig. 2} 2
being probably responsible for the develop of thromb
plastic activity in the blood, the tissues providing an alternative
source of such activity

Opposing these coagulant factors there are a number of
inhibitors which play an important part in limiting coagulation
to its normal function. The most intensively studied of these are
the antithrombins which together remove thrombin with 2
rapidity almost equal to the rate of its formation One of these
antithrombins is associated with the albumin fraction of ﬂx_c
plasma and is greatly potentiated by heparin, and thrombin is
strongly adsorbed by fibrin which is responsible for a consider-
able part of the antithrombic action of clotted blood. There is
probably also an antithromboplastin though its nature and
activity have not been clearly defined. Tocantins (1945) believes
that this inhibitor may be present in excess in haemophilia.

In operation the coagulation system behaves in a dynamic
manner which is extremely complicated. The rate of thrombi
generation ance it begins proceeds with increasing velocity sug-
gesting the possibulity of some autocatalytic effect. To cxglnlﬂ
this it has been supposed by Quick (1951) that thrombin itsell
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inferred from an effect produced by a number of factors pro-
bably working in co-operation. Yet throughout the Iiterature
the term has been used as if something chemically specific is
being described. Sometimes workers who use the term thrombo-
plastin, or thrombokinase, define what they mean by it, and
then it is found that various extracts of brain, lung, kidney,
placenta, human milk, or Russell viper venom with or without
lecithin, are all called ‘thromboplastin’. Some workers even go
further using the word ‘cephalin’ instead of thromboplastin.
Cephalin is a definite chemical entity which was thought some
years ago to be the active principle in thromboplastin, a view
that is now generally discarded. Yet Tocantins (1945) refers to
cephalin when he actually uses brain extract in his experiments,
and supposes that an ‘anticephalin’ is the cause of the clotting
defect in haemophilia when he observes some substance capable
of inhibiting general thromboplastic activity,

The real factors in blood coagulation have suffered similar
abuse. The term ‘prothrombin’ may mean simply a crude frac-
tion of the plasma containing many other things active in
coagulation. ‘Fibrinogen’ may be a relatively pure protemn pre-
pared with great care, or it may actually be oxalated plasma,
which is of course complete with most of the clotting factors
known to man A sad and important example of this misuse of
words is provided by the work of Addis (1911). In the process of
investigating the problem of haemophilia he proceeded to ex-
amine in a most methodical way each of the clotting factors
1n this condition then known to exist, his work constituting a
classical contribution to this subject. In order to investigate the
activity of prothrombin 1n haemophilia he made ‘prothrombin’
preparations from normal and haemophilic plasma by precip-
tating the diluted plasma with CO,, dissolving the precipitates
in sahine, and removing fibrimogen by the addition of a small
amount of thrombin He found that a minute proportion of the
solution derived from normal plasma would correct the clotting
defect of haemophilic blood whereas the corresponding prepara-
tion from haemophilic plasma had no such effect. He concluded
from this that there was a qualitative defect in haemophilic
prothrombin, and for many years afterwards other workers
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SOME PITFALLS IN BLOOD COAGULATION
. RESEARCH
Most of the work that has gone inta the scheme outlined in the
previous section has been based on sound experiment. There has
been a good deal of repetition, partly because many workess
seem to be unfamiliar with the published work of athers, partly
because they have used different terminologies so that all
the same factors and the same experiments are described again
and again in different terms. Table 1 gives a list of some of the

TABLE 1. Synonyums for the Coagulation Factoss

Prothrombin Factor V {Owren)
Thrombogen (Morawaz} ‘Thrombegen {Nolf)
Thrombozyme (Nolf) Labile Factor {(Quick)
Proscmzy‘mc} (Bordet A,C, Globulin (Seegers)
Serozyme relet) Frothrombin Accelerator

{Faml and Nance)
Inactive Prathrombin " ?*Prothrombokinase (Mlstone)
Active Prothyombin }(Q“’C 1

Factor VI (Koller) Thromboplasan (Howell)
Converun (Owren) Thrombokmase {Marawitz)
2 Co. thromboplastin Cytozyme (Bordet)

{Alagath and Hurmn) Cephahn {Tocannns)

S.PC A (Alexander and de Vries) | Kinase (Mellanby)
? Serum A C Globulin (Seegers) Tibrinogen A {Wooldndge)
PCA (Jacox) ( Thrombokimn (Lengenhager)

synonyms for the more important clotting factors. There are
many examples, however, of practices and reasoning which have
led 10 endless confusion, and it 1s a fow examples of these which 1
propose to describe in the following section

A great deat of trouble has ansen from the very common use
of a speaific term to describe not a single substance, but perhaps
a group of substances or even some effect ar phenomenon, &
tendency by no means Hmted to bleod congulatton wotk. An
example of this is the use of the term ‘thromboplastin’ Throm-
boplastin is not an actual substance, it is a hypothetical material
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tively little effect. It was argucd from this lhat the distilled
water lysed the h lets thus rel g their sup-
posed content of prothrombm, and that the platelets were un-
duly stable in haemophilia since their lysis by distilled water
corrected the clotting defect. It is now known that dilution of
haemophilic plasma with saline causes a similar shortening of
the clotting time irrespective of platelet lysis, and had this effect
of dilution been controlled the argument based on the effect of
distilled water would have been seen to be incorrect.

Another source of confusion is the building of tentative hypo-
theses and their subsequent transformation in the literature from
conjecture into statements of fact. Brinkhous (1g947) and Quick

~(1947) independently carried out an almost identical experi-
ment, and obtained almost exactly the same results. They drew
quite different conclusions. The experiment consisted in pre-
paring normal and haemophilic platelet-free plasma by using
silicone-coated apparatus, and observing the effects of the
addition of both normal and haemophilic platelets to either type
of plasma, It was found that either normal or haemophilic plate-
lets were equally capable of clotting the normal platelet-frec
plasma in glass vessels but that neither normal nor haemophilic
platelets were capable of clotting the haemophilic plasma unless
a small amount of normal plasma was added at the same time.
This fundamental experiment demonstrated conclusively that
haemophulic platelets behaved in the same way as normal plate-
lets, and that haemophilic plasma requures something present in
normal plasma before coagulation, in the presence of platelets
and contact with a foreign surface, can take place. Two con-
flicting hypotheses as to the mode of interaction of the three
factors were then put forward by these workers. Quick suggested
that the plasma factor was a precursor of thrombuplastm which
he called “tk lastinogen’. This thromb was in
his view activated by some factor released by the platelets which
disrupted on contact with a foreign surface. Brmkhous on the
other hand supposed that the platel t: d thrombo-
plastm and that they were disrupted by a plasma factor called
by him ‘thrombocytolysin® which was activated by contact with
glass. Both workers agreed that the plasma factor was deficient
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attempted to prove or disprove the existence of this supposed
prothrombin defect. Some twenty-five years later Patek and
Taylor (1937) and Bendien and Van Creveld (1g37) showed
that a small proportion of a ‘globulin substance derived from
normal plasma was capable of shortening the clotting time of
haemophilic bloed. The globulin sub: was obtained by
precipitating normal plasma, with acid and similar preparations
from haemophilic plasma were inactive. This work was gener-
ally recognized as a great advance in the research on haemo-
philia, and it led directly to the concept of antihacmophilic
globulin and to the preparation of material so active that as liutle
as 10 or 20 mgm given by injection will improve the clotting
E!_:fcc_t in 4 haemophilic subject over a period of some hours.

[P Y

pointed out its extraordinary activity the situation would have
been perfectly clear. Since he called it prothrombin it was
assumed by other workers that he meant prothrombin and when
later the real prothrombin was shown to be normal in haemo-
philia Addis’ work was largely disregarded. In this instance the
proper use of words mught have advanced research in haemo-
philia by twenty-five years.

A familiar cause of misinterpretation arises from a failure to
carry out the proper controls, For instance it was supposed for
many years that the cause of the clotting defect in haemophilia
was an mcreased stability of the platelets, This was based on the
observation that the addition of normal platelets to haemophilic
blood markedly shortened the clotting time. It was not yntil
Patek and Stetson {1936) found that both normal and haemo-
phitic platelets were equally efficient in clotting platelet-free
notmal plasma and that it was the small amount of normal

lasma contaminating the narmal platelets which was respon-
sible for the shortening of the clotung time of haemophilic blood
that the faflacy was revealed. The confusion meanwhile had
been further increased by the observation that the addition of
distilled water to haemophthic plasma shortened its clotting
time, whereas a similar addition to normal plasma had sela-
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I hope that these examples are sufficient to emphasize how
important it is not to go beyond the facts 1n any experiment and
to make it clear exactly what has been done. It is a crime to talk
about complement when one means guinea-pig serum, or
cephalin when one means brain extract, or to mahe up a com-
plicated theory, if by so doing one obscures a good experiment.
Some of the experiments which have been hailed with acclaim
dunng the last ten yeam were carried out in some form by Nol(
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folding, but so often the constructors of scaffolding of this sort
become so enamoured of it that they refuse to allow permanent
building to proceed in case it might be altered or obscured.

BLOOD COAGULATION IN FRACTICE
The question which the ordinary pathologist and clinician asks
of any theoretical work is, ‘How does it apply to practical pro.
blems?” In blood coagulation the answer is that practical ad-
vances of the greatest importance have been directly contributed
by the application of theory to clinical investigation. One has
only to cite the recognition and treatment of Vitamm K
deficiency, the discovery and use of heparin, dicoumarin and
tromexan, and the use of silicones, ion exchange resins and such
commonplace things as citrate and oxalate to realize how large
this contribution has been. An important advance too 1s the
introduction of a number of tests of clotting function which are
valuable 1n the differential diagnosis of a vanety of haemorr-
hagic states. The oldest and simplest of these tests is the whole
blood coagulation time, which is best carried out by adding
measured amounts of blood to small test-tubes kept at 37° and
obscerving the time required for coagulation As so often happens
with simple tests the wterpretation of the results is most compli-
cated becausc they depend on the complete range of clotting
factors and wnhibutors. If a patient has a long clotting time there
is clearly something wrong with his coagulation mechamsm, but
there 15 no indication as to which part of the mechanism may be
at fault But, on the other hand, a normal coagulation time
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in haemophilia. Such hypotheses are of course perfectly per-
missible, but only as hypotheses, since the available evidence
does not prove the correctness of either one or the other and
many explanations of the observed facts could be invented. But
it is now stated categorically by Quick (1951) that haemophilia
is caused by ‘hypothromboplastinagenaemia® as if this were 2n
established fact and he refers to the experiment deseribed above
as furnishing the proof of this statement,

The most recent work of Owren (1950) has also led to a cer-
tain t of confusion, in this i relating to the identi-
ties of the factors being studied. Owren observed that a mixture
of human serum and Seitz-filtered ox plasma generates throm-
bin Seitz filtration is supposed to remove prothrombin, so that
if the ox plasma contains no prothrombin the thrombin generas
ton smust have been provided by unsuspected prothrombin con-
tained in the human serum. Smce this secum did not generate
thrombin on the addition of thromboplastn Owren concluded
that some factor required for prothrombin activation, other than
factor V and thromboplasun, was missing m the human serum
and was provided by the Scitz-filtered ox plasma. He called this
factor ‘convertin® and suggested that it is the direct actvator of
prothrombin, being denved from an inactive precursor cailed
‘pro-convertn’ which 1 itself activated by thromboplastin. I
was supposed that convertin s { during coagul
before prothrombin conversion is complete, so that the serum
contams a proporton of unconverted prothrombm winch will
not react with thromboplastin since no convertin is availabl?-
Koller, Locliger and Duckert (1551} have repeated these experi-
ments and though they obtamed much the same results, they
have come to a dametrically opposed conclusion. They have
shown that it is the Senz-filtered ox plasma wiich contans pro-
thrombn, and that 1t facks a conversion f{actor which 5 pre-
sumnably removed by Sertz filtration, but swhick is present in the
human serum, This factor they have called ‘factor VII' and (hgy
considey that it 1s, hhe factor V, an accelerator of prothrombin
conversion It appears from s paper that Owren has conceded
this pomnt so that presumably convertin and pro-convertin as l,ic*
scribed by him on the basis of hus onginal experiment do nat exist.
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defect of known haemop}ulxc plasmn thcn it presumably has a
normal 1 of ant bulin, If it is less
effective 1tprubably hasa dcﬁclencyof :muhaemop}nlxc globulin.

TABLE 2
Test Finding Possible Defect
Any known factor.
Wheteblood | "8 Presence of intubstor.
Clotting time
o8 Norrmal Any known factor partially
deficient.
Fibrinogen. Prothrombin,
Long Factors V or
lstage Presence of antithrombin.
Test? Antihaemoptulic globuln
Normal Platelets Antithromboplastin
present.
Prothrombin.
2 stage "
B (Test less susceptible to defici-
-;;"l‘,}‘mmb‘“ Abnormal ency of accelerators than
1stage )
Prothrombin Platelet
Consumption Abnormal Antthaemophlic factor
Test Antithromboplastin present
Addition to Clotting ime Presence of anticoagulant,
Normal Plasma prolonged
Clotung tume | Not A H G. defect
Addition to normal
Haemophilic
Plasma Cl;mmg time Probably AH G defect.
ong

In many cases a clotting defect can be shown to be due to the
presence of inhibitors rather than to a deficiency of clotting
factors. The presence or absence of inhibitors can be demon-
strated by adding a proportion of the patient’s plasma to normal
plasma and observing whether or not the clotting time of the

s
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does not mean that the mechanism is normal. Quite gross
deficiencies of prothrombin, fibrinogen, platelets or antihaemo-
philic globulin may oceur without much alteration in the time
required for the appearance of the first strands of fibrin.

The next test in order of complexity is the one-stage ‘pro-
thrombin time’ devised by Quick, which consists of adding
brain extract and calcium to oxalated plasma and observing the
time of coagulation. This was supposed to be a diect measure
of prothrombin concentration, and even though this contention
is not valid, it has proved to be a most useful test, since it reveals
the clotting defect of vitamin K deficiency and controls very
well the use of anticoagulant therapy. If the ‘prothrombin time'
by this method is long there may be a deficiency of prothrorabin
or of the accelerators of prothrombin activation, a shortage of
fibrinogen or an excess of antithrombin, Ifit is normal despite
long whole blaod clotting time then a deficiency of the intrinsic
thromboplastin mechamsm is likely to be present. If it is neces-
sary to obtain a more precise estimate of prothrombin itseff,
then one must carry out a two-stage prothrombin estimation
which is a measure of the of thrombin produced rather
than of the rate of thrombin production. The two-stage method
and particularly its more recent modifications are less sensitive
to a deficiency of accelerators than the one-stage method.

A fairly recent development is the ‘prothrombin consumption
test’. In this the amount of prothrombin remaining in the serum
after coagulation is measured by means of the addition of throm-
boplastin and estimation of the thrombin produced. Norm:}lly
there is relatively little proth bin remaining after coag 1
is complete, but if there 1s a deficiency of mtrinsic thrombo-
plastin then the serum may contain large amounts of pro-
thrombin which has not been converted. Abnormal prothrombin
consumption, as shown by an excess remaining in the serum,
oceurs if there 13 a deficiency of the platelets, or antib
philic globulin deficiency (Merskey, 1950}, or an excess 571'
antithromboplastin. A defici of antih philic globutin
may be detected by observing the effect of mixing the suspected
plasma with known haemophibe plasma. If the suspected
plasma is as capable as normal plasma of cotrecting the clotting
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Haemophilia is probably the most important of the haemorr-
hagic diseases because it is hereditary and causes a life-long and
most serious disability. It is a sex-linked condition affecting
males, the heterozygous female being apparently normal. In the

TABLE 3
Condiion Defect Causation
Inherited.
Absence or
Fibrinopeni deficiency of Liver damage.
¥
Fibninolysis
Increase of Anaphylactic shock
Hepannaemua ‘Antithrombin Irradiation.
Haemorrhagic
Jaundice
it K .
Haemorrhagic Vit. K deficiency
Discase of Hypoprothrombinacmia
Newborn
Idiopathic
Hypoprothrombinacmia Unknown
Para-hacmophihia Factor V deficiency Unknown,
Antithromboplastin
d or
Pseudo-haemophihia destruction of ant)- Idiopathic
haemophilic globilin
H Deficiency of anti- Sex-hinked
lic globulin | 1nhentance,

extremely rare event of a homozygous female being produced as
the result of the marnage of a haemophilic male with a hetero-
zygous female carrier of haemophilia, such homozygous females
have all the clinical mamfestations of haemophilia (Merskey,
1951; Israels, Lempert and Gilbertson, 1951). Haemophilia is
almost certainly due to a deficiency of intrinsic thromboplastin
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latter is prolonged. If prolongation occurs further investigations
are required to identify the inhibitor. It may be of the heparin
type, in which case the inhibitory effect is abolished by adding
protamine or toluidine blue, It may be an antithromboplastin,
when incubation of the patient’s plasma with brain extract
causes 2 reduction of the latter’s thromboplastic activity. It may
be an inhibitor of antihaemophilic globulin, as shown by the
fact that after mixture with the patient’s plasma the normal
plasma loses its power to correct the clotting defect of known
haemophilic blood.

The clinical eonditions in which these defects occur are given
in Table 3. Fibrinogen deficiency is a very rare cause of abnor-
mal bleeding; when it occurs it may be as the result of an
inherited defect, or as the result of severe liver damage, or may
be aecasionally due to excess fibrinolysis. In such cases the bload
cither does not clot at all or if it does very friable and incomplete
clats are produced. Prothrombin deficiency is a much more
important condition occurring in any state in which the intake
of vitamin K is impaired, such as obstructive jaundice, various
formas of sprue and in the newbom. Prothrombin deficicncy may
accasionally occur idiopathically. It is now frequently produced
artificially by the administration of such drugs as dicoumarin
and tromexan which apparently interfere with prothrombin
production, but which also probably cause a reduction ofone or
more of the accel of prothrombin ¢ It is neces-
sary to control such anticoagulant therapy by estimation of the
clotting defect produced, and this is most conveniently done by
the ‘one-stage prothrombin time' method. Unfortunately a
great deal of confusion 1s caused by the fact that different units
are used by different Jaboratories in which the results of this test
are reported. The ‘prothrombin index' for instance though ex-
pressed as a percentage gives a pictureof the severity of the arti-
ficially produced cosgulation defect entirely different from the
supposed ‘prothrombin concentration’ which is read from a
calibration curve and is also expressed as a percentage. It is
essential to be absolutely certain what units are being used, argd
what their significance is, before the results of these *prothrombin
determinations’ are constdered (Biggs, 1951).
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antibody arising by 2 mechanism similar to that responsible for
erythroblastosis foetalis, It is sigmficant that a number of
genuine haemophilics have developed an antibody of this type
after repeated blood transfusions. Such immunization accdunts
for the fact that the normal beneficial effects of blood trans-
fusion or administration of antihaemophilic globulin have been
lost in certain patients. This tendency to immunization against
antihaemophilic globulin is a very serious stumbling block in the
treatment of haemophilia, and it can only be hoped that future
work will provide a non-antigenic form of antihaemophilic
material active enough to be given in minute doses comparable
with those of insulin or vitamin Bia.

As a sort of recapitulation I would like to give the results of a
new test which Dr. Rosemary Biggs has been studying during
the past few months in Oxford. This test consists of measuring
the amount of thrombin which is present before, during and
after coagulation. Undiluted whole blood, or recalcified plasma,
is allowed to clot in glass tubes and small samples are taken at
intervals for thrombin assay. The effect of the addition of
thromboplastin or thrombin, the removal or addition of plate-
lets and haemophilic globulm, the effect of silicone surfaces and
50 on can be examined 1n this way under conditions which are
nearer to natural clotting than any other analytical coagulation
test From the thrombin measurements obtained a curve of
thrombm concentration 1s constructed. The normal curve is
shown as curve 1 m Fig 3. It can be seen that after a lag phase
of about three minutes, duning which no thrombin 1s produced,
a sudden generation of thrombin occurs so the concentration
rises steeply to a maximum, and then almost as rapidly declines.
‘Thefallin thrombin concentration 15 of course due to its destruc-
tion by antithrombin Curve 2 in Fig g is obtained 1f a very
small amount of thrombn is added to the blood immediately 1t
is transferred to the test-tube. The effect of this addition 1s to
shorten the lag phase so that thrombin generation begins about
two munutes earher, but the rate of thrombimn generation is not
significantly mcreased. This observation emphasizes the fact
that thrombin plays some part in thrombin generation. Fig. 4
shows thrombin generation curves obtained from recalcified
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and this in turn is probably due to a shortage of the plasma factor
or antihaemophilic globulin, When the clotting defect is well
marked and the family history is typical diagnosis is casy, but in
some cases the whole blood clatting time is relatively narmal and
this fact coupled with a possible absence of family history makes
it necessary to confirm the diagnosis by other tests. Of these the
prothrombin consumption test and measurement of the patient’s
antihaemophilic globulin activity against known haemophific
blood have proved to be the most retiable (Merskey, 1550b).
Unfortunately it is not possible to detect any clotting abnormal-
ity in the female carriers of the haemophilic gene, though we
hope that this may be achieved in the future (Mershey and
Macfarlane, 1951). If it could be determined with certamty that
a particular woman was likely to pass the condition on to her
children it is probable that she would elect to remain childless
and the incidence of haemophilia would be greatly reduced ina
very few generations.

Tt is now becoming recognized that an increasing number of
clinical states may be caused by the presence of naturally
oceurning anticoagulants, For instance a heparin-like substance
may occur 1n certamn conditions such as anaphylactic shock,
after expost ) ) oo Tmmatemaan.
taneously. " : ' .
clotting time .. .. H . .
the anticoagulant can be d rated by the fact that this
inhibitary effect is neutralized by the addition of tolwdine blue
or protamine. A number of cases of haemophilia-like disease, or
psendo-haemophilia, climcally almost indistinguishable from
true haemophilia but acquired in adult life by both men and
women, have been reported. This condition has in most cases
been shown to be due to the presence of an inhibitor which
seems to act against thramboplastin or against antikaemophilic

bulin. The p of such i will create a

hd oy e ! -
number of such cases have occurred shortly after pregnancy and
one svonders whether this anticoagulant may be some form of
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antibody arising by a mechanism similar to that responsible for
erythroblastosis foetalis. It is significant that a number of
genuine haemophilics have developed an antibody of this type
after repeated blood transfusi Such i ion accounts
for the fact that the normal beneficial effects of blood trans-
fusion or administration of antihaemophilic globulin have been
lost 1 certain patients. This tendency to immunization against
antihaemophilic globulin is a very serious stumbling block in the
treatment of haemophuilia, and it can only be hoped that future
work will provide a non-antigenic form of antit philic
material active enough to be given in minute doses comparable
with those of insulin or vitamin Br2.

As a sort of recapitulation I would like to give the results of a
new test which Dr. Rosemary Biggs has been studying during
the past few months in Oxford. This test consists of measuring
the amount of thrombin which is present before, during and
after coagulation. Undiluted whole blood, or recalcified plasma,
is allowed to clot in glass tubes and small samples are taken at
intervals for thrombin assay. The effect of the addition of
thromboplastin or thrombin, the removal or addition of plate-
lets and haemophulic globulin, the effect of silicone surfaces and
50 on can be examined m this way under conditions which are
nearer to natural clotting than any other analytical coagulation
test. From the thrombin measurements obtained a curve of
thrombin concentration is constructed. The normal curve is
shown as curve 1 in Fig. 3 It can be seen that after a lag phase
of about three minutes, durmg which no thrombin 1s produced,
a sudden generation of thrombmn occurs so the concentration
rises steeply to 2 maximum, and then almost as rapidly declines.
Thefallin thrombin concentration 1s of course due to its destruc-
tion by antithrombin. Curve 2 in Fig. g 15 obtained 1f a very
small amount of thrombin 1s added to the blood smmediately it
is transferred to the test-tube. The effect of this addition is to
shorten the lag phase so that thrombin generation begns about
two minutes earlier, but the rate of thrombin generation 15 not
significantly mecreased. This observation emphasizes the fact
that thrombin plays some part in thrombm generation Fig. 2
shows thrombin generation curves obtamed from recalcified
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plasma. Curve 1 is obtained from simple recalcification without
the addition of thromboplastin. Curve 2 is from a similar plasma
sample to which enough brain extract has been added to cause
coagulation within the first half-minute, It will be observed that
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Fic. 3 Thrombimn generation curves from normal whole blood. Curve 1,

whole blood alone; curve 2, blood to which a small amount of thrombin has
been added at zero time.
the addition of brain extract shortens the lag phase of thrombin
generation but it does not materially increase the speed at which
thrombin is generated. From these two experiments it can I’)c
deduced that in whole blood or recalcified citrated plasma in
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Fic 4. Thrombin generauon curves from recalafied citrated plasma.
Curve 1, recalofied plasma alone, curve 2, recalesfied plasma to which brain
extract has been added at zero time.
contact with glass no thrombin is generated, and hence no
thromboplastic activity is present until just before coagulation
occurs, that is for several minutes after withdrawal of the blood
or recalcification. Once thrombin generation begins 1t proceeds
with a rapidity which 1s as great as that observed when sufficient
brain extract has been added to cause coagulation in twenty to
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thirty seconds. It appears therefore that the intrinsic thrombo-
plastin has a potential activity as great as that of the brain
extract commonly used for the one-stage prothrombin test. Since
the clotting time of whole blood without 2dded thromboplastin
may be six minutes or more it has always been supposed that the
intrinsic thromboplastin is relatively very feeble since this clot-
ting time is compared with the fifteen or twenty seconds of the
ane-stage prothrombin test in which thromboplastin 1s added.
It can now be seen that this view is probably wrong and that the

THROMBN UNITS
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Fig. 5 Thrombin generation curves from whole blood allowed to coagu-

late in partially siliconed tul urve 1, blood alone, curve 2, blood to

which a small amount of thrombin has been added at zero time

intrinsic thromboplastic activity, which does not appear until

Just before normal clotting, 1s far greater than has been supposed

hitherto.

The time at which intrinsic thromboplastic activity appears
depends upon the degree of contact with a foreign surface.
Fig. 5, curve 1,shows the effect of carrying out thrombin genera-
tion in partially siliconed apparatus. There is an mcrease in the
lag phase although the rate of thrombin generation when it
occurs 1s normal This lag phase can be greatly reduced by
adding thrombin at the beginning of the test (curve 2, Fig. 5)
suggesting that the accelerating action of thrombin on thrombin
formation 1s independent of contact, The effect of platelets is
illustrated in Fig. 6 which shows a series of thrombin generation
curves obtamned from recalcified plasma samples 1n which the
platelet count has been successively reduced by centrifugimng.
There is not a great change i the time at which thrombin
begins to be generated but there is a great reduction in the
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amount of thrombin generated in the samples with reduced
platelet counts. This suggests that the platelets are quantita-
tively related to the amount of thrombaplastic activity which
appears, but not to the time of its appearance.
THADWMBIN LTS

9

.

&

«

2
'l

L B YT
TIME e paiesres

Fin 6. Thrombin generation curves from saraples of secalcified plasma
contaimng progressively fewer platelets from curve 1 {normal platelet count)
to curve 4 (t per cent of normal count}.

In haemophihia characteristic thrombin generation curves are
obtained, and the abnormality is well marked even in !hc_sc
eases in which the whole blood coagulation time falls within
normal limits. In Fig. 7 curves fram mixtures of hacmoptulic
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Fia 7 Thrombin generauon curves from mixtures of hacmophilic An‘d
normal plasma Curve 1, 59 per cent haemophihic plasma, t per centnormai,
curve 2, o per cent hacmophilic plasma, 10 per cent normal, curve 3, fo
per cent haemophihic plavma, 20 pes cent normal.
plasma and normal plasma are illastrated The thrombin
g ion curve of b philic plasma alone would be off the
page to the right, and curve 1 15 denwved from haemaphilic
plasma with 1 per cent nosmal plasma, having a clotting time of
about nine munutes Curve 215 from haemophilic plasma with
1o per cent normatl plasma with a clotting tme of five minutes,
but still a considerable diminution 1 the speed of thrombin
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generation. Curve 3 is from a mixture of 20 per cent normal
plasma and 8o per cent haemophilic plasma and at this level of
added antil philic globulin the thrombi ion curve
is normal. These observations itlustrate that a reduction of the
whole blood clotting time to normal is by no means a proof that
the clotting function is restored to normal. The thrombin
generation test appears to be a very delicate indicator of overall
clatting efficiency. "
In conclusion it is not necessary to say any more about blood
coagulation in practice. The ad in di is and treat-
ment which I have afready mentioned are more than capable of
speaking for themselves. But what about the theory? Most people
would say that it is far too complicated, they tannot beheve that
nature really needs all these factors, co-factors, accelerators,
activators and inhibitors just to clot fibrinogen, They suggest
that part at lenst of this complication must be due to artifacts,
that we have produced many of these supposed factors in the
course of our experiments and that they do not exist in real life.
Untl fairly recently I think that I would have agreed with this
view, but now I am beginning to beheve that all these factors
probably do exist, because in climcal practice living examples
can be found of haemorrhagic diseases caused by the absence of
any one of the factors I have mentioned or by the presence of
one of the inhibitors. 1 beleve, in fact, that the theory 1 have
desenibed is onfy 2 smalil part of the actual mechanism and that
many other factors are still to be ducovered. But why, you will
ask, is this particular biological process of fibnn formation so
exceptionally complicated? The answer probably is that it only
appears to be exceptionally compticated hecause it has been
d to a rather ptional degree. I think that one
must believe that all biological processes, however apparently
simple or ummportant, will prove to be almost mfinitely com-
pheated, and that nature will always be ahead of the research

worker.
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amount of thrombin generated in the samples with reduced
platelet counts. This suggests that the platelets are quantta.
tively related to the amount of thromboplastic activity which
appears, but not to the time ofits appearance.
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Fro. 6. Thromben generation curves from samples of recalcified plasma
contaimng progressively fewer platelets from curve ¥ {(normal platelet count}
to curve 4 (1 per cent of normal count).

In haemophilia characteristic thrombin generation curves are
obtained, and the abnormality is well marked even in tho;c
cases in which the whole blood coagulation time falls within
normal limits. In Fig. ¥ curves from mixtures of haemophilic
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Fic 7 Thrombin gencration curves from muxtuees of haemopbibie and
normal plasma Curve 1, 99 per cent hacmophilic plasma, @ per cent nosmal,
curve 2, go per cent haemophihie plasma, 10 per cent normal; curve &
per cent hacmophalic plasrna, 20 per cent normal.
plasma and normal plasma are slustrated. The thrombin
generation curve of haemophilic plasma alone would be off the
page to the right, and curve 1t 15 derived from haemophilic
plasma with 1 per cent normat plasma, having a clotting umc‘or
about nine minutes. Curve 2 15 from haemophilic plasma with
10 per cent normal plasma wath a clotting time of five minutes,
but stitl a constderable dimmution mn the speed of thrombin
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The Contribution of Science to the
Practice of Health in the First Quarter
of the Twentieth Century

J. M. MACKINTOSH

» the first year of the twentieth century the fourth edition of

Oxsler’s Principles and Practice of Medicine was published. This

baok had the ad aver many text-books of having been
distilled through 2 single mind—and a broad, humane mind
at that, From this vantage point we can look back ta what Sir
William Osler felt to be the really fundamental changes of the
previous decade and forward to 2 halfcentury’s development of
the practice of health, At this point, hbowever, 1 must set certain
boundaries ta my subject. I am not concerned with the effects
on the practice of health of admunstrative provisions under
statute, These created such services as infant welfare, school
health work, protection of infant Iife, insurance against sickness
and unemployment, and peosions for widows and the aged.
Their influence on the practice of health was very greatindeed;
but they are described 1n the chroncles of public health, and
central and local government. Nor am I concerned primarily
swith discoveries, invaluable as they have been, which provided
an effective remedy for certam divorders. These include the
sulphonamides, penicillin, and the more recent antibiotics, as
well as many of the great advances 1 surgery and its branches.
1 have limited the scope of my subject even more closely to
developments in science whxch have mﬂucnccd the practice of
health through their widesp s thatcame
true and questions which found an answer.
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Reverting now to the clinical background, we find Osler
much more at his ease, and in many respects showing insight
beyond his period. His wise appreciation of appendicitis is 2
case in point:

‘Recovery is the rule’, he observes candidly. ‘Out of 264 cases
at St. Thomas’s Hospital with the above-mentioned clinical
characters [i e. the acute disease] 190 recovered ... There are
surgeons who claim that the getting well in these cases does not
mean much; that the patients have recurrences and are con-
stantly liable to the graver accidents of the disease. This, I feel
sure, is an unduly dark picture.”

So far, he upholds tradition; but in discussing prognosis he
leads us a step further by saying, ‘It is the element of uncertainty
in indwvidual cases which has given such an impetus to the
surgical treatment of the disease’. And finally, when he comes to
treatment he quietly throws in his hand-

So impressed am I by the fact that we phystcians lose ives by tem-

The next matter of interest m Osler’s work, and in medical
text-books generallyn the early years of our century, is the enor-
mous importance attached to typhoid fever as the most common
of all continued fevers and one of the most fatal His collected
death-rates vary from 7 to 20 per cent, with the ill-bodmg record
of 21 among the troops 1n South Africa, up to March 1go1, Like
other good physicians, Osler stresses the difficulties of diagnosis,
in spite of the fact that the Widal reaction and direct blood
culture were already widely operative, ‘Errors m diagnosis
are mevitable, even under the most favourable conditions. Let
the “cock-sure” physician, who never makes mustakes, read the
Report of the U.S. Army Commission on Typhord during the
Spanish-American War’ He 15 already armed with figures
about preventive moculation (i e. in March 1go1); and refers
to Wright, of Netley—our own Almroth Wright, one of the
great mnvestigators of that era who have contributed so much to
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Sir William Osler was a great humanist, and his text-book
contains many apt allusions to history, and vivid phrases which
have become part of our medical heritage, such as his comment
on the prevention of venereal disease: ‘Certainly it is better, as
St Paul says, to marry than to burn, but if the former is not
feasible there are other altars than those of Verius upon which a
young man may light fires.’

Nevertheless, there are two features of his book which strike
us today as curiously lacking in perception; and even for their
time—for they persist in later editions—they were not in the van
of medical thinking, The first of these may seem rather tech-
nical at first sight: it is the division and subdivision of medicine
into systems, names, and fragments of the body. A careful study
of the work reveals remarkably few references to the patientasa
whole organism—still less as a person. So striking is the omission,
that references such as the following stand out prominently, and
this is itself a quotation: “As Sir William Roberts well says,
““nowhere perhaps is it more necessary than in gout to consider
the man as well as the ailment, and very often more the man
than the ailment”.’

The second feature is Osler’s lack of a deep understanding of
the social conditions under which so many of his patients lived.
It is perfectly true that even in the 1901 edition there are many
references to environment—but they are perfunctory and curi-
ously remote. Indeed, a comment on the wretched surroundings
in which a disease is hatched is not infrequently followed by a
recommendation that the patient should have a holiday i!.\ a
warm, sunny climate, with plenty of butter and eggs and milk.
Or again, hus breezy remark about peptic ulcer has a chill about
it: ‘Servant girls’, he says, ‘seem particularly prone to tf}e
disease. Thus is to be explained partly by their careless habits in
eating, partly in ¢ ion with the iated ia,” It s
fair to add that this reference was omitted 1 later editions. You
do not look to Baltimore, still less to London, for a genuine ap-
preciation of the social factor in medicine, during the first decade
of this century. You turn your wondering cyes to Boston, Mass.,
and to Edinburgh—to Richard Cabot in Boston, and to Robert
Philip, William Ballantyne and John Thomson in Edinburgh.
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to the discovery by Grijns that a diet containing the husks of
rice prevented the disease. This discovery led the way to a
dietetic, rather than a medical, approach to a number of other
nutritional disorders; and it was the change of outlook, the
illumination of the mind, rather than the specific discovery that
contributed to the practice of health.

The disease called ‘gout’ is described frankly as a nutritional
disorder; but the description in the text suggests that this means
‘more fuel in the form of meat and drink than the machine
needs’. Osler, adds, however, that in England the combination
of poor food, defeétive hygiene, and an excessive consumption of
malt liquors makes ‘poor man’s gout’ a common affection.

Diabetes also 1s described as a nutritional (or perhaps ‘meta-
bolic’ would be the better word) disorder. The work of Opie, in
W. H. Welch’s lab ¥, showing the function and importance
of the islets of Langerhans is naturally given prominence. By the
beginning of the century the internal secretion was recognized,
and called ‘insulin’ by Schafer in 1913. It was not until 1921,
however, that the substance was isolated. The work of Banting
and Best from 1921 onwards is one of the classics of twenticth~
century research, Quite apart from its value to the diabetic, it
has made a great addition to our knowledge of metabolism, and
to the practice of living.

Perhaps the most striking of the conquests that could be con-
solidated on a national scale 15 rickets. In the 1go1 edition Osler
states that 1n London from 50 to 8o per cent of all the children
wesaw in schools had gross manifestations of rickets. He gives an
excellent description of the disorder and indicates that lack of
sunlight and fresh air are the chief predisposing causes. He men-
tions Bland-Sutton’s expertment with lion-cubs at the Zoo, when
by adding milk, pounded bones and cod-liver oil to the meat
diet, rickets was prevented and the cubs were reared—for the
first time 1n the hustory of the Society. With this information, it
is interesting to note how Osler falters in preseribing treatment,
and preventive measures are hardly mentioned, except by im-
plication His reference to cod-liver o1l, among a large array of
exhibitions, is half-hearted. This is not surprising, because it was
not until the great work on accessory food substances was pub-
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the prevention of disease. Osler’s preliminary figures show that
out of 1,705 persons inoculated at Ladysmith, only 2 per cent
were attacked, whereas out of 10,529 not inoculated, 14 per cent
were attacked. Among the inoculated the mortality was 046
per cent, and of the rest, 3 per cent.

In some instances we can see how near the good observer
comes to the truth—and yet how dense i3 the curtain of mystery.
Take at random the description of typhus:

R e P Ry X B SV 2

time. ...

‘We need not pause over lobar pneumonia, ‘the most fatal of
all acute diseases, killing more than diphtheria, and outranking
even tuberculosis as a cause of death’—with a hospital mortality
of 20 per cent. Some of our elder family doctors, however, might
cast a wistful backward glance, remembering how gentle pneu-
monia used to be with the aged. 3

Our study must be focused on conditions which are a barrier
to healthy living—such as the nutritional disorders, adverse
influences in home and working environment, and the anxieties
which bear down on us in our ordinary lives. One of the greatest
obstructions to health in many lands abroad was malaria, but
mention it only to commemorate the triumphant rescarches of
Laveran, Ross, and Manson at the close of the nineteenth cen-
tury, and the founding of the London School of Tropxcal
Medicine sn 18g9. This is Manson’s School. In 1got the widely
distributed disease, beri-beri, so to speak, hung m the balance.
Osler describes it as an endemic and epidemic disease of un-
known actiology, but he 1s famihar with the work of Takaki in
Japan, although its success was associated with a wrong theory
of cause. He was also aware of the more important findings of
Eijjkman, and of the Dutch physicians in Java, leading in 1901
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comprises these minimal qdaht;{uve factors that I am considering,.

Publication of the full results of the researches undertaken by
Hopkins was delayed until 1912, on account of prolonged and
unsuccessful efforts to isolate the actual accessory substances.
He did not claim to be the discoverer of ‘vitamins® although he
might well have done so, but it was certainly the rgrz paper
which first kened an under ding of the physiologi
significance of these substances The battle was by no means
won at the first onslaught, and as late as 1g20 there was con-
siderable opposition to the ‘vitamin theory” and scepticism about
its practical value, especially on the part of a section of the
medical profession During the first world war, however, Hop-
kins was able to exert influence for good, as chawman of
official committees on wartime nutrition and famine relief. He
often emphasized the madequacy of a mere calorie figure as an
index of nutritional standard. I ought, of course, to add that I
am confining myself to the great contribution which Hopkins
made to the practice of health. In the realm of pure science his
isolation of tryptophane and glutathione were outstanding
discoveries.,

Shortly after the end of the first world war the work on
nutrition was enriched beyond measure by the powerful, logical
mind of Edward Mellanby. The application of his studies on
rickets to the practice of health illuminated the whole range of
child health, and here one should acknowledge wath gratitude
the contribution of May Mellanby to the prevention of dental
caries. For the purpose of this essay I wish to divide Mellanby’s
investigation into two parts: first, his actual research and its
practical results; and secondly, his method of approach, which
is of vital interest to the student In the first place it 1s to be
observed that Mellanby’s extensive dietary studies on puppies
covered a far larger field than the title of the 1921 Report,
Esperimental Rickess, would suggest Mellanby realized from the
start that an investigation of nickets could not be confined into a

T
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lished by Gowland Hopkins in 1912 that the significance of
dietary prevention, rather than medicinal treatment, was fully
grasped. Indeed, the lesson was not learned and applied in the
first world war, to our irreparable damage. From 1919 onwards,
however, the researches of the Mellanbys demonstrated the
essential importance to health of a fat-soluble vitamin in the
diet; and cod-fiver oil, a rich source of this substance, was master
of the situation.

Gowland Hopkins was the father of British biochemistry. He
made an unorthodox entry to his profession by apprenticeships,
the first of them in an insurance office; but it was through these,
especially as assistant to Sir Thomas Stevenson, the Home
Office analyst, that he gained a valuable basic knowledge of
chemistry. Before the end of the nineteenth century he had
invented techniques for the crystallization of pure proteins, and
so entered a kind of forbidden ground of investigation. In 190z
protoplasm was all but sacred—containing the inner secret of
hife. A step forward from this brought Hophins into the research
on accessory food substances which has made his name world-
famous. In 1g05, with the object of looking for any hitherto
unrecognized dietary factors, he fed rats on synthetic foods con-
taining all the known essentials, but in a highly purified form,
At first he added meat extracts or yeast to give flavour to the
tasteless food, in deference to appetite. He found, however, that
rats generally ate the synthetic food quite well without the
savoury addition But the extracts powerfully affected nutrition:
on the flavoured diet the animals grew well; without the addi~
tions they lost weight continuously, although they took the
same amount of food. In 1906 Hophins said 1n an address to the
Society of Public Analysts:

- - LR

ju;tled to hve erther upon plant tissues or the tissues of other animals,
and these contain countless substances other than the proteins, carbo-
T - . T Y1 .-
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rickets is notoriously a ‘healthy’ disease; and he points out that
catarthal conditions and great suscepiibility to intercurrent
infections tend to appear in the wake of rickets. Perhaps we
shall never find the secret of the disappearance of another
‘healthy’ disease-—chlorosis—which used to crowd the medical
wards when I was a student. The main body of the research,
however, is an elaborate experimental study of puppies, and the
effect of various diets on the production of rickets. The results
stated there have passed into history, and their application has
given life and health to a generation of children, both in this
country and in others more darkened by the shadow of famine.

Now I should like to turn to method and presentation, for
here the younger worker has much to learn from Mellanby. I
think that the 1921 Report should be carefully studied as a text-
book on this subject. To begin with, the material is set outin a
logical sequence, and each section is followed by a short, effec-
tive summary. One feels the great value of going step by step
with the research worker; 1t is like being taken into his con-
fidence. For example-

In addition to the solution of the practical problem of rickets, one
ol}}Jcr olf_icc.t hai becn constantly before my mnd since it became

Next, the methods of examination for signs of rickets are not
only described in detail, but objectively presented. A candid
summary of the earher experiments follows: ‘It may be of inter-
est to add that the experimental work had continued for about
two years before good evidence of differences mn the antirachitic
action of fats was obtained.” Then comes the main series of
experiments, stated simply and with admirable precision, and
illustrated by tables, each of which tells 1ts own clear story and
no more. Meanwhile, the explanatory text brings the student
into the heart of the discussion with the same sense of excitement

* asifhe were present in the same room:
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narrow space, like scurvy or beri-beri; and indeed he doubted
whether the studies of these conditions had not been too circum.
seribed. He had grasped completely the need fos integration ina
study of nutritional defect:

One point [he says in the 1921 Report] which has come most pro-
minently before my mind as the work has progressed, is the unity ofa
cowmplete diet and the mterdependence of the dietetic elements, This
might have been expected, Knowledge has been lating in
recent years which emphasizes the importance of batanced duets, and
we know that to cut out one element of the diet means not only the
absence of that clement, but also the ineffective action of other ele-
ments. For instance, when carhohydrates are removed from the diet,
fat is ineffectively oxidized, and there is also good evidence shat i
their absence animals and plants are incapable of vymhesizing pro-
1eins from the amino acids. This is 2 simple mstance of the absence of
one element upsetting the action of othes elements. . ..

After giving 2 number of examples showing how this inter-
relationship also holds between these elements and the general
metabolism of the body, Mellauby goes on to a masterly sum-
ming-up:

‘These few snstances cannot fal o mmpress the <
dietetic diseases that any problem -+ * .
may ultimately have to mclude - s
addition to the one that at fisst ' wssiiportant It hasso
happened wm thas invesugation.

While 1t 15 evident that a vitamn, probably fat-soluble A, occupies
a position of prime impactance in the aetiofogy of nekets, it 15 un-
doubted that ths vitamin works in a close relatsonship with the ather
dietetic elements, and, moreover, with the general actvity of the
body, so that all the other factars both of diet and environment must
be analysed i selation to 1t

At an early stage of his research Mellanby had to clear a2
considerable accumulation of halfincrr-t ' e
catse of rickets en- 7 .
By the choice < . s it the paiastaking
applicationefc, . wstsnewas able to show, for example, that
fack of exercise {as put forward by Findiay) could not be the

rime factor 1 the development of nickets; so also he chccuyely
demolished the theory that vickets was due to an infection.
Incidentally, it is delightiul to notice his shrewd paradex that

£
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rickets is notoriously a *healthy’ disease; and he points out that
catarthal conditions and great susceptibility to intercurrent
infections tend to appear in the wake of rickets. Perhaps we
shall never find the secret of the disappearance of another
‘healthy’ disease—~chlorosis—which used to crowd the medical
wards when I was a student. The main body of the research,
however, is an elaborate experimental study of puppies, and the
effect of various diets on the production of rickets. The results
stated there have passed into history, and their application has
given life and health to 2 generation of chuldren, both in this
country and in others more darkened by the shadow of famine,

Now I should like to turn to method and presentation, for
here the younger worker has much to learn from Mellanby. 1
think that the 1921 Report should be carefully studied as a text-
book on this subject. To begin with, the material is set out in a
Iogical sequence, and each section is followed by a short, effec-
tive summary. One feels the great value of going step by step
with the research worker; it is like being taken into his con-
fidence, For example:

In addition to the solution of the practical problem of rickets, one
other object has been constantly before my mind since it became
evident that a vitamin was bound up 1n the aetiology of this discase,
Our knowledge of witamins has up to the present depended upon
work somewhat limited both in 1ts nature and the number of species
of animals investigated, and 1t was hoped that the use of the dog
would not only lead to results more directly applicable to the human
being but also would afford a wider basis for considering the part
Pplayed by these substances in general nutrition

Next, the methods of examination for signs of rickets are not
only described in detail, but objectively presented. A candid
summary of the earlier experiments follows: ‘It may be of inter-
est to add that the experi 1 work had inued for about
two years before good evid of diffe in the hati
action of fats was obtained.” Then comes the main series of
experiments, stated simply and with admirable precision, and
illustrated by tables, each of which tells its own clear story and
no more, Meanwhile, the explanatory text brings the student
mto the heart of the discussion with the same sense of excitement

* asifhe were present in the same room:
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In the earhier experiments on the action of fats in rickets, | had not
recognized that the amount of bread caten by the puppies was a
crucial point, Up to this time all factors in the diet were controlled
except the bread, which was varied according to the appetiie of the
animal. This fact deprives the earlier work of some of its quantitative
accuracy ..

And again:

In most of the later series of experiments, meat was put into the
diet 1 order to mduce the puppies to eat up completely each day's
Tation This plan ensures more uniform results in comparable experi-
ments, but has the drawback of reducing the rachitic changes Itisa
question of choice between producing very bad rickets but Jess uni-
formity for comparisen, and more unik and less rickets.

The next stage leads us to consider the various hypotheses
which have been brought forward from time to time to account
for the development of the disease. These are examined in turn,
quite objectively, but the findings are expressed so humanly as
0 give the student a quiet feeling of satisfaction as they are
pressed home, Here is an example of what I mean:

It 15 impossible for me to beleve that the drastic treatment of
J. Koch to produce rickets i pupptes, 1 which work he injected
intr Ly cultures of strep i into the anumals, can have any
bearmg on the disease of nckets in children,

On the more strictly physical side men of science made an
equally remarkable contribution to healthy living. One of the
outstanding figures both in persanality and in the vigorous
application of the scientific method to the ordinary things of life
was Leonard Hall who, as Greenwood says, was the reaf founder
of applied physiology in England Hill's work on ventilation and
more particularly his katathermometer as a measure of the way
in which the human body reacts to changes in its physical sur-
roundings brought scientific into the ghold
of supersution and unchecked opinion. The effect of his work
has been characteristically descnbed by Greenwood m an essay
written m 1931 Here s an extract
... That a bit of glass tubing, which merely enables one to mea-
sure how long it takes a ke cooured Buid to cool from 100° F. 1o
95° F., should be of much greater value 15 the practical control of
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atmospheric conditions than a host of elaborate and expensive
machines, may seem strange to people who mistake expensive elabor-
ation for efficiency. The point is that Hill's katathermometer does
give us a measure of the way in which the human body will react to
external conditions, information which can be cl‘xcckcd against the

“lation' and’ the results we experience, and are familiar with the
psychological attitude of the expert: I of the )
who practically tells us that his boots are perfect and we ought not to
have such awkward fect, Hill has changed all that.

These investigations led to an enormous quickening of interest
in applied physiology not only in the ordinary Iife of the citizen
but also in the factory and workshop, and 1t was in many ways
the corner-stone of later investigations into the environmental
conditions of the industrial worker. The personality and vigour
which lay behind all Hill's work deserves the most careful study
by the student and I can heartily recommend the Report to the
Medical Research Committee in 1g1g on the science of ventila-
tion and open-air treatment, as well as the works which Hill
published in later years His writing is always vivid, and it
carries with it colour and freshness as though he were mfusing
Iife into the very mstruments with which he made his observa-
tions. Let me take a few simple examples to show you what I
mean:

The observations of Pembrey show that he and four soldiers
marching in drill order on a moderately warm day (dry bulb 69° F.,
wet bulb 59° F.) lost more water and retamed more water in their
clothes than on another smilar day when they worked with no jacket

absurd that on a hot summer day boy scouts should march with 2
coloured scarf knotted round the neck, or invalid soldiers 1n Egypt
wear a button-up shirt and a red tie. Nothing should be worn for
ornament or smartness which increases the difficulty of losing heat
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In the earlier experiments on the action of fats in rickets, I had not
recognized that the amount of bread eaten by the puppits was a
crucial powt, Up to this time all factors in the diet were controlled
except the bread, which was varied according to the appetite of the
animal. "This fact deprives the earlier work of some of 1ts quantitative
aceuracy.. .,

And again:

In most of the later series of expeniments, meat was put into the
diet in order to induce the puppies to eat up completely cach day's
ration, This plan ensures more uniform sesults sn comparable expen-
ments, but has the drawback of reducing the rachitic changes. Itisa
queston of choice between producing very bad rickets but Jess uni-
formty for i and more unifc v and less rickets.

¥

The next stage leads us to consider the various hypotheses
which have been brought forward from time to time to account
for the development of the disease. These are examined in turn,
quite objectively, but the findings are expressed so humanly as
10 give the student a guiet feeling of satisfaction as they are
pressed home. Here 1s an example of what I mean

1t 15 impossible for me to believe that the drastic treatment of
J. Koch to produce rickets in puppies, . which work he sjected
intravenously cultures of streptacocct into the antmals, can have any
bearng on the disease of rickets 1n chuldren,

Ogn the more sinctly physical side men of science made an
equally remarkable contribution to healthy living. Ons of the
outstandmg figures both in personality and in the vigorous
appheation of the scientific method to the ordinary things of life
was Leonard Hill who, as Greenwood says, was the reaf founder
of applied physiology in England, Hill’s work on ventilation and
more particularly his katathermometer as a measure of the way
in which the human body reacts to changes in its physical sur-
soundings brought scientific measurement me the ghold:
of suptrstivon and unchecked opinion. The effeet of Ty work
has been charactersstically described by Greenwood in an essay
written i 1931, Here ssan extract:

... That a bt of glass tubing, which merely cnables onc to mea-
sure how lang it takes a hittle coloured flind to cool from 1wo° F to
95° F., should be of much greater value i the practical control of
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physical health and physical efficiency of workers in munition
factories and workshops'.

This active group passed through some vicissitudes and in
1921 it became a branch of the Medical Research Council, with
broader terms of reference, It is interesting to note the early
limitation to phystcal health and efficiency: the National Institute
of Industrial Psychology was established in 1921, and since then
the psychological aspect of working conditions has received
increasing attention, and a store of new hnowledge has been
applied to the practice of health. To return to the war, the
nation as a whole was beginning to see that overwork, mono-
tony, and especially the lack of any sort of rest or change either
through holidays at the week-ends or by means of breaks during
working hours, were undermining the health and happiness of the
great army of people who were contributing through industry to
the war effort. Feelings and opinions, however, are not enough.
It was for H. M. Vernon, acting as an investigator for the
Industrial Fatigue Research Board, to put the study of working
conditions on a scientific basis, Using the experimental method
he made a careful inquiry with the object of measuring fatigue
and its effect on working efficiency. He examined the records of
output in relation to daily and weekly hours of work, comparing
one industry with another, and he thus showed by experiment
the hmitations of human capacity as determined by long hourg,
monotony, and sheer weariness, Vernon then went on to exam-
ine possible remedies, studying particularly the effect of the
introduction of shorter spells of working with brief rest periods,
and of free time on Saturday afternoons and Sundays. He was
able to show, for mstance, that a good scheme of regular rest
periods might be expected to increase output up to 20 per cent
without any increase in fatigue; and again, that the effect of
abolishing Sunday labour produced, under favourable condi-
tions, a substantial increase in total output in spate of the loss of ~
eight hours’ work. Sunday labour was uneconomical not only
because of the physical strain involved but also from the mono-
tony of work week after week without any relaxation

The next subject for study—which has been of great impor-
tance to the practice of health—was the frequency and cause of
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and keeping down the bedy temperature. The avoidance of fatigue
of the heart, the power to march, and the efficiency depends on pre-
vesition of heat stagnation.

And again the vivid contrast he makes between the slavery
and confinement of the city worker and the perfect fitness of a
free life:

The streets of our cities are trod by hosts of men and women ugly
of complexion, ill-grown, weaklings, withered, and worn, incapable
of strenuous muscular action at a time which should be their pnme,
developed in cunning, fear and sensitivity to pain by a mean struggle
for existence 1 mean streets. Contrast these with the wild ass of 8imd,
whose skin shines with the wonderful gloss of perfect condition, and
whose strength and fleetness is such that ta ride lum down a horse-
man has to take 1 relay seven fresh horses, “The wald asses snuffed up
the wind like dragons.” Who hath sent oqt the wild ass free and men
into stavery?

And finally let me take the characteristic commentary of 2
man who has had to fight for science and knows his enemies
thoroughly

It is mansfest that some people are acutely affected by draughts,
and therefore draught becomes populary considered the chief cause
of colds Nursery and farmly tradition rules habits, and tradition is
usually a1 least half g century belmnd science. The reom is shut up.
Science may beat against the door, but tradition holds it fast.

I think one can sum up Leonard Hilf's contribution to the
science of ventilation by saymg that he gave a great impetus to
the study of the physislogical basis by the invention of methods
of measurement and of mstruments capable of giving compar-
abledata,

This leads us to one of the most considerable advances in the
practice of health, which arose indirectly from munition work
during the first world war. At that time even the most hardencd
industrialist was becoming uncemfortably aware of the sk of
lasing output as a result of long hours and fatigue. The serious
extent of sickness and lowered effictency among munition
workers led to the appomtment of a special committ.cc in
September 1915, “to comider and advise on questions of indus-
trial fatigue, hours of labour, and other masters aflecting the
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its position hereafter among some ofits foreign rivals who already in
that respect have gained a present advantage.

Since that time we have had the bencfit of learning, through
the pioncer work in the psychological field of such investigators
as Culpin and May Smith, what a great part is taken by mental,
health in the balance of working conditions. I am not so much
concemed, however, with the practical conclusions of these
experimental studies as with the application of the scientific
method. Many of the matters considered were in fact capable of
direct measurement, but little had been done; others required
subjective estimations, and in the hands of experienced workers
even .lh:sc acquired scientific precision through controlled
experiment,

T have said enough, perhaps, in a short space to indicate the
enormous debt we owe to the physiologists of the first quarter of
this century. At any rate, we must now turn to another aspect of
development—the field of mental health. It is worthy of notice
that Osler, in the fourth edition, devotes hittle space to functional
disorders of the nervous system, but one must in fairness remark
that the psychoses were outside the scope of his book. He deals
in some detail, however, with such matters as epilepsy, hysteria,

Tud

and the traumatic Neur: ia, which

interesting discussion as to whether 1t 1s necessary to postulate
spasm in the diseased coronary vessels, or whether the symp-
toms can be fully accounted for by simple ischaerma on effort,
cold, or emotional exci The overwhel prepond
ance of men as victims 1s carefully noted, with figures of 237 men
1o 42 women in his series.

Otherwise practically the whole of what we should describe
broadly as the psychoneuroses is a book as yet unopened. In this
respect it is striking to observe the development of Osler’s inter~
estin the functional disorders as one edition of his work passes to
another. In the cighth edition, for example (published in 1 913),
he 15 already struggling with Freud's methods and seems at least
half-convinced of their value. In many ways ke has acquired
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accidents, Vernon was able ta show the malign effects of fatigue
on the accident rate, and in a most interesting way the effects of
lighting and temperature. From carefully drawn thermograph
charts he demonstrated that a general level of between 65° and
69° ¥. could be regarded as optimum, and that the accident
rates rose both above and below these figures. In a similar way
the resulis of bad lighting were measured in terms of output and
quality of work, .

In its final report, issued in 1918, the Health of Munition
‘Workers Committee urged the need “to make arrangements
without delay for a national scheme for industrial medical
research, and to accord fuller recognition to the importance of
industriat hygiene’. The research board setup as a result of this
L Jation i their on four main

problems:

5. The fandamental question of shorter hours of labour, from
a political and economic (as well as a health) point of view; for
this was said to lie near the root of the whole fabour problem,

2. The social and economic conditions of women’s labour,
over and above the issues of health which were dealt with by the
Comumttee, for the health condutions of wemen are inseparable
from their social condutions.

3. The solidarity of industrial society—the interdependence of
employer and workman, which is closely related 0 the whole
issue of the status, health, and physical equipment of the worker.

4. The title of the worker 1o an cffective voice in regard to the
conditions under which he werks.

The Committee concluded 1ts discussion of the relation of
fatigue and ifl-health to industrial efficiency with this confession
of faith-

‘The national experence in modern industry 1s longer than that of
any other people It has shown clearly enough that false 1deas of eco-
nomic gam, blind to physielogical faw, must lead, as they ted through
the nneteenth century, to vast nattonal loss and suffermg. It 15 cere
tawm thag unless mdustrial htfe s 1o be guided w the fusure (3) by the
apphication of physiological science to the detals of 1ts management,
and {u) by a proper and pracucal regasd for the health and well-
beng of our workpeopls 10 the form both of humanizing mdustry
and improving the environment, tie nauon cannot hope to mawmntaun
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or of the active belief in the assurance of the physician that the pre-
cious boon of health is within reach.

It is not for me to assess the relative value of the contribution
of the analytic method—the contribution made by Freud and
his followers—and that of other workers in the field of mental
health, especially after the first world war; this in itself is an
important chapter in the history of human endeavour. Let me
at least point out the great enlargement in the concept of
mental health as a positive ideal to be achieved as opposed to
mental disorder, a disease to be treated. This, rather than the
claims of rival methods of treatment, constitutes a revolution in
the practice of health It is one of the hopes of a sick and
frightened world.

Until the year 1930 the law dealing with persons of unsound
mind was obsessed with ideas of detention to the virtual exclu-
sion of prevention and treatment. Moreover, a sharp distinction
was maintained between the private patient and the ‘pauper
lunatic’ long after these invidious social prejudices had died out
in other spheres of medicine. In the first quarter of the present

many types of early disorder the patient was able and anxious
to co-operate with the physician in treatment. The Report of the
Royal Commission of 1926 begins a new chapter with an impor-
tant statement of principle:

. .

Legislauve changes have now implemented these recommen-
dations to a large extent, the greatest benefit being the ready
admission of voluntary patients to mental hospitals. But the new
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considerable understanding of the significance of Freud’s
theories but he is still doubtful and rather detached when it
comes to their application to therapeutics. In speaking of the
sexual causes of neuroses, for example, he weaves a little fantasy
of his own.

Undoubtedly the part played in the production of hysteria and
allied neuroses by sexual factors 1s of the first importance. As already

basis of the psychoneuroses. Repressed as-they have to be in so many
in our modern civilization, without normal outlet, the thought form-
ations, retained in the unconscious state, express themselves by means
of somatic phenomena—the objective features of hysteria and neuras-
thenia. Cherchez la femme is a safe rule in investigating a neurotic case,
Freud may have ridden his hobby too hard, particularly in the
insistence upon the importance of infantile sexuality, but in recog-
nizing the role of the younger Aphrodite in the lives of men an
waomen he has but followed the great master, Plato, who saw, while
he deplored, the havoc wrought by her universal dominance.

‘When he comes on to psychotherapy the division in his own
mind 1s more clearly marked; and as usual, he covers the cracks
by painting his own charming brightly coloured words:

The use of religious 1deas and practices may be most helpful, and
this has come into vogue 1n various forms, as Christian Science,

Emmanuelism, Mental Healing, etc. It is an old story. I:x all a%]cs,
imaneism, priis . SO R

an
he

“AaRanined Thras alemente are neces-
. . « farth—

. . “ om . - saints,
- well,a

R

Secondly, certain accessories—a shnine, a sanctuary, the

pil’ysician
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last 2,000 years have turned to Cicero’s De Seectute,

Whilst this may have been a wise move up to 500 years
ago there is no doubt that the modern speaker or writer can gain
little or no help with his problem today from this source. It is
interesting to commence with the first paragraph of the De
Senectute addressed as it is to his friend who is retiring on account
of old age, probably at that time an age of between forty and
fifty:

However, at the present, I have determined to write something on
old age to be dedicated to you, for I famn would hghten both for you
and for me our common burden of old age, which, 1if not already
pressing hard upon us, is surely coming on apace, and yet I have
certain knowledge that vou, at all events, are bearing and will con-
tinue to bear that burden, as you do all others, with a calm and
philosophic mind. But when I resolved to write something on this
theme you continually came before my mind as worthy of a gaft which
both of us might enjoy together, To me, at any rate, the composition
of this book has been so delightful that1t has not only wiped away all
a. PR A St S, (NN LT

Wnnnns and speakers on the subject of old age for the

This work was written in 54 B.C. and the expectation of life in
Rome at that time was certainly not 3o years at birth. Forty to
fifty was considered quite an exceptional survival, whilst anyone
over 6o approached immortality. 1t is kittle to be wondered at
that in earlier tumes old age as judged by these standards was
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spirit has been carried much further than this into the realm of
prevention, and the promotion of mental health has been
fostered through skilful teaching in schools, in industry, and in
clinics for guidance and after-care. It has been suggested in
some quarters that there is a risk of overstressing the mental
aspect of sickness—an epidemic of cults and crceds. This
danger is ever present in the art of medicine, but it cannot be
overcome except by providing more and better services; and we
know that the services for the care of mental patients of every
kind are tragically insufficient. Qur plain duty is therefore to
encourage more and more research and experiment in the field
of prevention and in the promotion of health. This cannot be
achieved simply by the provision of more beds or even by the
multiplication of specialist clinics. The real contribution to the
practice of health can be made effective only through the media
with which everyone is familiar: the general medical prac-
titioner, the health visitors, the press, and the radio: in other
words, the communications that reach the homes of the people.
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greatly respected and that tribes and society of earlier nations
were usually ruled by ‘elders’. In Sparta there was the conclave
of elders known as the gerousia, the word being derived from the
Greek word yépwv, meaning old man. In order to be elected to
the gerousia a candidate had to be over 60 and if we are to
believe the calculated survival rates there can have been very
few applicants for the posts.

Coming to more modern times a study of the organization of
the tribes of aboriginals in Australia again shows this rule by the
elders. Here again the word meant someone over 40 and it has
been repeatedly stated that an aboriginal of over 50 hiving in his
original surroundings is certainly an unusual occurrence. It is
not proposed here to enter into anything like a detailed histori-
cal review; one only wishes to mention one or two classical
works. Up to the Middle Ages most works on the problem of age-
ing were of a philosophical character. The problem as onc of
health and physical well-being appeared to escape the early
authors, who were deeply influenced by Cicero and the classical
writers. In the thirteenth century we find the first book on the
problem of old age considered more from the physical pomt of
view. This was written by Roger Bacon ( The Care of Old Age and
Preservation of Youth, translated by Richard Browne, 1683).
Whilst it is always unwise, particularly at an open lecture such
as this, to make a definite claim for priority, I feel that one can
put forward the name of Sir John Floyer as the writer, if not of
the first English book, certainly of one of the first dealing with
the study of old age from a health point of view. Fig. 1 shows the
introduction of the title page of the second edition of Floyer’s
Medicina Gerocomica published in the year 1725. Floyer was
knighted for his contribution to medicine and he had an exten-
sive practice in Lichfield.

The first volume of this work, which is in the library of the
Royal College of Physicians, forms most interesting reading and
has a remarkably modern flavour in many of its passages. The
author’s tenets are really the taking of care in excrcise and diet
and so forth and the object is to put as little strain as possible on
the mechanism of the ageing body. He also recommends treat-
ment with baths and suggests alternating hot and cold rubs in
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order to tone up the patient. He points out the dangers of con-
stipation and suggests the use of shale and mineral oils towards
thisend.

From then on a large number of treatises appeared, but it is
not our object here to attempt a literary review, By the end of
the nineteenth century the problem of the study of old age had
become clearly recognized as an intellectual task imposed on the
existing generation and the science of gerontology was bam,
This was meant to indicate the whole field, but particularly with
reference to a study of the nature of the ageing process. Later the
term ‘geriatrics’ was introduced in order to distinguish the more
practical side of the problem. Geriatric medicine was intended
to convey therapeutic measures in use in the treatment of old age
as a condition in itself and ilinesses associated with old age.

Only the briefest reference will be made here to the socio-
logical problems involved in this study and only enough will be
said in order to concentrate attention upon the urgency of the
problem. As we have said at the beginning of this lecture, at
the time that Cicero wrote his classical treatise on old age, the
expectation of lifc at birth was probably under go—round about
28-—whilst very few people survived beyond the age of 40. This
state of affairs continued past the Middle Ages in this country,
and 1t was only with the introduction of the new hygiene pro-
cedures that accompanied the industrial age in the ninctcenth
century that an increase in the expectation of life was shown. By
the year 19oo there had been a substantial increasc in the expec-
tation of Itfe at birth and from 1900 to 1949 this steadily
increased.

It is easy to see that an mcrease 1n the expectation of life must
alter completely the composition of the socicty with regard to

o . S s mmsmeems TR Al chgwp in the

{ diagram-

to over 80

Ca line. The
figure on the extreme left shows that the diagram is triangular,
that the base is at the o-4 age group and that 1t remains fair}y
constant up to 20-24, but after 30 the sides begin to shelve in
so that at 6o the number of people alive has fallen very con-
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siderably. If we tumn to the 1940 diagram, the middle one, we
can see the effect of increasing the age of survival on the distri-
bution of the population at any given moment. To start with,
the base at 0—4 is nothing like so large and this is due of course
to the fact that the numbers are diluted with those of a higher
age group. It bulges out reaching a maximum at 15-19 and
then slowly closes in to the 65-69 age group. If we turn to the

AGE DISTRIBUTION
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diagram on the extreme right we see that in 1949, that is to say
50 years after the first one, the whole picture has become com-
pletely changed, the dragram has become much narrower and
the sides are tending to be parallel to the centre line particularly
round about the period from 30 to 60. This means that the
younger people are being diluted with the survivors who owe
their existence to the increase in hfe expectation due to thera-
peutic and other measures, This can be put in another way and
1s shown very clearly n the next diagram (Fig. 3). Here one can
see that in 1879 the expectation of life at birth was 34 whereas
by 1950 it had nsen to about 68. Dublin {1941) and his co-
workers, by studying all available data, have drawn a very inter-
v
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esting curve of life expectancy at birth from the earliest time to
the present day and this is shown in Fig. 4. Here we see that in
the year 500 B.C. the expectation at birth was under 20, and at
the present day is approaching 70. Admittedly though the data
on which the early part of this curve is based are somewhat infer-
ential to say the least of it, there can be little doubt that it is sub-
stantially correct.
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Fic. 3. Life expectancy, 1879-1950 (average age of deaths), Data from
Statsst, Bull Metrop. Lfe Insce, Ca. 27, 1-7, January 1950. (Repr. from Shock,
1951, Trends in Gerontology )

This increase in the survival rate 1s due to a number of factors,
of which undoubtedly the greatest is the introduction of thera-
peutic measures. Fig. 5 shows very clearly the effect of some of
the introductions of new remedies on the death rate per 100,000.
Here we can sec that the introduction of serum treatment for
pneumonia in the late twenties caused a steep decline in the
death rate whilst the introduction of the so-called sulpha drugs
in the middle thirties produced another steep decline and the
advent of penicillin pushed the figure down considerably more.
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Another interesting dlagram (Fig. 6) shows again the refation-
ship between survival and disease. The deep black shows the
male and female population of the United States in a survey
in 1940~1 and shows their life expectancy as determined from
the survey, The single shaded area on top of these columns R
shows what the extra expectancy would have been if one could
have efiminated cardiovascular and renal disease, and one can
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see that st 15 something like ten years through the whole series. If
one could eliminate cancer, as shown by the double shadmg,
then another series of years would be added. The import of this
surely indicates that at the age of 7o, if one could exclude cardio~
vascular disease and cancer the added expectancy of life would
be 20 years—truly a terrifying thought to those concerned with
the care of such a population. One final point in the general
consideration: up 10 the present we have only studed gross or
global survivals indicating that as time goes on and more thera-
peutic mearns become available the population at any given year
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will alter in such a way that there will be an increase in old
people.

Yet another aspect for the medical planner is the effect that
this change in population age has on the type of disease. This is
clearly shown diagrammatically in Fig, 7. The diagram attempts
to show the changmng nature of the d responsible for death
over the period 1goo-4o. If we start at 1goo with the five great
causes of death, namely heart disease, intracramal lesions of
vascular origin, pneumenia and influenza, nephritis and finally
cancer, we see a fairly close paching for the first threc with a
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considerable drop off in the case of nephritis and cancer at the
last. This is summarized in the circle on the right which shows
that roughly half the deaths are caused by these five diseases. If
we go up the column to the year 1910 we find that heart disease
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has leapt ahead as a cause of death whereas intracranial vaseular
lesions are roughly the same; influenza is last and cancer is on
the increase. This result must be read together with the popu-
latioLn studies to which we have just referred and there can be no
ToLieeat My e i
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over. U.S. death registration states, decennial years 1goo—4o. Data from
National Office of Vital Statistics, Special Reports, 16, 339 (1944). (Repr.
from Thewlss, 1946, The Care of the Aged )
more and more of the circle until in 1940 over 75 per cent of the
deaths are due to the five main causes, Here we see a steady
increase in diseases of the heart which by the top has doubled
jtself as compared to 1900. We notice also that cancer has now
increased to practically double the 1900 rate and has become
equal almost to that of the intracranial lesions. Pncumonia and
infl have now b the 1
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" This study shows very clearly that the change in the distri-
bution of age groups in population will bring with it an entirely
new incidence of disease and that the medicine of the future will
obviously be concerried with the chronic diseases of cardio-
vascular origin and particularly with cancer until such a time as
these can be eliminated.
- The picture is, theréfore, an alarming one and requires
detailed consideration by every branch of society. What again is
paradoxical is that the more advances we make the more diffi-
cult will become the problem. Yor example, we have already
pointed out that if a cure for cancer could be evolved then even
with'our present knowledge of cardiovascular disease the expec~
tancy of life at the age of 70 would be 20 years and it is certainly
not, we trust, outside the range of possibility that the cancer pro-
‘blem might disappear with the same rapidity as that of pneu-
monia, and those previously fatal conditions that now respond
to penicillin and other antibiotics
So much for the introduction of this lecture, the object of
which is to attempt to focus the attention on the urgent necessity
for every type of consideration for the problem of old age. We
have shown by thus brief excursion into the statistics that whether
we like it or not we are going to be faced with an increasing
‘number of old people. The main object of this present discussion
is to consider the ageing process itself as apart from diseases in
‘old age which is not my subject. What is the nature of the ageing
process? If a person can bd kept free of disease he or she never-
theless goes through this period of senescence wath its character-
istic clinical features, so well known to the medical profession
and the laity alike. That this process of senescence advances
more rapidly in some than in others is a matter of common
experience, but that it will appear in all humans provided they
live 1ong enough 1s a reasonable staternent. A great deal has
been written on theores ccnccmmg the ageing process, but
most is speculation based on exp 1work and
I do not propose even to review the various theones advanced
from time to time to account for the senescence process. We can
look through the other realms of nature to see whether senes-
cence occurs elsewhere than the human race. A very full review
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of this will be found in Professor Cowdry’s excellent work (1942}
and as he points outwe can getverylittle help from comparative
studies, For instance, the rcalm of botany really does not help us
at all in view of the entirely different types of life in plants,
although it is well known that certain specimens such as trees
will continue to grow for very long periods and then show signs
of atrophy and will die apparently spontancously without being
attacked by fungi or other lethal factors in the life of trees. Again
the study of insects does not help as their lives and reproduction
are so entirely different from mammals that even with the
broadest mind no useful inspiration can be found. Uniceliular
animals are, so to speak, immortal as they reproduce by fission
and are not, therefore, in any way comparable.

Studies of the vertebrates show that in those instances where
violent death is avoided e with its ic classical
features intervenes in a manner very similar to that occurring in
the human subject. Studies of the experimental animal have
revealed that if one remaves tissues from vertebrates it is pos-
sible to cultivate them by the metheds of tissue culture almost
indefinitely and, therefore, the failure associated with senescence
is some general systemic action and may not be concerned with
specific failure in the tissues.

1 think that the only discussion that can be of any value to us
at the present time with our very limited knowledge is an
attempt to find out whether senescence is due to some systemic
process of failure or whether it is due to disintegration of indi-
vidual structures.

The hypothesis that the ageing process is due to some general
systemic or controlling factor leads one to consider the endo-
crine system as the main possibility, Ever since the appreciation
of the réle of the internally secreting organs, they have been
associated 1n both lay and professional minds with rejuvenation.
That the pituitary may be associated with the ageing process has
long been a favourite thesis and a study of Simmonds’ disease
would tend to support such an idea, This condition, described
bya German clinician in the early part of this century, is charac-
terized by a sudden agemg of the person, The face becomes
lined, the hatr falis out and a typical picture of premature ageing
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Bp 1. Further b ization shows emaciztion, loss of hair
ard seppression of the menstrual periods. When thc condition
cocrurs in men atrophy of the testes and external genitalia occurs
with of course complete loss of potency. Simmornds was able to
connect these dinical findings with a degenerative Jesion of the
anterior lobe of the pituitary gland. It §s also interesting to note
tkat with improvement in the technique of cerebral surgery,
post-operative Simmonds® discase is encountered quite fre-
quently in patients who have had tumours of the pimitary
removed. Again partial atrophy of the anterior Iobe is said to
occur following certain cases of toxzemia of pregnancy and this
B attended by the partial app ¢ce of the symp of
Simmonds® ducase.

If we tumn to the experimental side, we now know that hypo-
physectonry does pot produce in the experimental animal the
typical sizns of ageirz. A comp worker can now
hypophysectomize the rat and if the operation has been success-
ful 2 large survival rate can be obtained. The animals do not
lose weizht, but of eourse they show a suppression of the secon-
dary sex characteristics in both sexes due to the fact that the
goezdotropic kormones are o longer available from the
azterior lobe of the pitnitary to keep the testes or the ovaries in
their cormal functioning condition.

Again, castration of the male or female animal, whilst pro-
ducng the characteristic effects asociated with either non-
development or suppression of the secondary sexual character-
fstizs, does pot induce the senescent process. This is well known
in the c2se of human beings. In the case of women with bilateral
cystic ditease, if bilateral ovariectomy is performed before the
omsct of paberty a state of cunochoidism #s produced whereas if
performed after puberty then 2 condition similar to the meno-
pawse intervenes, but premature ageing certainly does not occur.
Again, the eastration of the male has been practited in the East
for the production of ewnuchs and in Furope for producing
astraw s-:n;m who again appear to age in the normal manner
2nd at the normal rate. Contrary to these single observations it
czan be stated that arrest cf general senescence cannot be ob-
tained by the admint: of dither to the female
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of this will be found in Professor Cowdry's excellent wark (1942}
and as he points outwe can get very little help from comparative
studies. For instance, the realm of botany really does not help us
at all in view of the entirely different types of life in plnts,

although it* + ™ %~nwn that certain specimens such as trees
will continu - . ~*~de and then show signs
of atrophy ate v ©. ¢ . . ot heing

attacked by fungior other lewiassn. . !

the study of insects does not help as their lives anu ae,.. 1
are so entirely different from mammals that even with the
broadest mind no useful inspiration can be found, Unicelular
animals are, 50 to speak, imimortal as they reproduce by fission
and are not, therefore, in any way comparable,

Studies of the vertebrates shosv that in those instances where
violent death is avoided senescence with its systemic classical
features intervenes in a manner very similar to that eccurring in
the human subject. Studies of the experimental animal have
revealed that if one removes tissues from vertebrates it is pos-
sible to cnltivate them by the methods of tissue culture almost
indefinitely and, therefore, the failure associated with senescence
is some general systemic action and may not be concerned with
specific failure in the tissues.

I think that the only discussion that can be of any value to vs
at the present time with our very limited knowledge is an
attempt to find out whether senescence is due to some systemic
process of failure or whether it is due to disintegration of indi-
vidual structures.

The hypothesis that the ageing process is due to some general
systemic or controlling factor leads ane to consider the endo-
crine system as the main possibility, Ever since the appreciation
of the réle of the internally secreting organs, they have been
assoviated in both Jay and professional minds with rejuvenation.
That the psfuitary may be associated with the ageing process has
fang been  favourite thesis and a study of Simmonds® discase
would tend to support such an idea. This condition, described
bya German clinician m the early part of this century, is charac-
terized by a sudden ageing of the person. The face becomes
fined, the hatr falls aut and a typical picture of premature ageing
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ing age. Aub and Du Bois (1917) tried but were unsuccessful in
obtaining healthy volunteers between go and 100 years old.
After much labour they made a study of six men between 77 and
83 years. They found the average heat production, as measured
in the heat calorimeter, was 35 1 calories per square metre per
hour as compared with 39 5 calories for men between the ages
of 20 and 50, or a decrease of 12 per cent. The findings of Aub
and Du Bois have been criticized by Benedict and Root (1934)
on the grounds that all the men were senile, but it was not made

- clear in their criticism whether senility raised or depressed the
heat output. It is difficult to believe it could do either. Benedict
and Meyer (1932) made a study of the basal metabolic rate of
twenty-three women between the ages of 66 and 86 and they
again confirmed that the heat output decreases with advancing
age. They made the interesting observation that those subjects
who were the most active had, contrary to popular belief, the
owest metabolisms.

Several mlerestmg single obscrvanons have been carried out
on 1l men, dict (1928) in America mea-
sured one subject, while in England, Wolf of Addenbrooke’s
Hospital, Cambridge, measured Sir James Crichton-Browne.
The latter must have been an amazing man for his years, for
when in his ninety-fourth year he was active and still writing
letters to The Times—one on ‘The Canadian Boat Song’ on
12 February 1934, and another three days later on ‘Slaughter-
mg of Cattle’. Sir James died on 21 January 1938, in his ninety-
eighth year.

Very teresting observations have been reported on the basal
metabolic rate with advancing age by Magnus-Levy (1942). At
the age of 26 his own heat output per square metre per hour,
when measured 1 Zuntz’s laboratory, was 38-1 calories with a
basal metabolic rate of —4 (Aub and Du Bois’ standards), while
at the age of 76 his heat output had fallen to 31 5 calories per
square metre per hour with a basal metabolic rate of —r1 (Aub
and Du Bois” standards).

In summary 1t may be said that with advancing years the
body’s heat output declines but there 1s a great deal of variation.
The relatively small number of cases recorded makes the normal
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or nr.nd‘mgcns to the male. Extensive experiments have shown
tha_t it is impossible either to arrest or to postponc senescence by
their administration. We must admit that whilst the orderly
nature of the changes occurring in the ageing process would
appear to suggest some co-ordinated centralized mechanism its ~
nature is as yet unknown,

Turning to the second possibility, namely the failure of indi-
vidual organs and tissues, we are able here to call on extensive
researches. First of all let us consider the question of general
metabolism. The basal metabolic rate has been the subject of
research for very nearly a hundred years. The heat output is
best measured for comparative purposes in relation to the area
of the body and the basal metaholic rate is expressed as a per-
centage of the heat output of a normal person. American investi-
gators have made extenstve observations on normal people from
which the standards are obtained, It is known that age affects
the basal metabolic rate. Much more study will be required on
the B.MLR. in old age before satisfactory conclusions can be
drawn. It is no easy matter getting material for this study, for,
by the time the end of the statutory life period of three score
years and ten has been reached, diseases, many of them affecting
metabolism such as hypertension, heart disease, renal discase,
and conditions causing wasting, not uncommonly are attacking
or have attacked man. While it is easy to get volunteers for a
study of the metabolism of youth, one requires in old age to rely
for one's vol mainly on Iled ‘hospital normal’, that is
people confined to hospital or a convalescent home. Thesc sub-
Jjects cannot be considered as representative of the true picture
found in healthy old age. Despite these difficulties several reports
have appeared on single cases of healthy old age, and there are
a few reports where a series of old people have been studied.

Andral and Gavarret (1843) were probably the first to notice
that with increasing age there was a decrease in the carbon
dioxide output. The real credst for our knowledge of what hap-
pens to the basal metabolic rate with increasing age goes to
Magunus-Levy and Falk (18gg). They studied a group of elderly
men and women up to the age of 86 years, and found the
oxygen consumpuion fell (per kg of body weight) with increas-
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vestigated the urea clearance of a number of subjects from 40 to
89 years of age and showed that there was a tendency for the
urea clearance to decline down to about 55 per cent with
advancing age. Similar results were obtained by Davies and
Shock (1950) for inulin and diodrast clearances. These results
are interesting to contrast with those obtained by McCance
(1948, 1950) who studied renal function at the other end of the
scale, namely the new-born infant. He showed that the new-
born kidney was a relatively inefficient organ, was unable to
concentrate and had an efficiency of about one-fith of the adult
kidney. So here it would seem that the ageing kidney is the
more useful organ than the neonatal kidney.
Sheletal changes. The increase in the brittleness of the bones
associated with advancing age has been known from time
ial and the intr. lar fracture of the neck of the
femur is a classical method of terminating one’s existence over
a certain age. Extensive investigations have been performed on
this osteoporosis of old age. Senile osteoporosis or osteomalacia
of the spine has been described by a number of workers includ-
ing Meulengracht (1938), Black, Ghormley, and Camp (1941),
Albright, Smith, and Richardson (1941), Burrows and Graham
{1945). These workers have shown that the condition is com-
moner in women than in men and occurs particularly in the
age group of 60-65. A very interesting research was conducted
by Ian A. Anderson (1949). This worker, on theoretical grounds,
associated the osteoporosis in women with the menopausal syn-
drome and decided to investigate the effect of administration of
an oestrogen with the object of seeing whether it could influence
in a positive manner the calcium balance. He used the synthetic
oestrogen, dienoestrol, which our laboratory, together with
Sir Robert Robinson, produced some twelve years ago. He was
able to show that the administration of dienoestro! produced an
bjective 1mpr together with absclutely
definite radiological evidence of i d deposition of calcium
in the skeleton These changes could not be obtained by the use
of calcium and vitamin D alone. It would seem that here is a
very practical point and that possibly by the adminsstration of
calcium plus synthetic ocstrogens to women over the age of 6o
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standards difficult to compute. The position is well summarized
by Du Bois (1936): “If the gencral slope of the standards are con-
tinued into old age, the Harris-Benedict level is somewhat too
Jow and the Aub and Du Bois and Boothby a little too high.'

If we tum to individual organs the question of the digestive
system immediately arises. Gastroentestinal disturbances are
common in old people and anorexia with the characteristic
glazed tangue is not infrequently seen. A very thorough investi-
gation into gastric function in 100 normal elderly people was
made by Daniel T. Davies and T. D, Illtyd James in 1930, This
investigation, by far the most complete in this field to that date,
was conducted on persons over the age of 6o, the eldest being
95 years of age. Great care was taken to exclude persons suffer-
ing from intercurrent or associated diseases and we can take this
series as representing the picture in roo normal people of
advaneing age. This series can be compared very aptly with that
of Bennett and Ryle who performed gastric analyscs on 100
healthy students in the year 1921, They showed that out of this
series only four had achlorhydria. In the Davies and James series
32 of the 100 showed 1o free hydrochloric acid by the test meal
and a re-investigation of these 32 by the administration of hista-
mine reduced the numhber of cases showing complete achlor-
hydria to 15 per cent. This shows that achlorhydria tends to
increase as nge advances but 1t is surprising that brisk secretion
of both acid and pepsin is encountered in so many old people.
Davies and James also noted that the atrophic changes of the
mucous membrane of the tongue were found with more fre-
quency in those cascs showing a diminished secretion of gastric
MDA T ol cine B Al canentian
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other parts of the tractis a contributory cause

Kidney. Fortunately there exists a very clear-cut method of
investigating renal function by means of the various types of
clearance test. A search of the lterature shows a number
of publicauons describing the application of these tests to slu.d)'
renal function in relation to age Lewis and Alving (1938) in-
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compare the ‘picture’ or ‘pattern’ at various age levels. We have
made a preliminary essay in this dircction recently, by compar-
ing the pattern obtained from urine of a group of twelve pre-
menopausal women (ages ranging from 16 to 38 years) with
those from a similar group of postmenopausal women (ages 50
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Fic, 8. Urinary output of 17-ketosterouds (as mgf24 hrs ) at various ages
in ma}cs ang females, (Repr. from Hamburger, 1948, Acte endocr. Copenkiagen,
1,19
and over) The comparison has been made in each of the
fractions (1) ketomc alcohols, (2) non-ketonic alcohols, and
PR I AN U a2
fractions.

In contrast, the output of ‘corticoids’ shows a0 dramatic fall
with ncreasing age (Fig 10). Such corticoid estimations must
also be regarded as the sum of many components, some associ-
ated with mineral-corticoid functions and others with gluco-corti-
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the risk of intracapsular fracture of the femur could be elimi-
nated.

The application to men is certainly of interest. It can be shown
that the administration of synthetic oestrogens will cause the
‘deposi!x'on of calcium in the male skeleton and it would be
interesting to know whether similar results could be obtained
with testosterone.

In conclusion one would like to make an appeal for intensi-
fication of research on the ageing problem. The brief outline
that T have given has already shown the number of lines which
could be profitably pursued, and in one particular case, namely
the osteoporotic changes, actual therapy of a preventive char-
acter js indicated. 1 would conclude with two additional indi-
cations. During recent years elaborate techniques have been
evolved for the investigation of sterol metabolism by a study of
the distribution of urinary steroids. Mainly through the work of
Dobriner and his colleagues in America (1942-8) it has been
possible to estimate the urinary steroids in a number of normal
cases and to study the various constituent members of the group.
It is claimed by Dobriner that there is 2 characteristic urinary
steroidal picture for a number of diseases and it is indeed a pity
that extensive investigations of the steroid pattern in old age
have not been conducted. A certain amount has been done and
the following is a very brief summary.

Fig. 8 shows in graphical form the results of the urinary output
of 17-ketosteroids carried out on 137 normal male subjects
(3-102 years of age) and 127 normal females (2-g2 years of
age) (Hamburger, 1948). This graph illustrates clearly the fall-
ing ketosteroid output with increasing age and serves to em-
phasize points noted by Heiler and Shipley (1951) that (a) when
compared with normal young subjects of the same sex the per-
centage dechne in males is more severe than in females, and
(b) that in the mnth decade the values are not much lower than
in the seventh decade.

These observations arc based upon total 17-hetosteroids and
this figure conceals the fact that many mdividual and recog-
nuzed ketosteroids contribute to this total, Fortunately, methods
are now becoming available to resolve these components and to
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compare the ‘picture’ or ‘pattern’ at various age levels, We have
made a preliminary essay in this direction recently, by compar-
ing the pattern obtained from urine of a group of twelve pre-
menopansal women (ages ranging from 16 to 38 years) with
those from a similar group of postmenopausal women (ages 50
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T16.8 Urinary output of 17-ketosteroids (a3 mg)24 hus.) at various ages
inmales and females, (Repr, from Hamburger, 1948, deta endocr. Copenhagen,
x,19)

and over). The comparison has been made in each of the
fractions (1) ketonic alcohols, (2) non-ketonic alcohols, and
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fractions,

In contrast, the output of ‘corticoids’ shows po dramatic fall
with increasing age (Fig. 10). Such corticoid estimations must
also be regarded as the sur of many components, some associ
ated with mineral-corticoid functions and others with gluco-corti-
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coids, These findings contrast oddly with the gonadotropin
excretion in old age. Heller and Shipley found that the gona-
dotropin excretion exceeded the normal range in 70 per cent of
the aged women studied and in 21 per cent of the aged men and

PRE-MENOPAUSAL, POST-MENQPAUSAL

1C ALCOMOL., B
T8 TOTAL cETONIC
e 3eebleras B mnarantenenery

© 20 | NON-KETONIC ALCOHOL i © ||
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Fie, g. Unnary steroidal excretion patterns, shown by chromatographic
studies, in normal women,
could find no correlation between these levels and the chmac-
teric symptoms. In women, as the postmenopausal interval
increased there was a tendency for the gonadotropic titres to be
Jower than in the early postmenopausal period. Many sub-
normal values were encountered in the aged men which
reduced the overall increase. Despite this evidence of reduced
pituitary activity, there 15 undoubtedly hyperactivity of the
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pituitary gonadotropic hormones following the cli ic, ata
time when the secretion of the target organs has already begun
to fall.

Finally, the use of isotopes opens up an entirely new field for
the study of the ageing process. Time does not permit me to go
into the dramatic change of viewpoint caused by the introduc-
tion of this technique. The work of Schoenheimer (1942) with

¢terium and 15N labelled amino-acids has shown conclusively
that the proteins of the body are in a perpetual state of dynamic
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Frc. 10. Unnary output of corticoids (as mg/a4 hrs.) at vanous ages in
males and fernales,
change, and that the protein structures of the body are con-
stantly being broken down and built up again Thus he was able
to show that the liver protein of the rat is rebuilt in seven days.
It has been calculated, mainly from the investigations of Ratten-
berg, that in man the whole of the proteins of the body are
turned over 1n 8o days So far as I know no work has been done
on the effect of the ageing process on this dynamic equbbrium
of the proteins of the body and surely here is a field simply
asking to be investigated.

It may well be that by the application of these methods some
new facts may emerge with regard to the ageing process. Unfor-
tunately the funds available for research in this country on the
ageing process are very limited. The Society for Research on
Ageing has been generously supported by Lord Nuffield and it
is to be hoped that this and other organizations wall be able to

x
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collect funds so that these researches can continue, As we showed
in the beginning of this lecture the number of old people will
increase steadily and it behoves us to make 2 maximum effort to
see that the health of this group of the population js maintained
at the highest level.

As we began with Cicero, so might we end:

Again, 1f we are not going to be immortal, nevertheless, it is desir-
able for 2 man to be blotted out at his proper time. For as Nature has
Vbt L e e Sl han emnclrad sha honds
AT .- ' 1a,
" . or-
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Growth of the Human at the Time
of Adolescence

J. M. TANNER

very much information about a subject which is hardly

dealt with at all in the medical texthooks, and which I must
accordingly describe from the beginning. A good deal is known
about the growth of boys and girls during their last years before
maturity, and the knowledge was not come by easily. After the
initial rough descripuion of events through surveys of children of
different ages—work which was for the most part satisfactorily
completed before the end of the last century—further advances
depended on following individual children throughout the
whole course of their growth—the so-cafled longitudinal tech-
nique. Such a programime, demanded in particular by Franz
Boas (1892}, called for much perseverance in both scientific
and administrative spheres, and for the ability to wait many
years for results, with the knowledge that, if it Hy turned
out that the wrong methods had been used, there was scarcely
time for a second attempt.

Most of this hard-won solid core of knowledge concerns
physical growth, of which we have now something approaching
a complete picture. I shall summarize this as succinctly as I can.
There is a very large lterature on growth at adelescence; an
admirable review by Harold Stuart {1946) covers it up to 1946,
and in 1949 Shuttleworth (19492, b) reissued two very valuable
compilations of data, in the form of graphs and pictures. An
attempt to pick out the prime contsibutors to our knowledge is a

I'r is scarcely possible, in the space of a single hour, to convey
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difficultand dangerous undertaking, but I canscarcely discuss this
subject without bringing to your attention the magnificent book
on growth in general by D’Arcy Thompson (1942}, B. T. Bald-
win’s (1921) classical monograph which has an unsurpassed
bibliography of the older literature, the work of Franz Boas
(1892, 1932, 1933, 1935), Richard Scammon (1930), Frank
Shuttlewort™ - oot .
Palmer and

Krogman’s

tions from

1948) such as the Fels Research Institute at Yellow Springs
under Lester Sontag, the Child Rescarch Council at Denver
under Alfred Washburn, Harold Stuart’s Center for Research
in Child Health and Development at Harvard, the Brush
Foundation study at Western Reserve, Howard Meredith’s
papers from the Iowa Child Welfare Research Station, and the
University of California study, from which last year a particu-
larly fine monograph was issued (Stolz and Stolz, 1g51).

After outhning the main morphological events occurring
about the time of adolescence, I am gomng to discuss for a
moment their hereditary basis and then speculate a httle upon
their possible endocrinological causes. After that I shall move
from theory to practice, and describe some of the organization
and methods of the Harpenden Growth Study, with which T am
associated and which is the first attempt in this country to study
the growth of individual children from an early age to maturity.
Lastly, returning to speculation, I shall endeavour to place the
whole phenomenon of the human adolescent growth spurt in its
biological background, by comparing the growth curves of man
and other mammals.

PHYSICAL GROWTH AT ADOLESCENCE
In Fig. 1 is shown the growth curve of a single boy, measured
every six months from birth to 17 years. Above the height of
the child is plotted at successive ages; below the increments in
height from one age to another. Growth 1s a form of motion; the
upper curve is one of distance travelled, the lower of velocity.
\{clocity curves are as a rule more informative than distance
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anes, particularly when it comes to relating morphological and
physiological events, and for the rest of the time we shall rely
upon them almost exclusively, This record is the oldest longi-
tudinal study in existence, and it remains, for our purposes of
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Fio. 1. Growth in height of de Montbeillard’s son from birth to 18 years,
175g-77 Above, distance curve, hewght at cach age below, velooty curve,
sncrements n hetght from year to year, (Data mn Scammon, 1927 )

illustration, one of the best, It was made during the years 1759
to 1777 by Gount Philibert Gueneau de Montbeillard upon I:xs
son, and was published by Buffon, a fricnd of Montbeillard’s,
in a supplement to his Histosre Naturelle {Scamsmon, 1927). You
wilt see that in general the velocty of growth decreases from
birth {and actuaily from the fourth month of foetal life) onwards,
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but that this decrease is interrupted twice, It is checked between
6 and 8 years, a penod ]mown as the Juwemlc or mld-growth
ro.

PERTL SR

marked acceleration of growth which is known as the ndal::m:l

grow!th spurt,
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¥ic 2. Adolescent spurt in height growth for girls and boys Each curve is
from subjects who have their peak velocities between 12 and 13 for girls, and
between t4and 15 for boys (Redrawn from Shuttleworth, 1949 )

‘The adol spurtisa h and occurs in
all children, though 1t varies in mtenslty and duration from one
child to another. In boys it occurs, on the average, from age 13
to 15}, and is responsible for a gain in height of about 8 inches
(range 4-12 inches). The peak velocity of height growth aver-
ages about 4 inches (10 cm) per year, which is the rate the boy
was growing atage 2 The time at which this maximum velocity
is reached averages about 14 years, though 1t may lie anywhere
between 12 and 17. In girls the spurt begins about 2 years earlier
than in boys, lasts on the average from 11 to 13}, and is smaller
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in magnitude, the peak height velocity averaging 34 in. (8 )
per year. The sex difference can be seen in Fig. 2, redrawn from
Shuttleworth (1949b), which shows the velocity curves for 2
group of boys who have their peak velocity between 12 and 13.

REGHT Ga
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ACE, YEARS

{These groups were chosen as being nearest the average time for
peak velocity, Since thewr members were similar in time of the
spurt the flatiening and prolongation of the velocity curve
which occur when data for people of different spurt times are
averaged are avoided (Boas, 18g2; Davenport,. 19343 Shuttle-
worth, 1937; Tanner, 1g512a}).) The difference in size pntfvccn
adult men and women is to a large extent the result of this differ-
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ence in adolescent spurt; prior to it, boys and girls are nearly the
same size.

Every skeletal and muscular measurement in the body seems
to take part in the spurt. Even the head diameters, dormant
since a few years after birth, accelerate somewhat. The heart
grows faster (Maresh, 1948; Bliss and Young, 1950}, and so do

FOREARM  TISSUE
4 '- DIAMETERS

GAIN, MM PER YEAR

Ten s

(lfe viscera (Scammon, 1930; Castaldi and Vannueci, 1927).
Fig. 3 shows, as an example, the velocity curves of stature, hip
width, hand length, head circumference and body weight for a
set of monovular triplets reported by Reynolds and Schoen
(1947). The average of the three boys’ figures are plotted for
eac?l measurement. There 15 a fairly regular order in which the
various dimensions accelerate. leg length as a rule reaches its
apex first, hip width follows a tnfle ahead of shoulder width,
v:nth trunk length and chest depth the last of the skeletal dimen-
stons. The relatively meagre data on muscular diameters sug-
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gest they have their apex relatively late, as weight has also, The
spurt in height is due more to an increase in the length of trunk
than in the length of leg, and the ratio of trunk length/leg length
is uniformly increased during adolescence.

To this regular progression of spurts only the subcutantous
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tissue is an exception. Subcutancous fat decreases steadily in
absolute amount from age one onwards until about a year before
the height spurt begins. At that time, at least in boys, the fat
increases, having a spurt of its own, seen by Meredith (1935)
and Boynton (1936) but first described m detail by the Stolzs
(1951). The fat spurt lasts about two years and then, when the
general spurt gets going, changes to an actual loss of fat. This
loss persists throughout the duration of the general spurt, but
when the general spurt ceases, the fat comes back in a second
wave which restores the amount to a level somewhat below that
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reached at the peak of the original fat spurt. The fat spurts can
thus perhaps most easily be regarded as a single wave inter-
rupted and temporarily reversed by the general growth spurt.,
These changes are illustrated in Fig. 4 and Fig. 5, both on the
triplet data. In Fig. 4 the measurements are of bone, muscle and
fat diameters of the forearm as seen in a radiograph. The fat has
its early adolescent spurt, then decreases as the bone spurts,
followed by the muscle; the second increase in fat is not well
shown in these data, In Fig. 5 measurements of fat of the arm,
leg and trunk are plotted with stature (on a different scale) to
give the time comparison.

RELATION OF BODILY GROWTH TO THE
DEVELOPMENT OF THE REPRODUCTIVE SYSTEM
The adolescent spurt in skeletal and muscular dimensions is
closely related to the sp lar develop of the reproduc-
tive system which takes place at that time The sequence of
events in the male is outlined 1n Fig. 6 (Schonfeld and Beabe,
1942; Greulich, Dorfman, Catchpole, Solomon and Culotta,
1942; Schonfeld, 1943; Stolz and Stolz, 1g51; Reynolds and
Wines, 1951). The solid areas marked pems and fests represent
the period of accelerated growth of these organs, and the pubic
hair ratings o to 6 follow the Stolzs’ designation: (o) stands for
no differentiated pubic hair, (1) unpigmented down 2-3 mm
long, (2) slight pigmentation with sparse semi-terminals 410
mm long, (3) sparse terminals, pigmented, less than 25 mm
long, (4) same at full density, (5) fully developed hair over
25 mm long, (6} extension laterally andfor upwards towards
umbilicus. The sequence and timings given represent in each
case the average value accordmg to Stolz’s data and so the
entire picture is followed by few, if any, individuals The scheme
represents boys m general in precisely the sense of Quetelet’s
‘homme moyen’ or Viola’s ‘uomo medio’. To give an idea of the
individual departures from this, figures for the range of ages at
which the spurts for height, penis and testis growth begin and
end are inserted underneath the first and last points of these
curves. There are a few boys, it will be noticed, who do not
begin their spurts in height or penis development until the
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carliest maturers have quite completed theirs. At ages 13 and 14
there is an enormous variability amongst any group of boys,
who range practically all the way from complete maturity to
absolute pre-adolescence. The fact raises difficult social and
educational problems and is iiself a large contributory factor to
the psychological maladjustments so often seen in adolescents.
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Fi1c. 6. Diagram of sequence of events at adolescence in boys. An average
boy 1s represented the range of ages at which the events charted begin and
end is gwven directly under the start and finish of each cvent.

In all cases, however, the testis spurt begins before the spurt
of height or penis growth, and in all cases ends after the height
and penis spurts have subsided. The usual first sign of impend-
ing puberty in the male is a beginming growth of the testes and
scrotum. Slight growth of the pubic hair may begin about the
same time, but proceeds slowly until the time of the general
spurt, when it usually passes through stages 2, 3, 4 and 5 with
some rapidity. Axillary hair begins to grow somewhat later than
pubic hair, and body hair later still, with hair on the thigh, calf,
abdomen and forearm usually preceding that on the chest and
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upper arms. In individual boys there is a very close relation
between timing of the height, testis and penis spurts so that the
height spurt and penis growth begin rather regularly a year
after the testis. The correlation coefficients for times of begin-
ning and times of ending of these spurts in Stolzs’ 67 boys are
given in Table 1. The growth of the pubic hair, however, is not
TABLE 1. Correlation Coefficients between Ages at Beginning and Ending
of Height, Penis and Testis Spurts. 67 Boys (Stolz and Stolz, 1951)
Beginning of height spurt and beginning of penis growth 087
Begmning of height spurt and begmnning of iestivgrowth 086
Beginning of perus growth and beginning of testis growth 085

Ending of height spurt and ending of penis growth 089
Ending of height spurt and ending of testis growth 089
Ending of penus growth and ending of testis growth 084

so closely bound up with skeletal and reproductive events, and
varies a good deal in relation to them. There is a spurt in the
develop of lar strength at adol , and its apex,
which occurs fairly late, is shown in Fig. 6. If there is any
validity at all in the conception that boys may ‘outgrow their
strength at adolescence’, it applies to the couple of years, most
often between 14 and 16, when maturity in height and repro-
ductive organs is being rapidly achieved without the corres-
ponding muscular spurt having yet fully developed.

A similar scheme for girls is shown in Fig. 7 (Preisel and
‘Wagner, 1931; Shuttleworth, 1937, 1939; Simmons and Todd,
1938; Simmons, 1944; Reynolds and Wines, 1948). The rating
of pubic hair corresponds to that for the boys, rating 1 not
appearing since the authors on adolescence in girls have not
noted this stage. Breast development stages follow Reynolds and
Wines (1948). stage {1) is pre-adolescent, {2) the breast bud,
elevation of breast and papilla as small mound, (3) elevation of
breast and areola with no separation of therr contours, (4) areola
and papilla form a secondary mound above the level of the
breast, (5) mature stage, papilla only projecting, due to reces-
sion of areola to general contour of the breast. The appearance
of the breast bud is as a rule the first sign of puberty in the
female, though the appearance of pubic hair may sometimes
precede it. By analogy with the male, one would 1magine that
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absolute pre-adolescence. The fact raises difficult social and
educational problems and is itself a large contributory factor to
the psychological maladjustments so often seen in adolescents.
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Fic. 6 Diagram of sequence of events at adolescence in boys. An average
boy is represented; the range of ages at which the cvents charted begin and
end is given directly under the start and finush of each event.

In all cases, however, the testis spurt begins before the spurt
of height or penis growth, and in all cases ends after the height
and penis spurts have subsided. The usual first sign of impend-
ing puberty in the male is a beginning growth of the testes and
scrotum. Slight growth of the pubic hair may begin about the
same time, but proceeds slowly until the time of the gcnefal
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irregular than later ones, are anovulatory. Presumably similar
considerations may apply to the male.
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SEX DIFFERENCES ARISING AT ADOLESCENCE
The sex difference in body size is not the only one that arises at
adolescence. Most of the differences between men and women
in bodily shape, tissue composition, and physiological function
arise then also. In the skeleton the chief distinction consists in
men having relatively broader shoulders, narrower hips, and
longer legs (see Tanner, 1951b). Fig. 8 shows how the shoulder-
hip distinction arises. Girls have a particularly large spurt in hip
width (Fig. 8 lower); a spurt, indeed, which is quantitatively
about the same as that of boys, despite the boys’ spurt being in
all other dimensions so much the larger. The shoulder width
spurt, on the other hand, is particularly marked in boys (Fig.
8 higher); the adult shoulder width depends more on the
amount of growth at adolescence than do the other male skeletal
dimensions The longer legs in the male come about through the
slightly different mechanism of the spurt beng later i boys;
this is because 1n the immediately pre-adolescent years it is the
legs which are growing relatively fastest of skeletal dimensions
(as part of the general cephalad-caudad sequence of growth in
the basic velocity curves) and thus 1f the body 15 allowed to
grow for an extra two years before the spurt, the legs become
relatively longer.

The chief part of the difference mn shape between the male and
female pelvis also arises at adolescence. Before puberty boys

| UL RN

to the acetabulum appears to push outwards (Greulich and
Thoms, 1944), chiefly due to a marked increase in growth of the
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growth of the ovaries has already begun a year or so before this.
The range of times for appearance of breast bud, stage (2) pubic
hair and menarche are put in directly under the events in Fig. 7.
The situation in regard to the early adolescent fat spurt is not
clear, though there does seem to be a decrease in fat during the
general spurt, and an increase after the general spurt is over
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Fic. 7. Dragram of sequence of events at adalescence 1n girls. An average
girl 18 represented: the range of ages at which some of the events occur 18
given directly under them

(Boynton, 1g36; Reynolds and Grote, 1948). As in boys, the
relation between height growth and reproductive organ develop-
ment is closer than that of either with pubic hair growth The
correlation caefficients between menarche and appearance of
breast bud and pubic hair, and time of apex of height spurt are
given in Table 2. Menarche occurs almost invariably after the
apex of the height spurt has been passed. Full reproductive
function does not appear till a year or more after mcnafc}tc
(Mills and Ogle, 1936; Ashley Montagu, 1946), and it is
thought that the early menstrual cycles, which are more
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irregular than later ones, are anovulatory. Presumably similar
considerations may apply to the male.

TABLE 2. Correlation Cocfficients between Age at Menarche and Age at

DBreast Budding, at Stage (2) Appearance of Pubic Hair (49 girls, Reynolds
2and Wines, 1948) and at Apex of Height Spurt (246 girls, Shuttleworth, 1937)
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SEX DIFFERENCES ARISING AT ADOLESCENCE
The sex difference in body size is not the only one that arises at
adolescence. Most of the differences between men and women
in bodily shape, tissue composition, and physiological function
arise then also. In the sheleton the chief distinction consists in
men having relatively broader shoulders, narrower hips, and
longer legs (sec Tanner, 1951b). Fig. 8 shows how the shoulder-
hip distinction arises. Girls have a particularly large spurt in hip
width (Fig. 8 lower); a spurt, indeed, which is quantitatively
about the same as that of boys, despite the boys’ spurt being in
all ather dimensions so much the larger The shoulder width
spurt, on the other hand, is particularly marked 1n boys (Fig.
8 higher); the adult shoulder width depends more on the
amount of growth at adolescence than do the other male skeletal
dimensions. The longer legs in the male come about through the
shghtly different mechanism of the spurt being later in boys;
this is because in the immediately pre-adolescent years it is the
legs which are growing relatively fastest of skeletal dimenstons
(25 part of the general cephalad-caudad sequence of growth in
the basic velocity curves) and thus 1f the body 15 allowed to
grow for an extra two years before the spurt, the legs become
relatively longer.

The chief part of the difference 1n shape between the male and
female pelvis also arises at adolescence. Before puberty boys
glave smaller sciatic notches than girls, but there is no distinction
in the shape of the inlet (Reynolds, 1945, 1947; Washburn,
1948). At puberty the portion of the pelvis immediately medial
to the acetabulum appears to push outwards (Greulich and
Thoms, 1g44), chiefly due to a marked increase in growth of the
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pubic bone and the lower part of the ilium (Washburn, 1948).

Probably this is due to a great development of the ossification

centres which appear shortly before puberty in the Y-shaped

cartilage joining the ilium, ischium and pubis across the acets-

bulum. The effect is almost certainly due to direct stimulation
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Fic 8 Velocity curves of shoulder width (biacromial) and hip width
{bitrochanteric) 1n guls and boys. Mmxed longitudinal. {Data from Sim-
monds, 1934 )
by cestrogen at this ume; the pelvis of the hypogonadal man
differs not at all from that of the normal male (Greulich and
Thoms, 1939). Prebably the male growth of the shoulders simi-
larly represents a direct response to androgens.

Our chief k ledge of tissue position relates to the calfy
because of the ease with which bone, muscle, and fat can be dis-
tinguished there m radiwgraphs (Stuart and Dwinell, 1942;
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Reynolds, 1944; Stuart and Sobel, 1946; Reynolds, 1946; Rey-
nolds and Grote, 1948; Reynolds, 1949; Stuart and Reed, 1951).
Therc isa charactcrlsuc sex dxﬂ"ercnce in ﬁhe adult calf; so much

Tt there
3 - cent
' , and
women more fat, and ‘this difference arises almost crmrcly at
adolescence; differentiation of sex by calf X-ray at age 7} gives
results very little better than chance guessing.

\,

FHYSIOLOGICAL CHANGES AT ADOLESCENCE
The chief studies of physiological changes at adolescence, apart
from the endocrmological ones we shall discuss later, have been
made by Nathan Shock (1941, 1942, 1943, 1944, 1946a). Fig. g,
redrawn from one of his papers, shows the basal systolic blood
pressure, heart rate, and oxygen consumption of fifty girls
studied every six months. The curves are drawn in relation to
the time of menarche, since the physiological changes of
adolescence, as one would expect, are more closely related to the
growth spurt and to maturation of reproductive function than
to chronological age. If the spurt occurs early, the physiological
events occur early too; if the spurt occurs late, so do they. In
Fig. g the beginning of the general growth spurt occurs about
one or two places fiom the left-hand margin of the curves. It will
be seen that heart rate rises during the spurt and falls after the
spurt finishes, and oxygen consumption does likewise. Systolic
blood pressure (Richey, 1931; Downing, 1947) rises to its adult
values during the spurt, and for boys rises further than for girls,
so that the adult basal difference between men and women is
another characteristic established at adol {cf. bi
diameter, Fig, 8} Probably this 1s due to the estabhshment of a
greater basal stroke volume of the heart at this ttme (Nyln,
1935), coincident with the larger heart size of males. Between
diastolic pressures there 1s no difference. At the same time in
boys the number of red blood cells nises and consequently the
haemoglobin increases, without change 1n mean corpuscular
volume, haemoglobin, or haemoglobin concentration (Mugrage
and Anderson, 1938). Girls lack this rise, which establishes the

Y
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adult sex difference. The physiological responses to exercise akso
change (Shock, 1946b) and the basal alveolar CO, pressure
rises in boys, though not in girls. Other studies confirm the rise
in basal metabolic rate reported as oxygen consumed per square
metre surface area seen In Fig. g (Topper and Mulier, 1932;
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Fic. 9. Physiological changes at adol 1n relation to menarche.
Adelescent height spurt runs from about — 24 months ta + 6 months. (Re-
drawn from Shock, 1946.}
Bruen, 1933; Nylin, 1935; Talbot, Wilson and Worcester, 1937)
or show at least 2 marked check at adolescence in the previously
steady rate of fall (Lewss, Duval and Ihff, 19432, b). As muscle
is put on the excretion of creatimne/body weight rises (Sand-
ford, Adkins, Miller and Cobb, 1943), more so in boys than in
girls (Clark, Thompson, Beck and Jackson, 1951), and the excre-
tion of creatine diminishes or ceases (Shock, 1945). Changes in
strength and in muscular performance also occur at about this
time (Dimock, 1935; Espenschade, 1940, Jones, 1949).

THE RELATION OF THE TIME AND CHARACTER OF
THE ADOLESCENT SPURT TO ADULT PHYSIQUEL
There are differences in physique between those who mature
carly and those who mature late and these differences can be
seen both before adolescence has at all started, and after itis
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entirely over. (During adolescence, of course, these differences
are obscured or magnified by the early maturers being larger
than the late maturers because of the adolescent spurt itself) As
Jong ago as 1921 Baldwin came to the conclusion that boys and
girls who were tall before puberty began adolescence earlier
than those who were short. Meredith {1935), Dimock {1935}
and Boynton {1936) briefly confirmed this finding, but the first
. Gt e LN L Qe

age 13, from 13 to 14, or after 14. In kg, 10, reqrawn nom e
data, are given the distance curves (i.e. actual amount reached
at each birthday) for height and weight from age 6 to 7. The
early spurting girls are greater in height and weight at ages 6
and 7 and 8, before the influence of the spurt can make itself
felt; they are large girls before puberty and the effect for both
height and weight is similar. At maturity, however (age 17),
there is no difference in height between the three groups. some
other data actually show the late maturers a trifle taller (Stone
and Barker, 1937). The weight difference, however, persists.
The same holds good for boys. Early maturers are firstly people
whose growth to maturity is more advanced at all ages than late
maturers, and are secondly people who are less finear or ecto-
morphic (Pryor, 1936; Bayley, 1043b; Simmons and Greulich,
1943; Reynolds, 1946; Reynolds and Wines, 1948).

Besides, or as a corollary to this, Bayley (1943b) has adduced
evidence that there are differences in androgyny—the degree of
masculinity in the female or feminmnity in the male—between
adults who experience an early or late puberty. According to
her data, early maturing boys have, as adults of 18, relatively
shorter legs and broader hips than late maturers. The pattern
of their spurt approximates more nearly to that of girls, in com-
Position as well as in time, and their final build does so likewise.
Late maturing boys have, on the other hand, long legs and
narrow hips. Conversely, late maturing girls approximate some-
what to the male pattern and at maturity have relatively long
Jegs and broad shoulders. This study still needs confirmation on
A more extensive series of subjects, and examination of the
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Stolzs® data for boys does not appear to give the same results.
However, some of the late maturing boys of this latter study
appear not to have finished growing when last measured, so that
itis not really possible to judge the matter from these figures.

The Stolzs have themselves described a somewhat different
relation between type of spurt at adolescence and adult phy-
sique. Those boys whose early adolescent fat spurt was marked
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i Fi6 10 Growthin height and weight of early, average, and late maturing
girls Mixed longitudinal data. (Redrawn from Ruchey, 1937 )

—and they are both early and late maturers—when fully grown
were more androgynous than those whose fat spurt was slight.
During their spurt, these boys experienced considerable breast
development, with increase of the mpples and areola They also
had a more feminine type of thigh-leg configuration, that is,
knock-knees rather than bow-legs (sce Draper, Dupertuis and
Caughey, 1944; Seltzer, 1945; Bayley and Bayer, 1946) and a
low shoulder width/hip width ratio, and they retained most of
these characteristics after maturity was reached. They did not
have a smaller penis than other boys, however, nor any less
pubic or body hair

Despite what I have said, I do not want to leave the impres-
sion that the adolescent spurt causes any radical change in body
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build: it certainly does not. It adds only the finishing touches to
a physique which is recognizable years before. Anyone who has
looked at serial pictures of children followed from infancy to
adulthood must be impressed chiefly by the similarity the child
shows from one age to another. So great is this that a man used
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Frc, 11. Relation of peak velocities 1n height for carly, average, and late
maturing girls, and to show time elapsing between peak velocity and men-
arche for the three groups M1, Mz, M3, average time of menarche for cach
group. (Redrawn from Simmonds and Todd, 1943 )

to looking at children’s photographs could probably predict the
adult somatotype with accuracy from 2 picture taken at age 5
or even earlier.

"Fwo pomts remain to be made in connexion with the umng of
the ad.olescent spurt. The first 15 that the earlier the spurt, the
more intense it 15, a fact discovered by Boas (1932) and tho-
roughly investigated by Shuttleworth (1937). This is well exem-
phfied il'l the data of Simmons and Greulich (1943), from which
Fag, 11 is drawn. Not only is a greater peak velocity of height
reached by the early maturers, but the whole Pprocess appears to
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Fic. 12, Seasonal variation of weight increments in boys and girls of
U.8 P.H.5. Hagerstown Burvey, 1921-8 (Redrawn from Palmer, 1933 )

be going more quickly in them, and the time from peak velocity
to menarche is shorter in them than in the others.

Secondly, there is a well-marked seasonal effect on velocity of
growthn the human (Fitt, 1941), with growth in height greatest
in spring and growth in weight greatest in autumn. Adolescence
provides no exception to this, so that the velocity of weight
growth varjes thraughout the year in the way illustrated in Fig.
12, taken from Palmer (1933).

FACTORS CONTROLLING TIME AND COMPOSITION
OF THE ADOLESCENT SPURT
A certain amount is known about factors affecting the time at
which the adolescent spurt begins, Fundamentally, the control
is a genetic one, and there is a fairly high correlation between
the times of menarche of mothers and daughters (Bolk, 1923;
Popenoe, 1928; Gould and Gould, 1932), and a higher one
between twins (Verschuer, 1927, Petri, 1934) This control
operates throughout the whole process of growth, the rate of
development being evidently dependent on a number, and pro-
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bably a fairly large number, of genes (see Reynolds, 1943;
Tanner, 1953). The adolescent spurt begins when a certain
degree of maturity has been reached, or when a certain amount
of the growth process has been gone through. The requisite
maturity is related to some extent, but not too closely, to
chronological age, and to some extent to size achieved (Palmer
and Reed, 1935; Palmer, Kawakami and Reed, 1937). It is
more nearly approximated by the degree of maturation of the
ossification centres of the hand, wrist and knee (the skeletal age;
Florey, 1936; Shuttleworth, 1938; Simmons and Greulich,
1943, Bayley, 1943a; Greulich and Pyle, 1950), and perhaps by
the number and degree of eruption of the teeth (Boas, 1932;
Shuttleworth, 1937) though this latter is uncertain.

Girls arc ahead of boys in maturity, judged by skeletal ossifi-
cation, even at birth {Mences and Holly, 1932; Kelly and Rey-
nolds, 1947; Christie, 194g), and continue to be so by this
criterion and by the criterion of permanent tooth development
Tight up to adolescence. {But not in eruption of deciduous teeth
apparently (Meredith, 1946).) Admittedly girls are slightly
smaller than boys at birth and up to adolescence, and presum-
ably they would be slightly smaller still if they were not ahead in
development. It scems that it 1s the bram, and probably the
hypothalamus, which initiates the events of the adolescent spurt
(see below) and how the brain can tell when the requisite pre-

dol develop is plete we have no idea. One
t}zinks of a series of clocks, the runmng-down of one being the
signal for the starting of another, but the clocks in the bram are
highly dependent on the growth and development of the body
and very little dependent on chronological time. Starvation in
animals or in man postpones the time of adolescence (Backman,

1948, Youmans, 1948}, and it seems that in rats adolescence
under these circumstances simply waits until the body has
grown, however slowly, to appr tely its normal adol
size, or, more probably, to its requisite maturity.

_ Since girls precede boys throughout development, it seems
likely that speed of maturation, like sex 1tself, depends on the
quantitative balance between genes on the X chromosomes and
genes on the autosomes. On this view boys with early adolescent
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spurts would have an autosome-sex chromosome balance nearer
to that of girls than would late maturing bays. It has recently
been shown that on the X chromosome of the hurman there are
genes increasing body breadth but no genes increasing stature
(Tanner, unpublished). This seems to imply that body breadth
and time of adolescence are partially sex-linked characters, with
at least a part of these two effects probably due to the same
genes, whereas the sex difference in stature is sex-limited, and
dependent on the androgen secretion at adolescence.

THE ENDOCRINOLOGY OF ADOLESCENCE

It seems certain that the events of the adolescent growth spurt
take place under hormonal control. To account for the various
phases of adolescence—the early fat spurt, then the general
growth spurt, the growth of pubic hair, and so forth—we must
clearly postulate a fairly complex series of changes either in
secretion rates of various hormones, or in the responsiveness of
various tissues to the hormones or, possibly, in both. Our data
on this are exceedingly limited—there scem to be only two
longitudinal studies of hormone excretions and they only covera
couple of years—and what I have to say now must be regarded
as somewhat specutative. So far as I am aware there exists at
present no coherent theary of the endocrinology of adolescence;
the discusston m Wilkins’ (1950) text and the paper by Kinsell,
Michaels, Li and Larsen (1948) perhaps come nearest to one.
Butf due attention is given to the sequence of observed morpho-
logical changes, 1t is at least possible to indicate a set of reason-
able altematives,

The endocrinological data we have to go on consist of
twenty-four-hour ¢ ) - et A
bioassay, androger -
reducing lipids by .,
sectional, so that the patterned individual changes we are par-
ticularly concerned with are inevitably smoothed over and
missed. However, such as they are, the excretion studies can be
summarized thus:

(a) Gonadotraphuns are scarcely if at all detectable before the
beginning of adolescence, but appear at about the time the testis
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begins to enlarge in boys, and at a similar time in girls. Their
excretion rises fairly rapidly during adolescence, reaching in
boys the maximal level of 6 rat units at maturity, and in girls the
higher value of 10-15 rat units. Greulich and his associates
{1942) have reported excretions in boys in relation to the boys’
maturity group as judged by his secondary sex characters. The
difficulty of early and late maturers is thus removed. These
results are given in Table 3; maturity group (1) is prepubescent,
TABLE 3, Urinary fon per twenty-four hours of And
Oestrogens and Gonad, hins of Normal Boys ing to Secondary Sex

Character Development (Greulich et al,, 1942)
For detarls see text.

AMatunty group 1 2 3 4 5

Androgen, 41 66 100 197 288
I Y. androsterone

Oecstrogen 70 14 167 378 459
LU, cestrone

Goﬁadntmphin <3 <3 ca.3 (=1 caq

(2) signifies beginning pems and testis growth with pubic hair
stage 2, and corresponds to a point about opposite age 13 in
Fig. 6, (3) represents a point opposite about age 14 m Fig. 6,
(4) a pont opposite about 143, and {5) opposite 15}. In this
stu.dy gonadotrophin bioassay was by the increase 1n uterine
weight in immature mice. Pedersen-Bjerrgaard and Tonnesen
(19483, b) also used the uterme weight increase m immature
mice or rats, and found that girls from 3 to 12 excreted 1 or less
than 1 rat unit of gonadotrophin per 24 hours, while from 12 to
16 excretion rose to 15 rat umts. It scems that there was a peak
excretion at this time, with a fall to a value of g rat umts at
about 20, which is then maintamned till the mid-thirties. How-
ever, the peal may be a chance sampling effect; the data are
scarcely sufficient to prove otherwise. In boys gonadotrophin
excretion became detectable at about 8 years old and rose to a

, v.:\luc of 6 rat units at 15, and continued at this level until the
sixth decade. Nathanson, Towne and Aub (1941} used stimu-
lauon~ of follicle growth in the ovary of immature mice as the
enterion of gonadotrophic excretion and could detect none
before the ageof 13inboys and 11 in girls.
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. {8) Oestrogen excretions follow the course shown in Fig. 13, and
in Table 3. There is a very low and roughly constant excretion
of oestrogenic substances by both boys and gitls from 3 to 7.
After about 7 the excretion gradually rises, equally still in both
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Fio. 13 E of gen and neutral 17-k ds by guls and
boys. Vertseal scale 15 1.U. oestrone, and colour umits cach equivalent to
&0 pg and: {Red from Nath Towne, and Aub, 1941 )

sexes until adolescence supervenes in the girls. At this time the
excretion in girls rises very sharply and begms to be cyclic with
even the minimum monthly value considerably above that for
boys. O gen cycles blished, it seems, at about the time
the breast buds appear and the spurt in height begias: the
values reached wn the cycles increase untid some years after
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the menarche (Pedersen-Bjerrgaard and Tonnesen, 1948a). The
three studies have all used the same bioassay technique, the
appearance of cornified cells in the vaginal smear of spayed
mice.

{¢) Androgenic sub. {by bi y on comb growth in the
day-old chick or capon) begin to become detectable in the
urine of boys and girls at about 8 years old, and their excretion
increases gradually until adol ce, when a iderable rise
takes place in both sexes: girls increase to an average twenty-
four-hour excretion of about 20 I.U. androsterone, boys to
about g0 LU. at 18. Boys continue to increase to 40 or 50 L.U.
in the mid-twenties (Hamburger, Halvorsen and Pedersen,
1945; Pedersen-Bjerrgaard and Tonnesen, 1948b). The results
of Greulich and his associates are given in Table 3.

(d) The excretion of 17-ketosterards is shown in Fig. 13, It is
very similar to that for androgens, with a gradually increasing
level from 7 or 8 onwards, the increase becoming sharper in
both sexes at puberty. No sex difference is vistble until the time
of the boys® adolescence, when the adult difference is established,
men having a greater excretion than women (Oesting and
Webster, 1938; Nathanson, Towne and Aub, 1941; Hamburger,
1948; Pedersen-Bjerrgaard and Tonnesen, 1948b; Wood and
Gray, 1949).

(e) Neutral redusing bipids (or costisone-like hormones) are
excreted at a gradually increasing rate from birth to maturity,
cqually in both sexes. The increase 1 proportionate to the
increasing body size and no particular spurt seems to occur at
puberty, at least in the only data at present available {Talbot,
Wood, Worcester, Christo, Campbell and Zyguntowicz, 1951).
Data on the excretion of glycogenic corticoids (deposition of
glycogen in the liver of adrenalectomized mice) have been given
by Venning and Kazmin {1946) and are in accord with this.

The interpretation of these facts so far seems to be fairly
str: aig.htforward. The major and possibly only source of oestro-
gens in the male and androgens in the female is the adrenal
cortex and the conclusion seems inescapable that at adolescence
Ehc cortex fairly rapidly increases its secretion of sex hormones,
Just as do the gonads. This adrenal component of adolescence is
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sometimes rather inelegantly as wall as maccurately re!‘errcd to
as the adrenarchc Itisunder thc contraj nf tha =

3tic ahares

<
i wopew LaulClUUD argues rather strungly against
ACTH as the s(imulus, and in favour of the view that sowwe
separate pitujtary »~~~

and perhaps alsoc

gonadotrophin, an . ... puutuiat tutermizing or interstitial-cell-
stimulating hotmone, has heenmooted., Such a view, championed
especially by Fuller Albright, would certainly fit the facts of
hormone excretion in children very nicely. (This speculation
could be pushed further. Oestrogen stimulates the secretion of
LH by the pituitary, and it might be that Fsr first acted upon
some cells in the adrenal causing them to secrete estrogen, which
stimulated the secretion of Lu which in turn acted upon other
cells in the adrenal causmg them to pruducc androgen. Adrenal
androgen secretion ~o= -

not dependent

increase in ade ... woowwgtn secretion seems much Jess promis
nent than the androgen increase, but occurs nevertheless, and
in both sexes; the aestrogen output in a series of young adult
ovariectomized women 1 given by Pedersen-Bjerrgaard and
Tennesen (xg48a) as 15 per cemt of the average of normal
women. Lastly it should be remembered ‘hat prarnroflu At dhig
harmarna ay oot

¢

n

a '
se + mussvut Vs, the mterpretation of none of

these 15 clear yet, however. Clark and Beck (1950} give values
for plasma alkaline phosphatase which, m concert with the resulis
they quote from previous studies, show a marked parallelism
between plasma level and ve!ocny of growth in height, An
adolescent rise 15 clearly seen in boys and is probably aksoe
present in girls, to a lesser degree, and as bone growth ccases, so
the phosphatase drops to aduit levels. Since it has been shown
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that injection of pure gmwth hormone raises plasma alkaline

and hyp phy lowers it (Li, Kalman, Evans
and Simpson, 1946), it is tempting to suppose that these levels in
children reflect growth hormone secretion. This is as yet stretch-
ing the evidence too far, however, since there are other factors
known to raise plasma phosphatase in animals, in particular
testosterone, which may be responsible for the male rise at
adolescence. Probably alkaline phosphatase reflects the level of
bone growth irrespective of the growth stimulus. Serum inorganic
phos[:lmm: ]cvel is also affected by growth hormone, and is high
in ly (which alkaline phosph the epiphyses being
closed, is not). There seems to be only one thorough study of the
level of this substance in childhood, by Stearns and Warweg
(1933). The data are cross-sectional and indicate that either no
change or else a very slight but steady fall takes place between
1 and 15 years. (Phosphatase shows a continuous and consider-
able fall.) Atabout adolescence—the data arenot of the sort that
show for certain whether before, during or after the growth
spurt, but it appears to me probably as the spurt finishes—the
level falls to adult values. If this interpretation of the data is
correct, it points towards a decreased growth hormone secretion
after cessation of the adolescent spurt, with a persisting secretion
during it, Kinsell, Michaels, Li and Larsen (1948) have argued
otherwise, but not, to my mind, at all convincingly.

Lastly the excretion of creatine and creatinine has been con-

. siderably studied (Nathanson, Miller, Towne and Aub, 19413
Shock, 1945; Reynolds and Clark, 1947; Clark, Thompson,
Beck and Jacobson, 1951). Creatinine excretion has a curve
very similar to that for 17-ketosteroads. There 15 an increasing
tise from 5 to about 12, with boys and girls practically indis-
tmgmshable and thereafter a greater nse n the boys® excretion.
It is not clear however whether the sex difference s1gmﬁes
primarily testosterone secretion or merely accompanies the
increase of muscle mass.

It is on such meagre data that we must construct some theory
of endocrinological relationships during adol Taking the
male spurt, we may suppose that at a certamn level of matunty,
usually about age 12, gonadotrophins begin to be secreted,
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probably for the first time, and cause enlargement of the testis
and scrotum, and after a delay of a year or less the secretion of
testosterone by the testis, The testosterone causes the penis to
grow, and probably all or most of the various physiological
changes which occur to differentiate boys and girls at this time,
At the same time as the gonadotrophins are first released, some-
thing is happening to cause the early adolescent fat spurt, and
for this there seem to be two possibilities, Both oestrogen (Nyda,
de Majo and Lewis, 1948) and cortisone cause deposition of sub-
cutaneous fat, The excretion evidence s against cortisone, and
in favour of oestrogen, and, much more convincingly, many bays
experience definite breast and areolar effects, which can scarcely
be attributed to anything but oestrogenic stimulation. Also those
boys with marked fat spurts acquire, a year or so later, large
hips and a feminine configuration of the legs which are almost
certainly due to oestrogen. {Presumablysuch an otoursence does
not necessarily imply decreased testosterone or adrenal cortex
secretion, since the penis size and pubic hair of these boys are
not below average.)

In young adults, on the other hand, the amount of sub-
cutaneous fat is correlated with the level of serum cholesterol
{Tanner, 1951c), and this relationship probably comes from
cortisone action on both; rather than oestrogen action, snce
there is no difference in serum cholesterol, or m cortisone
excretion (Talbot e al., rg51) between men and women, The
adult level of serum cholesterol seems probably to be established
by two menths of age (Hodges, Sperry and Andersen, 1943), 2
result with the childhood excretion of cortisone, It
may sell he—though this is nearly pure speculation—that the
differences in subcutaneous fat not allied to sex and present
from birth onwards are related to cortisone secretion (plus other
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Involution of the thymus accurs at about the tite of adoles-
cence, though unfortunately the data (Boyd, 1936) arc nof
sufficient to show the relations of this to the other events. Since
both cortisone and sex hormones (Korenchevsky, Dennisen and
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Simpson, 1935; Reinhardt and Wainman, 1942; Feldman,
1951} cause involution experimentally, the occurrence does not
as yet help forward our interpretations.

About a year after release of gonadotrophins, when the fat
spurt is maximal, the general growth spurt beings. Again there
seem to be two endocrinological possibilities. Testosterone from
the testis certainly accounts for some or all of the difference
between male and female spurt, but it cannot account for the
existence of the spurt in girls. The chief element in the spurt
must be either increased secretion of growth hormone or else the
increased androgen secretion from theadrenal: oestrogen is ruled
out as it does not cause growth of bone or muscle (Johnston,
1941). The biochemical pattern of growth at this time consists in
laying down of protein and utilization of fat for energy purposes
with loss of fat from the body; and this is the typical effect pro-
Avad fe ez o e T ah + Pro-

pic-

950)
which may imply a stimulation of growth hormone actwity at
this time. In favour of the adrenal hypothesis is the undoubted
merease in excretion of adrenal hormones, and perhaps the
recent demonstration that several steroids exist (such as methyl-
androstenediol) which in general resemble testosterone but have
greater anabolic effects on muscle and possibly bone and smaller
effects on the reproductive organs, It is certamly possible that
steroid-anabolic hormones such as these could be the cause of
the female adolescent spurt and that portion of the male spurt
not directly attributable to testosterone. In favour of this are the
cases of premature pubic hair growth in gurls, usually accom-
panied by growth in height and weight, but without evidence of
virilization (Wilkins, 1950).

The relatwely greater growth of bone width m the male calf
at puberty, however, argues mn favour of this effect being pri-
marilya testosterone one, just as the fat growthin the female calf
1s presumably due to oestrogen.

APparcmly a phenomenon analogous to the early adolescent
fat spurt in boys occurs in girls. Some girls in late adolescence
become rather more muscular than the majornty, grow some-
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what more body hair, and may have a slight growth of the
clitoris (Wilkins, 1950). These are evidently the girls who are
high in masculinity, just as the early-fat-spurt boys arc the boys
high in femininity. Probably these girls also have aheve-average
growth of the shoulders; no specific study of them has been
made. Presumably they secrete more adrenal androgen than the
aothers, or else secrete androgens which have somewhat more
nearly the action of testosterone.

The spurt ends with the closure of the epiphyses, and this was
at one time attnbuted to the direct action of testosterone or
oestrogen. So farat least as testosterane is concerned the evidence
Is entirely against such a view. Testosterone adniinistered to pre-
pubescent boys (or girls) to cause increased growth does not at
the same time cause premature closuze of the epiphyses (Deamer,
1948; Wilkins, 1950; Escamilla and Bennett, 1951). Probably
what causes the epiphyses to unite is the cessation of growth
hormone secretion. At least this applies to the epiphyses of the
long bones; the secondary epiphyses of the vertebrae and pelvis
and shoulder region scem more under the control of steroids,
Giants, no less than eunuchs, have long arms and legs, and they
go on growing till they are 25 or 30, and thew sex development
is often normal (Witkins, 1950). Growth hormone is probably
secreted from the age of 4 or so onwards to adolescence, when it
may or may not temporarily increase, It then gradually ceases,
probably due to mhibition by the increasing aestrogen or testo-
sterone level; in eunuchs no testosterone is secreted, and growth
hormone production ceases later than usual, giving them the
characteristically long arms and legs.

In this carefully patterned hormonal whirlpoo! we can make
very hitle attempt to place insulin, though we may suppose it to
have quite an umportant réle About its refations with growth
hormone in man too much 15 obscure even for reasonable guess-
work, and there are no studies of insalin action during this
period.

Lastly, as to the cause of haw growth on the pubes and clse-
where. It seems that androgens from the testis and adrenal both
stimulate hair growth and possibly oestrogens do so as well, The
differential growth at the pubes, axilla and face seems most
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easily explicable on the basis of locally different thresholds to
stimulation, coupled with a predilection of hair at cach site for
either testis, ovarian or adrenal hormone. On this hypothesis,
the skin of the pubes has the lowest threshold and responds to
the small amount of androgen secreted by the adrenal in both
men and women early in puberty, at which time the hair at this
spot begins to grow. We have already noted that the develop-
ment of pubic hair takes place rather independently of the
reproductive tract, and this adrenal control is presumably the
reason why it does so. In ovarian agenesis there is wsually a
. sparse growth of pubic hair, though sometimes none at all, and
sometimes a normal amount. Treatment with oestrogen in this
condition causes the pubic hair to grow (Lisser, Curtis, Esca-
milla and Goldberg, 1947). This may be a direct effect or
possibly a secondary one from the adrenals following pituitary
LH release caused by the oestrogen. The axillary hair has a some-
what higher threshold, develops later, and is possibly more
Tesponsive to testosterone: it develops only slightly in male
castrates (Hamilton, 1951), The beard has a still higher thresh-
old to adrenal androgens, and a more pronounced preference
for testosterone. The general body hair seems to have a higher
threshold, but to be affected by both adrenal and tests, The
relative profusion of body hair seems to run in farmilies (Greu-
lich et al., 1942; Reynolds, 1951), and probably somewhat inde-
pendently of sex; this may be due either to differences in skin
responsiveness or in amount of androgens secreted.

Possibly this complicated sequence of endocrinological events
is self-contralling once started, but its initiation, it 1s quite clear,
is under the control of the brain Gonadotrophins, the secretion
of which starts the whole mechamsm gomng, are present in
animal pituitary glands long before puberty (Severinghaus,
1942), but are not released to the circulation Recently Harris
and Jacobson (1951) have shown that when the pituitary of a
normal rat 1s grafted mto a hypophysectomized ammal under
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newborn pitwtary secretes gonadotrophin as soon as vasculariza-
z
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tion is complete and Jong before the donor rat would have
reached puberty. This js very convincing evidence that it js the
hypothalamus which has to mature before adolescence begins,
not the pituitary, The same 5 shown in the human by the
literature on Precocious puberty of cerebral origin. Ganglio-

and Russelt, 1 934~5; Gesell, Thoms, Hartmar and Thompson,
1939; Weinberger and Grant, 1941; Troland and Brown, 1948;
Seckel, Scott ana Bendit, 1949; Seckel, 1930). Some authors
alsa think that tumours of the posterior hypothalamus and of the
epithalamic region may do the same, but this is Jess well estab-
Iished. Certainly Precocious puberty may on occasion follow
encephalitis, It Appears also that precocious puberty may occur
hereditarily in otherwite perfectly healthy persons (Rush,
Bderback, Stocum and Rogers, 1937; Engstrom and Munson,
1951), presumably due to 5 disturbance of the maturity mech-
anism by an abnormal hypothalamus. Such Pprecociously occur-
ring pubertics may be in no way different from the ordinary

s concerned. The boy may
progress to active SPermatogenesis and the girl to ovulation,
corpora lutea and, perhaps, pregnancy {Wilkins, 1950). Mental
development, development of the teeth, and psychosexual ad-
vancement do not, however, kecp pace. it seems in regard to the
last of these that the hormones need a mature brain to work
upon.

The facts of precocious puberty argue rather strongly against
the occurrence of any marked increase of sensitivity of tissues
being responsible for the hormonal effacts of puberty, unless the
changes themselves are hormonally condstioned, rather than
caused by the tissues m some way maturing. The overriding
conirol af the pituttary by the hypothalamas should not be
faken to mean that the pituitary dees not itself mature, at least
in the normal. The anterior pituitary, on the contrary, has a
spurt m sweight growth ac adolescence in both sexes, and a sex
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growth of the pituitary and increased numbers of acidophils can
be brought about by injection of oestrogen (Baker and Everett,
1g47), and can be prevented from occurring in normal females
by administration of testosterone {Wolfe, Wilson and Hamilton,
1044).

o1 THE HARPENDEN GROWTH STUDY
Before we proceed to the evolutionary aspects of the adolescent
spurt, let me interpose a short description of the Harpenden
Growth Study, to give you some idea of the practical back.
ground that the results T have described spring from.

The Harpenden Growth Study owes its beginning to the
initiative of Dr. E. R. Bransby of the Ministry of Health
Scientific Staff. During and after the war he had been con-
cerned with various surveys of child growth, mostly conceived
with an eye on nutritional status and the rationing system. Asa
result of this Dr. Bransby came to the conclusion that nothing
less than the establishment of a fuli-fledged and more or less
permanent longitudinal study of children would suffice to
answer the practical questions he was concerned with, in parti-
cular the usefulness of growth records in the School Medical
Service. I had for some time been advocating the same from the
point of view of the scientific investigation of human growth and
50 he contacted me towards the end of 1947 and we made plans
together for setting up a comprehensive longitudinal study. The
following summer I was enabled through the generosity of
the Wenner-Gren Foundation to spend some time at each of the
major longitudinal studies in America, so that we were able to
begin with at least a small amount of that first-hand technical
experience which is irreplaceable and mvaluable 1n setting up
projects of this kind.

The Study, for which the Ministry of Health and the Sher-
rington School of Physiology of St. Thomas’s Hospital are
jointly responsible, was sited at the Harpenden Branch of the
National Children’s Home, because previous experience with
the staff and children there had shown us how exceedingly
helpful and friendly they were. Nor were we disappointed in
making our larger demands on their time and patience; the
Study owes its entire exustence to the efforts on its behalf of the
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tion is complete and long before the donor rat would have
reached puberty, This is very convincing evidence that it is the
hypothalamus which has to mature before adolescence begins,
not the pituitary. The same is shown in the human by the
literature on precocious puberty of cercbral origin. Ganglio-
neuromas of the tuber region may cause all the changes of
adolescence to take place as early as 2 years old {Le Marquand
and Russell, 1934~5; Gesell, Thoms, Hartman and Thompson,
1939; Weinberger and Grant, 1g41; Troland and Brown, 1948;
Seckel, Scott and Bendit, 1949; Seckel, 1950). Some authors
also think that tumours of the posterior hypothalamus and of the
epithalamic region may do the same, but this is less well estab-
lished. Certainly precocious puberty may on occasion follow
encephalitis, It appears also that precocious puberty may ocour
hereditarily in otherwise perfectly healthy persons (Rush,
Bilderback, Slocum and Rogers, 1937; Engstrom and Munson,
1951), presumably due to a disturbance of the maturity mech-
anism by an abaormal hypothal Such p jousty accur-
ring puberties smay be in no way different from the ordinary
event so far as reproductive function is concerned. The boy may
progress to active spermatogenesis and the girl to ovulation,
corpora lutea and, perhaps, pregnancy (Wilkins, 1g50). Mental
development, development of the teeth, and psychosexual ad-
vancement do nat, however, keep pace. it seems in regard to the
last of these that the hormones need & mature brain to work
upon.

PThc facts of precociaus puberty argue rather strongly against
the occurrence of any marked increase of sensitivity of tissues
being responsible for the hormonat effects of puberty, unless the
changes themselves are hormonally conditioned, rather than
caused by the tissues in some way maturing. The overriding
control of the prtuitary by the hypothalamus should not be
taken to mean that the pituitary does not itself mature, at least
m the normal. The anterior pituitary, on the contrary, has a
spurt i weight growth at adolescence in both sexes, and a sex
difference appears with the female gland in this instance grow-
ing larger than the male and acquiring a higher pescentage of
acidophuls (Rasmussen, 1047, 1950). In rats both increased
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anode American Phillips. We installed a small dark-room, and
bcgan working at techniques for displaying bone muscle and fat
in the legs and arms, with the expert eyes of Dr. T. Hiils and
Mr. R W. Stanford of Guy’s Hospital constamly upon us, the
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graphers, Mrs. Smith and Mrs. Cutler, who currently take
radiographs of the upper arm, thigh, calfand chest of each child,
while Mr. Parfitt takes the wrist and hand for skeletal matura-
tion ratings and the jaws for tooth eruption and root maturation
data. A few months ago Mr. Ballard, also of the Eastman Dental
Clinic, became interested in the possibilities our children pre-
sented for orthodontic research, and we are now beginning to
take lateral skull films as well. In addition to this work, and
somewhat more peripheral to our team, Mr. W. H. Hammond,
of the Ministry of Health, is collating school records and intelli-
gence tests on the children, and Miss Washington, of the
Ministry, is undertahing periodic nutritional surveys of the
constituent houses that make up the Home.

Techniques in use. The main team, now numbering nine people,
spends two days at the Home every month. Each child is seen
every six months, and every three months during puberty, and
by going every month we make sure of measuring the child
within fifieen days of his birthday, half-birthday or quarter-
birthday. In our results we correct for the not-seen-on-birthday
error by hmear interpelation We see about twenty children on
cach of the twe days, and deal with either three or four children
every hour.

The child undresses and 1s first measured. We measure
stature, weight, sitting height (Martin anthropometer with the
child sitting on a table as described in Hooton, 1946), biacro-
mial diameter, bi-liac diameter, bi-condylar diameters of
humerus and femur, and the subcutaneous tissue folds over the
biceps, over the triceps, under the left scapula and above the
left ihac crest The child is then posed for the photogrammetric
picture, which 1s taken with an F.24 aircraft camera fitted with
a go-in lens 10 m distant from the centre of the turntable on
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Rev. J. M. Watcrhouse, Principal of the National Children’s
Home, and Mr. E. Shutt, the Governor of the Harpenden
Branch. As for the children, they are the Study, and if one can
scarcely call some of them models of patience, they have all the
other scientific virtues. They are for ever testing the range of
our equipment, both physical and mental, with all the means at
their command, and take a peculiar delight in detecting any
slovenliness of technique on our part; and they possess in
abundance those high spirits that go with the knowledge of a job
well done, and an afterncon out of school to do it in.

There are some 250 children in the Home, some orphans,
others from broken and disintegrated homes. Two-thirds are
boys, one-third girls, and practically all participate in the
Study. Their ages range from 3 to 18, but as the-majority are
between 5 and 16 we lack a very young group, and we tend to
lose the older ones before their growth is quite completed; we
are endeavouring to follow them up after they leave, but
whether we shall be suceessful 1n this I do not know. The Study
has been buils up gradually over the last three years. The first
to join our team, in November 1948, was Mr. R. H. White-
house, our anthropometnist and administrative sccretary. Then,
because 1n addition to the usual anthropometry we wished to
have spectalized serial photographs of the children that could
also be measured, we enlisted the help of the Photographic and
Reproduction Branch of the Air Ministry. They helped to solve
our photographic probl and for a cansiderable period
undertook the arduous task of processing our pictures. In June
1949 we started operations m an old disused laundry, but a
few months later the greatest stroke of good fortune befell us
and we were able to move fo a permanent set-up on quite a
farge scale in ong of the buildings of the Home. In October we
were joined by Dr. Cecile Asher from the Ministry of Educa~
tion, who took over the clinica examinations and medical his-
tortes, and in September of the following year by Mr G.
Parfitt from the Eastman Dental Chnic who hegan 2 long-
term study of tooth eruption, root maturation and carics
development. Meanwhile we had acquired two war-surplus
X-ray machines, one dental and the other a 200 mA stationary-
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there to the main radiographic room. The technique used here
is illustrated in Figs. 16 and 17. The anode is placed 2:5 m
away from the film to minimize magnification and the uncor-
rectable error which occurs if the maximum diameter of the
limb is not at exact right angles to the central beam, We would
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Fic. 16, Diagram of radiographic techmgque, to show (above) how keeping
the central plane of the hmb a constant distance from the casctte gives a
constant magnification factor, rather than (below) an increasing one if the
imbis always in contact wath the casette,

Iike to have an even larger distance, so as to achieve the accur-
acy possible in the ph hs, but the i ions of our equip-
ment prevent this The central plane of the limb is placed a
fixed distance away from the film (10 cm for calf and thigh;
5 em for arm) so that the magnification stays constant rather
than increasing as the child grows larger, as 1t would if the limb
was every tune in contact with the casette (Fig. 16). The way
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which the subject stands (Tanner and Weiner, 1949, appendix;

Tanner, 1951b), The child's heels are placed 8 cm behind the

centre of the turntable if he is less than 10 years old, and 1 em

ifhe Is over 10, and the pose is that recommended by Dupertuis
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Fic, 14, Diagram ofthe and technique used for

and Tauner (1g50). The background is illuminated to prevent
shadow, a grid is fixed hehind the child to gwe horizontals and
verticals for help in posing and in measuring the picture and
to give a visual impression of size increase 1 serial pho&ograpl{s,
and electronic flash lightng s used. The set-up is illustrated in
Fig. 14, and a typical sec of pictures is shown in Fig, 157
After this, the child has his wrist and gaw radiographs taken
and Iis teeth exammned, and then goes to the chnician, and from
L¥or Figs 15 aud 17 see Plates V and VI followng p 395+
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wards animals and the possibility of animal experimentation.
But here we run straight into, on the one hand, trouble; on the
other, interest. It seems that the adolescent spurt, at least in the
sense in which we have been discussing it, is the perquisite of
primates, Other animals manage their reproductive affairs
differently, and with considerably more dispatch. I am aware
this is a very sweeping statement; exceptions may well exist,
and the data are anyway too flimsy to support such a generaliza-
tion with certitude. Nevertheless the evidence, some of which T
will now show yon, does seem to point towards this conclusion.
Practically all we have to go on are curves for body weight,
-t ST T oAt T £ T own warning
weight curves

wmner, 1951a).

However, there is nothing else for it until longitudinal data on
linear dimensions of animals become available. At present
growth data on animals are exceedingly scanty and where
existent suffer even more acutely than the human material from
the evils of cross-sectional reporting of longitudinal data {Tan-
ner, 1951a}. The paucity of records is something of a novelty to
the human biologist, who 15 more accustomed to a variety of
digestive ailments than to starvation. There are a few reports
on physiolegical changes during growth, notably in muscle con-
stituents (Horvath, 1945) and serum alkaline phosphatase (Li,
Kalman, Evans and Simpson, 1946) in rats For linear measure-
ments we have fairly extensive postnatal figures for cattle and
pigs given in Brody, Hogan, Kempster, Ragsdale and Trow-
bridge (1926) and reprinted (for cattle only) in Brody (1945),
and prenatal figures for cattle (Winters, Green and Comstock,
1942) and sheep (Winters and Feuffel, 1936; Barcroft, 1946).

In rats the most extensive data are those of Quthouse and
B O L S S R T SR

Saxton and Silbeberg (1947) and Bames, Sperling and Mcé}n)"
{1947) on body and tibia lengths, and Stotsenberg {1915) on
prenatal body length. For mice there are body, tibia and third
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a B.year-old rising 1o 55 ina 16-year-old, with a mAs of 12 for
arm and calf and 20 for thigh, Though films taken direct on to
Tifex film are considerably superior to others in detail, we have
to use par speed screens at Harpenden because of the increase
of exposure needed for the Ilfex. Chests we take primarily for
clinical purposes, and are very fortunate in having them read by
Dr. J. W, Peirce of St. Thomas's Hospital. Mr, Stanford has
measured our total dose of X-rays to the gonads of boys as
35 mr per attendance and to girls as 2 mr per attendance.
About the maximum number of attendances we expect any
child 1o have is 30, so that in all we might give boys a gonad
dose of 105 mr and girls 60 mr. An estimate of the dose of
X-rays received during the first thirty years of life for ordinary
diagrostic pucpases by the averag bier of the population s
about Y00 Wy for men and 300 mr for women. We are accord~
ingly fairly confident that we are causing no appreciable
increase m mutations in our children, and, of course, are

nowhere near the level of ¢ffects on any other tissue of the child, *

For following the morphological growth of the children, then,
we have the anthropometric measurements, the photogram-
metric picture, the soft-tissue radiographs, the wrist and jaw
sadingraphs and the chnical description. T have no hesitation fn
saying that so far as this side goes the Harpenden Growth Study
bears comparison with any study anywhere. But this I regard as
only a basis for develay of the bioch 1 and physio-
logreal side, and here we are as yet severely limited. We hope
soon to be able to add blochemical help to the team: mean-
while all we have so far done 1s to provide a litile endoenino-
fogical materiat for Dy, . T G. Prunty and Dr. B. B, Clayton
of 8t. Thomass Hosptal, m the way of serial gonadotrophin
and 17-ketosteroid determinations at adolescence. And that
brings me back to the mam theme of this lecture, and te our
final subject, the evoluti y positian of the adol spurt.

THE ADOLESCENT SPURT IN ANIMALS
While we were discussing the endocrinology of adolescence
there were 50 many speculations and so much data required to
test them, that the munds of readers must have wmed to~
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in mind. In them are charted the velocity curves of weight from
establishment of the foetus to physical maturity in guinea-pigs,
mice, rats, sheep and cattle. I have endeavoured to choose the
best data, where a choice was possible, bearing in mind parti-
cularly nutritional conditions and the relative longitudinality of
the data. Some small indication that differences in nutrition

TN PUMIATY GUINEA PIG, BODY WEIGHT
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Fic, 18. Weight velocity curve for the guinca-pig. Prenatal data, sexes
combined, cross-sectional, from Draper (1920); postnatal, pure longitu-
dinal on 770 males, from Sewall Wnght cited 1n Brody, Hogan, Kempster,
Ragsdale and Trowbridge (1926). Time of puberty from Young, Dempsey,
Hagquist and Boling (1939), first heat in females approx. 65 days, stand.
dev, 21 days,
may not affect the general shape of these curves can be seen in
Fig. 20, where curves 4, 7 and 8 are from 1941 data now known
to be suboptimal, and curves 2, 3, 5, and 6 are from 1948 data.
Though the magnitude of the values is different, the shape of the
1941 and 1948 curves is very much the same.

The main features of the weight velocity curves of the five
species are similar The curve rises to a peak and then fally
more or less smoothly towards zero level. Birth occurs before the
peak 1s reached, either a considerable time before as in rats and
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metacarpal Iengths for a small group of Cs7 blacks (Green and
Fekete, 1933) and a few figures for body, ear, foot and tail
length given by MacArthur and Chiasson (1945). Draper {1g20}
and Bell (1541) give lengths of prenatal guinea-pigs, and meta-
carpal and metatarsal lengths in rabbits over a short age range
are given by Crary and Sawin {394g). All these data except the
last are reported cross-sectionally.

For body weight the situation is considerably better, but the
data are still by no means comparable in quality to those on the
human. Growth studies in animals have their own peculiar
difficulties: the technique of measuring animals 3s guite un-
developed, and faces greater difficulties than anthropometry,
because animals possess fur and b they cannot co-operat
like children during measerement. Differing nutritional con-
ditions play a far greater part in animal growth than in human,
where the children of the major studses are under nearly optimal
conditions of nourishment. We are only now beginning to find
out how to fred laboratory animals optimally; the laboratory
mouse and rat have been growing larger and faster every decade
and this trend still shows no sign of stopping. As for farm
animals, they are deliberately undernourished for cconomic
reasons, and only from the very few rescarch herds can one
expect data comparable to the human, Then there is the diffi-
culty of hitter size in the smatler nnimals, with weight and weight
increments bemng smaller for many-membered fitters, due chiefly
it seems to the mothers’ inability to supply enough food for so
many months dunng pregnancy and certainly after it Weaning
in these anamals is also often associated with a loss of weight due
to the mothers” milk supply decreasing before outside foods can
be taken sufficiently This happens sometimes in the human as
well, but in the Iaboratory animals weaning occurs at a time that
is much more ¢ntical from the point of view of the investigator
of growth processes, as T shall make clear in @ moment, An
lastly there is the varymg establishment of pubescence in species
which are seasonal breeders, and the great difficulty of obtaining
pure Jongitudinal birth-to-maturity records due to the high
mortality of most Iaboratory animals.

Figs. 18 to 22 nust be looked at with all these difficulties held
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of which only four are plotted. This may represent a miniature
adalescent spurt: it is certainly not a weaning phenomenon.
There is little evidence of a similar thing in the rat data, unless
the kink in curve 7 be taken as such. The sheep and cattle are

Puneaty
RAT, BQDY WEIGHT

batw

GU PER DAY

GAIN,

DAYS  POSTPARTUM

insufficiently precise to show anything on so small a scale; the
rise in the sheep curves after puberty is probably due to pastur-
ing changes. It may be that in these laboratory and domestic
animals some small increase of velocity occurs about the time of
puberty—indeed since the gonads grow rapidly at this fime
there must be a tiny increase unless perfectly balanced by fat
loss—but there 15 no large adolescent spurt as in the human.
Some of the larger wild mammals may possibly approach the
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cattle or not very long before, as in guinea-pigs and sheep.
Puberty, judged in the rodents by first vestrus, occurs after the
peak is passed, but as a rule not very Jong after, There does not
seem to be any particular rise in weight velocity associated with
puberty, but we should be very cautious about this statement,
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The nse seen at about this time in the guinea-pig data, and in
some of the rat and mouse curves, 15 more Iikely to be the effect
of ing difficulti diately before ing the

ever, Butler and Metrabos {1950) indicate that the transicnt dip
followed by the rise at 42-50 days scen plotted n Fig. 19
curve §, accurred 1 most or all their eighteen groups of mice,
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in children starved during the midgrowth years and fed more
properly about the time of puberty (Brody, 1045, pp. 511, 536)-
"This is, of course, a totally erroneous notion, bred of the fact that
animals when starved slow down in growth, and when re-fed
accelerate back to their pre-starvation, constitutional growth
curve (Quthouse and Mendel, 1933; Barnes, Sperling and

CATTLE, BODY WEIGHT
- [0 ysERTY

GAIN, KG PER MONTH (30 DAYS)
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Fic, 22, Weight veloaity curve for cattle Curve 1, sexes combined, cross-
scctional, from Wanters, Green and Comstock (1942). Curves 2 and 3, males

and females, mixed Iongitudinal, Jerscy cattle, from Brody e af. (1g26).
Puberty appreximate, from Asdell (1946).

McCay, 1947), as indeed do humans, probably at any time of
thexr growth (Wolf, 1940).

The postp and magnification of adol , how-
ever, are not perquisites of the human alone; 1 Fig. 24 are shown
the curves for the chimpanzee (Grether and Yerkes, 190}, and
they are in all respects closely similar 1o man’s, even down to
the sexual differences. The female spurt is less marked than the
male, and possibly a trifle earlier, too, as in the human The
adolescent spurt proper is apparently an evolutionary step
taken by the primates. Unfortunately there are no Jongitudinal
growth data available on monkeys, but it 15 known that in
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human more closely. The crucial dats, correlating weight
growth and linear growth with first cestrus or with testis
grou./th in individual animals, ase completely lacking for any
species.

When the curves for these laboratory and domestic animals
are compared with that of the human in Fig. 23, a vast dufer-

s fuerx SHEEP, BODY WEIGHT

GAIN, KG PER MONTH (0 DAY

#031C0P HONTHS (50 DAYS), POSTPARTUM

Fig 21, Weirhs -t
sectional, fror .
Curves 2, 3 2 ' . .
Menno ferales . "
dinal, from Fos ' .

Asdell (1946).

ence is at once seen. In the human curve the initial peak is there,
with birth occurring shortly before or coincident with it, and
weaning would he in about the same relative position as in the
other species. But the time at which puberty accurs 15 enor-
mously retarded, and when it does occur, it is associated with a
marked increase m weight velocity which produces a distinct
second peak in the curve. Thus 1ssuch a radically different picture
from the lab ry and d i Is that a few authors,
lacking experience of the human, have rashly jumped to the
conclusion that the adolescent spurt is an artefact occurring only
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this difference represents the small pre-adolescent difference to
be seen in primates. The anabolic effect of androgens is not con-
fined to the primate, and there would certainly seem to bediffex-
ences of shape in many specics as well as in such things as the
tion’s mane and the stag’s antlers. We know too little about the
morphology and physiology of mammals in their normal state,
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Fic_24. Weight velocity curve for the chimpanzee. Actual increments,
from Grether and Yerkes (1940).
however, to characterize the morphology more closely, or to say
how far the functional diffe which occur b men and
women are present amongst other mammals also.
The cause of the postponement of puberty lies, it seems, in the
primate hypothalamus. The increased time necessary for the
maturing of the primate brain has been sandwiched in between
weaning and puberty; the ion of the hypothal has
been put back so that maturation of the association areas of the
cortex and other parts can take place first. Presumably the
biological reason for this is that it is relatively useless to produce
young while the brain is still immature, as the advantage the

brain gives in their protection will not then occur. The literature
2A
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Macaca mulatia the weight of males and females is the same before
puberty, while the male is 20 per cent heavier in mature
animals (Kennard and Willner, 1941).

In this connexion all sorts of questions immediately present
themselves. Is the spurt merely scen because postponement of
puberty makes it obvious? Puberty in other mammals occurs
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Fiz. 23 Werght velocity curve for man. Curve 1, sexes COH\.bthdt <ross-

from Stmmonds (1944).
shortly after the maximum velocity of weight growth has been
passed, and often when growth 1s still proceedwng fairly vigor-
ously; a small spurt then might be swamped in the general
growth. Other mammals alse tend 1o go on growing for a good
deal longer after puberty, relatively speaking, than the primate,
giving the impression that the essential change is a postpoue-

L A B e g

' greater in
prases . - than the
female in most mammals, but 15 so at birth, and 1t is posstble that
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on precocious puberty makes it clear that the adolescent mech-
anism, once started, is readily capable of going all the way to
spermatogenesis and corpora lutea, cven at the age of 5 or 6.
The hypothalamus alone, indeed, stands between us and six-
year-old pregnancy. The postp of adol is a
highly distinctive evolutionary trait in primates, and a necessary
one, if the long maturation period for the brain is to be taken
advantage of.

Such are some of the evolutionary problems raised by the
adolescent spurt. The psychological and sociological problems
I have not even touched on. The genetic background I have
barely mentioned. The unsolved problems clustering around
human growth range all the way from the most fundamental
oo ‘ ot e - e immedi-

: . seems to
ME mal Just 48 SIXLY years dgo Lods leduzeu Lt wurther ad-
vances then depended on the setting up of longitudinal growth
studies, so now we should realize that growth studies of man
must be merged into the wider study of human biology as a
whole. What we need—and we need it as the basis for a human-
istic medicine, as much as for anything else—is a concerted
attack in this field by anthropologists, physiologists, zoologists,
physicians. We need to have our future Growth Study in an
Institute of Human Biology, wherein study of the human does
not cease when he is sixteen or seventeen, but follows him and
his children and his grandchildren, in the same spit and with
the same intention as the great humanistic physicians broughtto
their calling.
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Nutritional Assessment of the
Individual

JOHN YUDKIN

tends to be different for the nutritionist and for the clini-

cian, The approach of the nutritionist is usually statistical;

he is concerned in the assessment of nutritional state in groups

or populanons, companng one group with zmozher group or de-

Ty yarious

is more

R i whom

a diagnosis is sought, and where nutritional deficiency may play

a part in the pathogeness of the signs and symptoms with which

the patient presents himself, The purpose of this paper 1 to indi-

cate that, though the gurding principles in diagnosis are the same

for both nutritionist and clinician, the application and interpre-

tation of these principles are different, and present particular
problems to the clinician

Tma approach to the problem of assessing nutritional state

THE DIAGNOSIS OF NUTRITIONAL DEFICIENCY
‘The diagnosis of nutritional deficiency is made by the applica-
tion of three criteria { Yudkin, 1944a).

1. There should be evidence of an inadequate supply of one
or more of the essential nutrients

2. There should be evidence that the signs and sympioms are
those which are known to occur with deficiency of the suspected
nutrients.

3. The correction of (hc dcﬁc:cncy-——lhat is the admmls(ra-
tion of the suspected nutrients—should cure the condi
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The proof that nutritional deficiency is the cause of a disease
thus depends on applying a series of principles, in the same sort
of way that Kocl’s postulates are used to prove the implication
of a micro-organism in the causation of a disease. However, in
the same way that it is not always possible completely to demon-
strate all three of Koch’s postulates in microbial disease, so it is
not always possible completely to satisfy all the diagnostic
criteria in the diagnosis of nutritional deficiency. In both
instances, it is sometimes necessary to depend on incomplete or
circumstantial evidence, but if error is to be avoided, it is essen-

tial that all the possible evidence be sought and assessed before a
Aa B : - :

foeiL.d AML- ot a P s e

claims for the existence and cure of nutritional deficiency.

The use of these criteria in particular instances and the con-
clusions drawn from the evidence require some care and under-
standing, as I have briefly described elsewhere (Yudkin, 1g44a).
One factor of particular importance, which is often overlooked
in the field of nutrition, is that of variation—both variation
between individuals and variation in one individual at different
times, The existence of this variation adds considerably to the
difficulty in the assessment of nutritional status in mdiduals,
but we shall see that there are ways in which 1t may be allowed
for in the assessment of groups.

The first diagnostic criterion is the determination of the
adequacy or otherwise of the intake of all essential nutrients. To
determine adequacy of intake, it is necessary not only to know
the intake-—what food and how much food, and so how much of
each nutrient—but also to know the requirements of the indi-
vidual for each nutrient. It is now becoming clear that it is not
easy to determine either requirements or intakes with any
degree of accuracy and that many of these difficulties are due to
the variations menttoned earlier (Yudkin, 1948, 1951).

VARIATIONS IN NUTRITIONAL REQUIREMENTS
In considering the question of nutritional requirements, it is
necessary first to decide what is meant by this term. Most
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clinicians would now accept the view that there is a gap—
often a wide gap—between the amount of a nutrient which will
Jjust prevent signs of obvious deficiency and the amount which
will produce optimal nutrition. The amount of vitamin C which
will just prevent scurvy is small; we might call this the minimal
requirement. The larger amount required to give optimal
nutrition, so that a further increase would produce no further
improvement, would then be called the optimal requirement.
An intake between the minimal and the optimal would lead to
a state of sub-optimal nutrition. In practice, it is found that,
whereas it is fairly easy to determine the minimal requirement,
it is usually far more difficult to determine the optimal require-
ment.

This difficulty is due to a combination of two factors—the
difficulty of assessing sub-optimal nutrition and the decreasing
effect of increasing intakes. The difficulty of assessing sub-
optimal nutrition derives from the fact that this state may show
itself only in slightly impaired growth in children, or a decrease
m subjective well-being, or a decreased resistance to infection,
all of which may be difficult or impossible to detect in an
individual. The second difficulty 1n detecting optimal nutrition
is that illustrated in Fig. 1. When the intake of a nutrient is low
—below the minimal requirement—progressive small incre-
ments produce relatively great and easily detectable improve-
ment. When the intake is higher, these small increments may
still be producing an improvement but only at a continuously
reducing rate. In the example given n Fig. 1 three units of the
nutrient prevent obvious deficiency disease: this is then the
minimal requirement, But it 1s not so easy to see how many units
produce the maximal response. It might be that the maximal
response occurs with twelve units; it might however be that a
further slight response occurs when the intake 15 increased to
eighteen units. Ifso, thus is 2 very large difference m mtake pro-
ducing only a very small difference n response. Moreover, not
only is the difference small but, as we have seen, it may be in
some quality which 1selfis difficult or impossible to measure.

Another difficulty in the determnation of requirements is that
the methods are difficult and labonous, and that they do not
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always give the same results. One method is to study a popula-
tion in which a deficiency disease is endemic and determine the
intake of] say, vitamin B, in those who suffer from beri-beri and
in those who are free from this disease. The same sort of method
has been used experimentally, groups of voluntzers being given
diets containing graded doses of one nutrient and the amount
ascertained which just prevents the onset of signs or symptoms.

um comuaL
it

IMPAGVEMENT IN NUTAITIONAL STATE et

Prax EFICINCY DIEASE

supson

T s o e
5 T v + & 0 5 W 6 W
RERY RN INTAKE OF NUTRENT
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Fic 1, The effect of varying amounts of nutrient on nutntional state

Another method is based on so-called balance expeniments, in
which is determined the amount of, say, calcium which is
needed just to prevent a net loss to the body. A further method
is to find how much of a nutrient 15 needed to saturate the body,
so that excess spills over into the urine. For some nutrients, none
of these methods is practicable and assessment of requirements is
based on the results of experiments with ammals, lhe values
being then calculated for human subj O 1y, it is
only possible to assess average intakes and base requirements on
the fact that these intakes represent sometiung like the amounts
normally needed. This may, however, be far higher than the
real needs; for example, 1t appears that an intake of fat of 5-10
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clinicians would now accept the view that there is a gap—
often & wide gap—between the amount of a nutrient which will
Just prevent signs of obvious deficiency and the amount which
will produce optimal nutrition. The amount of vitamin C which
will just prevent scurvy is small; we might call this the minimal
requirement. The larger amount required to give optimal
nutrition, so that a further increase would produce no further
improvement, would then be called the optimal requirement.
An intake between the minimal and the optimal would lead to
a state of sub-optimal nutritton. In practice, it is found that,
whereas it is fairly easy 1o determine the minimal requirement,
it is uswally far more dyfficult to determine the optimal require-
ment,

This difficulty is due to a combination of two factors—the
difficulty of assessing sub-optimal nutrition and the decreasing
effect of increasing intakes. The difficulty of assessing sub-
aptimal nutation derives from the fact that this state may show
itself only in slightly impaired growth in children, or a decrease
in subjective well-being, or a decreased resistance to infection,
all of which may be difficult or impossible to detect int an
individual. The second difficulty in detecting optimal nutrition
is that illustrated m Fig. 1. When the intake of a nutrient is low

below the mi 1 requi progressrve small incre~
ments produce relatively great and easily detectable improve-
ment. When the intake is higher, these small increments may
still be producing an improvement but only at a continuously
reducing rate. In the example given m Fig, 1 three units of the
nutrient prevent obvicus deficiency discase this is then the
minral requirement. But it 15 not so easy o see how many units
produce the maximal response. It might be that the maximal
response occurs with twelve units; it rught however be that a
further shght response occurs when the ntake 1 increased to
cighteen units, If so, this 1s a very large difference in intake pro-
ducing only a very small difference in response. Mareover, not
only is the difference small but, as we have seen, 1t may be 1
some quality which atse)f 1s difficult or impossible to measure.

Another difficulty i the d of requir 1t 5s that
the methods are difficult and Iaborious, and that they do not
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700 mg If our subject is consuming more than this, he is cer-
tainly getting enough. But if, as is more likely, he 13 consuming
somewhat less than 700 mg, we can obviously not conclude that
he is deficient in calcium. Even if he is consuming half of this
amount, that is 350 mg daily, we know from our results that he
may be one of that 20 per cent of the population for whom this
is an adequate intake. This last statement provides a clue to the
only legitimate way in which we can assess the adequacy of
intake compared to requirement. Provided we know the distri-
bution of the values for the requirement of a nutrient, we can
express the adequacy of intake as a probability. Thus, a person

whose d.llly intake of calclum is 450 mg has an even chance that
he is getting enough; one with an intake of 6oo mghasa gto 1

chance that he is getting enough, one with an intake of 350 mg
hasa 4 to 1 chance that he is not getting enough.

As has been said, the fact that these variations in require-
ments exist from person io person is only another example of the
biological variation which is known to exist between individuals
of a species. It is, however, possible to go a little further in ex-
plaining the variations in nutritional requirements. First, we are
bcgmnmg to realize that the requirements for some nutrients are

dent on the other comp of the diet. The dependence
of the calcium requirement on the content of dietary phytic
acid is well known, Again, the requirement of nicotinic acid is
higher when the diet contains maize, since this food appears to
contain an antivitamin which interferes with the utilization of
nicotinic acid. In addition, the amino-acid tryptophane can
replace nicotinic acid in the diet, so that the requirements of the
vitamin are lower when the diet contams more tryptophane As
a result of this knowledge, we can now say that the association
of pellagra with the consumption of maize diets may be ex-
plained by the low content of nicotinic acid, the low content of
tryptophane and the presence of an antivitamin  As another
example of the dependence of requirements upon other dietary
constituents, we may cite the increased requirement of some
vitamins of the B group when the intake of others 1s increased,
and the decreased requirement of vitamin A when the mtake of
vitamin E is increased, There 15 also an alteration in require-

2B




368 JORN YUDKIN

grams daily is quite adequate, yet this would, in Western
dictaries, be something like one-tenth of the amounts normally
consumed and would in fact be guite incompatible with our
dietary habits.

Apart from the tedious nature of some of these methods, the
results given by one method are often very different from those
given by another method. With vitamin C, an intake of about
10 mg daily is enough to prevent scurvy, but something like
roo my daily are needed for saturation. Even if it is accepted
that the body requires more than just enough to prevent scurvy,
the gap between the two is so large that it is difficult to know
what figure really represents the needs of the body. This diffi-
culty has still niot been resolved, for British workers are inclined
o accept, for a normal man, a value of 20 or 30 mg, whilst
American workers aceept a value of 75 mg (B.MA., 1959;
N.R.C, 1948),

Nevertheless, let us for 2 moment assume, which is in fact far
from true, that it is possible to determine with some degree of
accuracy the requirements for each nutrient for a series of
individuals. We find at once, as indeed might have been ex-
pected from our general biclogical knowledge, that the require-
ments are not the same for each person If we measured, as an
index of calcium requirement, the minimal amount of caleium
that cach one of a series of 100 persons requires to produce a
balance between intake and output, we should probably find
that, on average, this is 450 mg a day. But of the 100 persous
studied, 20 might require less than 350 mg and 1o as e as
300 mg; similarly, 20 mght requure 550 mg, to more than
600 mg and anc or two as much as 700 mg

The tmplications of these variations between individuals are
important. We may, from a knowledge of the extent of the
variation, adopt either of two values for the reguirement of
calcium. We may adopt the value of 450 mg on the justifiable
grounds that it is the average. If we do this, however, we have
5o means of knowmg whether a partieular person consuming
just this amount belongs to that larpe v~ ' 3
whose Tequirements ora == © . »

Alternauvely, we ma ~ e tyuiroment of
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VARIATIONS IN INTAKE

It is clear then that it is not at all easy to establish exactly the
requirement of any one nutrient for any one person. Even if it
were possible, however, it would be necessary to establish fairly
accurately what the intake of the nutrients is in order to be able
to determine whether any one of these is inadequate, Investi-
gation has shown that it is in fact not at all easy to determine
dietary intake accurately. Apart from technical difficulties,
which are quite substantial, there appears to be considerable
variation in intake over a period of time, The fact that the intake
of food and hence of nutrients varies from day to day is well
known and not so important. It is, however, assumed that, at
least in civilized countries, the intake over a week is representa-
tive of the usual intake except perhaps for seasonal differences
1n the availability of some foods. In fact, it is found that a person
may consume quite different types and amounts of food from
week to week. The extent of the variation itself varies not only
from person to person but from nutrient to nutrient. Of s1x sub-
Jjects studied over four consecutive weeks mm arecent investigation,
the caloric intake of one was almost constant, whilst that of
another was nearly 70 per cent more in one week than in
another (Fig. 2). Ofiron, one subject consumed a daily average
of as little as 7 mg in one week and as much as 14 mg in
another week (Fig 3). Of vitamin C, another subject consumed
daily 45 mg 1n one week and 109 mg in another (Fig. 4). The
variation was greatest with vitamin A and vitamin D, with as
much as a fivefold and an eightfold difference between the
weeks of lowest and highest consumption (Fig. 5). The most
mmportant finding in this investigation was the fact that, both
with calories and with nearly every one of the nutrients studied,
at least one subject would be considered to have had a deficient
take in one week and an adequate intake in another week,
when compared with any of the commonly accepted standards of
requirements. A study based on one week’s intake, and still more
astudy based on a few days’ intake, is thus quite ikely to give an
erroneous assessment of the true mtake and more particularly an
erroneous assessment of the nutritional adequacy of the diet.
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ment of some of the vitamins in the B group with variation in the
intake of fat, carbohydrate and protein.

A second possible cause of variation in requirements between
individuals is related to fluctwations which may occur from time
to time in one individual. We know the causes of some of these
fluctuations; there is an increased need for some vitamins of the
B group with increased exercise, and of these and many other
nutrients in pregnancy and lactation, Increased metabolism in
hyperthyroidism or fever may also increase the need for some
ntrients. These factors and no doubt others that we do not yet
understand mean that, in a group of persons at any one time,
part of the differences in individual requirements is due to caffer-
ences in their physiological as well as in their pathological state.

Another possible cause of variation may lie in the fact that
some nutrients, particularly some of the vitamins of the B
group, can be synthesized by intestinal micro-organisms. The
dretary requivements for these nutrients, then, must be the differ-
ence between the actual needs by the tissues, and the amount
synthesized by microbsal action. Differences betiween personsin
the amounts synthesized, which would cause differences I
dictary requirements, might be due amongst other things 0
differences in the anatomical and physiological conditions in the
intestinal tract.

We need only consider one more possible cause of individual
vartations i requirements. This is the possibility that a person
may become adapted to a lugh or to 2 low miake of 2 nutrient.
There 15 some evidence that persons may require less than the
normal amounts of vitarmn B, er of calcium if they have sub-
sisted for a tume on a diet low m ether of theve substances. As &
carollary, it wounld follow that, on a diet very restricted in vita-
mun B, a person who had been 2ccustomed to a refatively low
intake might develop beri-beri less easily than one who has been
accustomed to 2 higher mntake. We know as yet little about this
phenamenon, but it might well provide one explanation for
differences tn requirements between individuals,
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VARIATIONS IN INTAKE

It is clear then that it is not at all easy to establish exactly the
requirement of any one nutrient for any one person. Even if it
were possible, however, it would be necessary to establish fairly
accurately what the intake of the nutrients is in order to be able
to determine whether any one of these is inadequate, Investi-
gation has shown that it is in fact not at all easy to determine
dietary intake accurately. Apart from techmical difficulties,
which are quite substantial, there appears to be considerable
variation in intake over a period of time. The fact that the intake
of food and hence of nutrients varies from day to day is well
known and not so important, It is, however, assumed that, at
least 1 civilized countries, the intake over a week is representa-
tive of the usual intake except perhaps for seasonal differences
in the availability of some foods. In fact, it is found that a person
may consume quite different types and amounts of food from
week to week The extent of the variation itself varies not only
from person to person but from nutrient to nutrient. Of six sub-
jects studied over four consecutive weeks in arecent investigation,
the caloric mtake of one was almost constant, whilst that of
another was nearly 70 per cent more in one week than in
another (Fig. 2) Ofiron, one subject consumed a daily average
of as little as 7 mg m one week and as much as 14 mg m
another week (Fig 3). Of vitamin C, another subject consumed
daily 45 mg 1n one week and 10g mg in another (Fig. 4). The
variation was greatest with vitamm A and vitamin D, with as
much as a fivefold and an eightfold difference between the
weeks of lowest and highest consumption (Fig. 5). The most
important finding 1n this investigation was the fact that, both
with calories and with nearly every one of the nutrients studied,
at least one subject would be considered to have had a deficient
intake in one week and an adequate intake m another week,
when compared with any of the commonly accepted standards of
requirements. A study based on one week's intake, and still more
astudy based on a few days’ intake, 1s thus quute ikely to give an
erroneous assessment of the true mtake and more particularly an
erroncous assessment of the nutritional adequacy of the diet.
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From the discussion so far, it is evident that it is not possible
to determine for one person exactly how much of each nutrient
he requires, nor to determine exactly how much of each nutrient
henormally consumes. In spite of this, in many instances even a
rough assessment of intake will show that the individual is
taking quite enough or alternatively quite insufficicnt of one or
mare nutrients. A person who eats meat twice a day, and whose
diet in addition contains reasonable quantities of eggs, milk and
cheese, is most likely to be taking enough protein, whatever we
aceept as the protein requirement. Conversely, the dict con~
sumed by an Indian peasant, as revealed by a dietary history
and 2 most superficial measurement of the foods consumed, will
readily reveal deficiencies, even if we accept quite low standards
of requirements. Nevertheless, the dicts of many persons will be
within the range m which the uncertainties in determining
intake and requirement make it impossible to decide whether or
not there exists sume degree of deficiency.

VARIATIONS IN BODILY FUNCTION AND
COMPOSITION

As another cxample of the effect of vanabulity on the diagnosis
of nutritional deficiency, we may consider the use of the signs
reveated by chinical and laboratory examination. It is generally
accepled that chmcal signs, in any disease, may duffer greatly
from person to person But this tends to be forgotten with the
more specialized tests used for the diagnosis of nutritional
deficiency and particularly with Iaboratory tests which involve,
for example, estimation of nutrients m body fluids. As a result,
a great deal of unwarranted conclusions have been published
regardmg the mcidence of deficicncy. Que example is the
alfeged deficiency of riboflavin It will be recalled that one of the
signs of this condition 15 am increased vasculanty of the limbat
region of the cornea. From the results of an estimation based
entirely on thus sign, it was suggested that deficiency of ribo-
favin occurred s a large proportion of apparently normal

cople—for example, in over 75 per cent of New York school
children (Wichl and Kruse, 1941} Apart from the fact that an
increase in corneal vasculanty can be caused by other factors
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than deficiency of riboflavin, it is now evident that studies such
as these ignored entirely the normal range of variation in the
number and complexity of the vessels found in this region of the
eye. Sumilar errors were made in the interpretation of measure-
ments of dark adaptation, where a standard of normality was set
up by many workers and performance below this standard was
taken as indicative of deficiency of vitamin A (for example,
Jeans and Zentmire, 1936; Maitra and Harris, 1937). Apart
from the fact that there are other causes of impaired dark
adaptation than deficiency of vitamin A, there is a deterioration
of dark adaptation with age (Robertson and Yudkin, 1944).
Moreover, it is now quite clear that, at any one age, there is not
one normal value but a range of normal values

If it is accepted that there is a normal range rather than a
normal value 1 these and similar instances, we are led to the
same sort of conclusions as we derived in considering dietary
requirements. It is possible, that is, only to assess the probability
of normality from the results of examinations. Thus, a person
whose dark adaptation is within the range of normal may in fact
be normal, or may on the other hand have some mild patho-
logical condition, for example deficiency of vitamin A, which
has brought the value down from a somewhat better standard.
The nearer the valut is to the best in the range, the higher the
chances that no pathological state exists; the nearer 1t 15 to the
worst in the range, the lower the chance that no pathological
state exists. Only if the value is equal to the best in the range, or
inferior to the worst, can a definite conclusion as to normalty or
abnormality be reached,

It might perhaps be worth while to point out that whlst these
considerations apply to the nutritional assessment m an indi-
vidual, hat different iderations apply when groups of
subjects are to be compared. With groups 1t 1s possible to com-
pare relative nutritional status by comparing the mean values,
or the distnbution of values (Fig 6) Ifit can be taken that two
groups are similar except as regards their diet, for example that
they are of similar age and sex, then an inferior dark adaptation
in one group is likely to be due to a lower intake of vitamin A, or
a lower level of haemoglobin to a deficiency of iron, or a lower
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height and weight of children to a general nutritional deficiency
{Yudkin, 1944b, 1945). But it is still impossible to say from these
results which individuals in the groups are deficient.

The importance of realizing the existence of a range—even a
fairly wide range—of normal values in the body constituents is
confirmed by some recent work on pallor and haemoglobin

§ ol JUNIOR SCHOOL
A
H

Fic 6 Haemoglobin levels in school children, Children from School A
were of lower economic status than those from School B.

levels in children. Many clinicians are aware that pallor is not
necessarily a sign of anaermia. Yet many are still inclined to treat
a patient for anaemia, by administration of iron cither alone or
in come complex mixture with other minerals, or even by
parenteral admmistration of liver, solely on the finding that the
patient looks pale. An analysis of a comprehensive survey of
about 1,200 school children has shown quite definitely that there
is no association whatever between pallor and haemoglobin
values (Yudkin, 1952). The children had a range of haemo-
globin from about 75 per cent Haldane to over 100 per cent
Haldane. They were apparently healthy so that these results do
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not mean that real anaemia, with haemoglobin levels of say
50 per cent, is not associated with pallor.

Further analysis of the observations in the survey showed that
the level of haemoglobin was not correlated with any of the
numerous indices which are usually used as criteria of nutri-
tional status in children. Thus, there was no correlation with
height or weight or with the Tuxford index, nor with climeal
assessment of nutrition. A careful consideration of all the find-
ings makes it difficult to resist the conclusion that haemoglobin
levels appreciably below the accepted minimal values are com-
patible with normal physiological function and thatin fact there
is a fairly wide normal range of haemoglobin, rather than a
single normal value, Whilst it may be surprising at first to be
asked to agree that a haemoglobin level some 75 per cent of the
usually accepted standard may still be a normal value, it is in
fact only another example of variability in bodily constitution.

CORRECTION OF THE DEFICIENCY

There is one important method by which it is possible in the
diagnosis of nutritional deficiency to overcome the difficulty
created by the wide range of normal variations This 1s to apply
t}:c therapeutic test, the third of the diagnostic criteria men-
tioned at the beginning of this paper. By means of this test, it1s
nﬁc.n possible to detect whether a person is deficient or whether
he is within the lower part of the range of normal. This is the
basis, for example, of the use of the so-called ‘vitamin A labile
threshold’ in detecting deficiency of this vitamin. The principle
1s to measure dark adaptation both before and after admumistra-
tion of vitamin A (Yudkin, Robertson and Yudkin, 1943)- Asig-
nificant improvement in dark adaptation following the admunis-
trationis r ble evid that deficiency has existed.

Two points must, however, be borne 1n mind. First, even
though a sign may be due to a specific nutritional deficiency, it
may have become irreversible so that correction of the deficiency
may not effect a cure, This is true of some of the neurological
changes found in beri-beri, Second, administration of 2 nutrient
may produce improvement in a clinical condition which was
not, however, caused by nutritional deficiency. An example 15
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the effect of vitamin D in lupus vulgaris, a condition which is
certainly not due to avitaminosis D. Here and in other instances,
the nutrient is presumably acting as a pharmacological agent
rather than in the way of making good a deficiency.

CONCLUSION

It may be concluded that diagnosis of nutritional deficiency in
the individual must take into account the wide variation from
time to time in what we might call the external environment,
that is in the dietary intake, and in the wide variation from
person to person in the internal environment, that is in their
requirements and in the composition and the functioning of
their bodily tissues. Nevertheless, if care is taken to adduce
evidence from as many directions as possible, and use is made of
all three diagnostic criteria, it is often possible to achieve a satis-
factory nutritional assessment of the individual.
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XVIII

Biological Action of Radiation

J. F. LOUTIT

radiations that fogged photographic plates. This was the

first demonstration of natural radiwactivity. After the
Curies had isolated radium from pitchblende, Becquerel carried
for demonstration purposes a tube of radium in his waistcoat
pocket. It is reported that, while it did not burn a hole in his
pocket, it produced a burn in his underlying skin. This is not the
carliest incident of the biological effect of jonizing radiation but
it is a hustoric one. The discovery of X-rays by Rontgen (18g95)
and their biological effects was made about the same time. As
X-ray tubes i those early days emitted radiations of compara-
tively low penetrative power and as radioactive sources were
small in activity, the accidental destructive lesions resulting
from handling them at first tended to be local, It was clear that
attempts would be made to use this biological effect in a con-
trolled fashion mn medical therapy for unwanted tumours and
the like. In later years when radiologists and radi i
began to die from systermic diseases it was realized that exposure
of the whole body to radiation or ingestion of radioactive sub-
stances produced a generalized deleterious effect, either as a
refractory anaemia or through the induction of malignancies.
However these mncidents were sporadic and though they created
an occupational hazard, which was gradually overcome by
increasing awareness of the need for personal protection, most of
the in: tions 1nto the biological action of radiations were
made. on local tissues, isolated tissue cultures or on suspensions
of flular organi These fund | studies have been

BECQUEREL (1896) discovered that pitchblende emitted
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admirably reviewed by Lea {1946), Spear (1g46), Duggar
{1936}, etc.

With the use of the atomic bomb the problem of the clinical
effects of energetic radiation delivered to the whole body has
been onte again pushed to the fore. 1 have chosen this subject to
discuss today. In the time available it is possible to discuss only
ane facet of the biological effects of radiation and I do not mean
to imply that research is complete as regards the fundamentals
or that applied research is not being pursued as actively as
hitherto in the treatment of cancer and similar diseases, On the
contrary with such rapid progress in atomic physics the possi-
bilities are brighter and the scope greater than ever before.
Moreover, while the effects of irradiation with p-rays and
neutrons may be relevant, I will confine discussion today to the
effects of y-rays or X-rays within the decp-therapy range of
200 kV upwards.

As with any damaging agent the effects of penetrating X- ot
y-rays can be lethal if the dose applied to the whole body of an
animal is sufficiently large. Therefore the standard pharmaco-
logical practice of determining dose-cffect curves and dose-time
of effect curves is apphcable. Within the mammahan order,
there is remarkably little variation between the genera. Doses of
X« and y-radration are measured in units of rontgens.? The dog
would seem to be about the most radiosensitive mammal witha
mup of carca 300-350r (Field and Rekers, 1949; Boche and
Bishop, 1946) and the rabbit the most radioresistant at dircs
Boor, with the mouse, monkey, rat and hamster intermediate
{Boche and Bishop). These American anthors quote the guinea-
pig as bewg even more sensitive than the dog with a b of
200r: w my laboratory, however, the figure is nearer goor for
hybrid animals and at the National Cancer Institute, Bethesda,
4o0r for inbred strains (Lorenz e al., 1951} A vanation between
laboratories with different methads of wradiation, different
methods of measurenent and different stocks is not surprising.
The mup for man has been assessed from the Japanese atomic

1 One rontgen 1 that guannty of X- or y-radianon the asocated corpuscular
cenutsion of which 1 0 001293 g of aur gries ope electrostatic umt of electeicity of

ewher ngn
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bomb incidents as around 4o0r (U.S. Atomic Energy Commis-
sion and Department of Defense, 1950). In the experimental
animals the deaths from the acute effects of radiation occur
within three wecks: in man within about six weeks.

THE MEDIAN LETHAL DOSE OF RADIATION
The ‘radiation syndrome’ which results in man from a dose of
radiation in the region of the median lethal is divisible into three
stages*

(1} An initial phase of ‘radiation sickness’. The term ‘radiation
sickness’ has long been in use for that clmical upset which
follows extensive deep radiotherapy especially of the abd
and some say the neck. Within a few hours of the irradiation
nausea, vomiting and loss of appetite ensue. Associated with this
there is frequently a state of ‘shock’. Good descriptions of this
state have not appeared in the recent literature. There is cer-
tamly a profound physical lassitude or prostration with some
dizziness and mental irntability. Cardiovascular signs with fall
in blood pressure have been reported but are certainly far from
constant. The clinical ‘shock-like’ state is not reminiscent of
oligaemic ‘shock’ from haemorrhage.

Most experimental animals when given lethal doses do not
exhibit this immediate effect to the same degree. The dog, 1t is
true, may vomit and show some effect. Rabbits occasionally die
suddenly and unexpectedly, possibly from cerebral anoxia;
Prosser (1947) reports a profound fall in blood pressure after
lethal doses of radiation. Most animals seem to be less active and
to take less food than usual for a day or two. But when seeking
evidence for oligaerma by determinations of the plasma volume
of rabbits with Evans blue, Painter ¢f al. (1946) reported normal
o . Tt e Deeml a3l L g s

It is known from hustological evidence (Bloom, 1948, and earlier
authors) that within a matter of hours of such a large dose of
radiation there is in the normal experimental animal a wide-
spread destruction of the small and medum lymphocytes and
the begnnings of an almost complete loss of the red bone
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marrow. Estimates of the mass of the red marrow and fymphatic
tissue suggest that in man this may amount to 2 kg or more
{International Prot. Com. (guoting Lisco), 1951}, This rapd
dissolution of tissue could easily be a source of toxic products of
protein or H-substances (Barnes and Furth, 1943; Caspari,
1928; Beclere, 1918).

Certainly in the rabbit Painter et al. {1946} found that cross-
transf of the shocked irradiated hypotensive rabbit witha
normal rabbit caused a fall in blood presswre in the latter
animal. They also claimed to find an Increased contentof plasma
histamine in the carly post-irradiation period and so did Segal
{(1939) in human patients after clinical radiotherapy. Ellinger
{1945, 1946), another protagonist of this hypothesis involving
histamine, hnks it with stress and the adaptation syndrome of
Selye. He quotes Leblond and Segal (1942) that the fatty infil-
tration of the liver seen both after histamine injections and after
irradiation is not seen in irradiated adrenalectomized animals.

Although the plasma volume appears to be unchanged, the
water balance of the body is disturbed and permeability qf
membranes is upset. After local irradiation of the skin of experi
mental anwmals, the irradiated areas become dyed when intra-
venous injections are made of pyrrot blue (Mottram, 1933) and
trypan blue (Rigdon and Curl, 1943). It is further claimed that
tagged protein atoms leave the circulation more rapidly than
normal (Storey ef al , 1952). Experimental animals at this stage
lose weight rapidly, Much of this is due 1o failure to eat and
drink, but there 15 also an increased output of urme, certainly in
the rabbit (Prosser ¢f al., 1947) and in the rat, which has been
attributed to dumnution m output of antdmretic hormone
{Edelmann and Eversole, 19517,

Because ‘radiatton sickness’ has been an undesirable cornpli-
cation of radiotherapy numerous attempts have been made to
combat 1t or prevent 1 The method of approach has usually
been the therapeutic trial to test a particular hypothess. In the
published reports the trial has almost mmvanably been successful.
When such diverse substances as an antulustamme {Lofstrom
and Nurnberger, 1946) and histanunase (Elfis, 1942); pressor
agents {Jenkinson and Brown, 1944); desoxycorticosterone ace-
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tate (Ellinger ¢t al., 1949); thiamine and nicotinic acid (Bean
et al., 1944; Imler and Wammock, 1940} and pyridoxine
(Shorvon, 1g94g) are all highly recommended it suggests that
none is specific and that each may be in its way countering some
partofa widespread disturbance.

(2) 4 latent interval. Following the initial stage with 1ts multiple
subjective symptoms lasting up to scveral days, comes a stage of
comparative subjective well-being. In man this may last several
weeks but in the experimental animal is rarely longer than
1}-2 weeks. According to dose-time studies the pertod is shorter
the greater the dose received.

Objectively the most noticeable sign is the leucopenia of the
peripheral blood. From the time of the irradiation, changes in
the leucocyte count are noted. Reliable data do not exist for
man In the Hiroshima and Nagasaki incidents there was too
great a chaos for such data to be collected in the first few days.
It was not till the arrival of the U.S. forces at the third week that
haematological investigations were made on a large scale. These
have been reported by Le Roy (1950) From the earliest days of
radwactivity investigations have been made with experimentzl
animals. Probably the most extensive is that on rabbits by
Jacobson et al. (1947). The studtes confirmed the rapid and
almost complete loss of arculating lymphocytes. Within a
matter of a few howrs following a mid-lethal dose these cells are
reduced to about 10 per cent of the normal figure and remain at
or around this level for many days. The granular leucocytes
(heterophils) within the first day or so were increased 1 num-
ber. In Jacobson’s ammals given high doses, two maxima were
observed at 8 and 24 hours. In my own laboratory when counts
were made at more frequent intervals in the early hours after
irradiation, but not overnight, an additional maximum was
found at 1} hours (Fig. 1) {Barnes, 1952}, Obviously the mature
granulocytes and band cells in the bone marrow are not com-
pletely destroyed like their precursors and can be deltvered to
the circulation in response to the stress of the irradiation and its
sequelae. The shape of the curve of the heterophil count in
Fig. 1 might suggest that there were successive waves of delivery
from the marrow to the peripheral blood corresponding to the
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marrow. Estimates of the mass of the red marrow and Iymphatic
tissue suggest that in man this may amount to 2 kg or more
(International Prot. Com. (quoting Lisco), 1951). This rapid
dissolution of tissue could easily be a source of toxic products of
protein or H-substances (Barnes and Furth, 1943; Caspari,
1928; Beclere, 1918).

Certainly in the rabbit Painter et al. (1946) found that cross-
transfusion of the shocked irradiated hypotensive rabbit with a
normal rabbit caused a fall in blood pressure in the latter
animal. They also claimed to find an increased content of plasma
histamine in the early post-irradiation period and so did Segal
(1939) in human patients after clinical radiotherapy. Ellinger
(1945, 1946), another protagonist of this hypothesis involving
histamine, links it with stress and the adaptation syndrome of
Selye. He quates Leblond and Segal (1942) that the fatty infil-
tration of the liver seen both after histamine injections and after
irradiation is not seen in irradiated adrenalectomized animals.

Although the plasma volume appears to be unchanged, the
water balance of the body is disturbed and permeability of
membranes is upset. After local irradiation of the skin of experi-
mental animals, the irradiated areas become dyed when imrar;
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not;:nal (Storey et al., 1952). Experimental animals at this stage
lose weight rapidly. Much of this 15 due to failure to cat and
drink, but there is also an increased output of urine, certainly in
the rabbit (Prosser ¢t al., 1947) and in the rat, which has been
attributed to diminution in output of antidiuretic hormone
(Ede!mann and Eversole, 1951). .
Because ‘radiation sickness” has been an undesirable compli-
cation of radiotherapy numerous attempts have been made to
combat it or prevent it. The method of approach has usually
been the thesapeutic trial to test a particular hypothesis In the
published reports the trial has almost invariably been successful.
When such diverse sub es as an antihi ine {Lofstrom
and Nurnberger, 1946) and histaminase (Ellis, .19;2), pressor
agents (Jenkmnson and Brown, 1944); desoxycorticosterone ace




BIOLOGICAL ACTION OF RADIATION 385

after irradiation a significant percentage of circulating lympho-
cytes show cytological signs of degeneration, These degenerating
cells may have come, however, from the lymph depéts.

The heterophil leucocytes of the rabbit disappear rapidly
from the circulating blood after the first day. By the fourth to
sixth day both heterophils and lymphocytes are at a mini
of about 10 per cent or less of the normal count. The heterophils
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. begin to increase again towards the end of the latent period, but
the recovery of the lymphocytes 1s much slower. The pattern of
loss and recovery of the different categories of circulating leuco-
cytes almost certanly differs from one species of ammal to
another Preliminary studies (Hunter, 1952) m our laboratory
with monkeys (Macacus rhesus) confirm this. The pattern of
recovery at least 1n the experimental rabbit 15 quite similar to
that of the Japanese human as reported by Le Roy (1950)

The circulating elements other than the leucocytes are also
affected by the wradiation After the leucocytes the platelets are
the next to be grossly depleted. In Le Roy’s cases the low levels
persisted for many weeks and, following radiotherapy, Court-

2c



384 J. ForouTIT

peaks, or that there were successive waves of elimination of the
circulating cells corresponding to the troughs: it counld also be
that circulating cells were periodically sequestesed, as in Jung
(cf. Weisberger of o, 1950), and released again. Ameth counts
performed on a number of these animals showed a progressive
fall in the average number of lobes per cell from time zero to
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4 hours and then a progresswve rise (Fig. 2) This finding does
not favour either the hypothesis of pertodic release fron: the
marrow or sequestration and release. The combined data of
Figs. 1 and 2 show thata considerable proportion of the circu-
Iating heterophils are removed from the circulation in the first
two honrs. 1t has been generally supposed that the circulating
leucocytes are not affected by doses of sadiation of this order,
since m blood irradiated m eire the Jeucacytes are apparently
unaffected. Trowell (1952) has shown that in the rat a few hours
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() Sepsis and septicaemaa. Blood cultures on dogs (Bennett
¢etal, 1951) irradiated at the midlethal level showed that bac-
teriacmia occurred with moderate frequency, and in animals
dying late in first few post-irradiation weeks a positive blood
culture was the rule. The gram-negative organisms, the normal
inhabitants of the intestinal tract, seemed to be the most signi-
ficant. Similarly Miller ef al. (1g50a) found a high rate of posi-
tive blood and spleen cultures in irradiated mice and attributed
their bacterizemia to invasion from an intestinal reservoir. It
was logical therefore to investigate the possible prophylactic
effects of the new chemotherapeutic drugs and antibiotics.
Cronlbite (1949) reported, however, failure to influence the
death rate in mice by producing intestinal bacteriostasis with
sulphonamides. Howland et al. (1949) using rats were able to
prevent the terminal diarrhoea following a LDy, of X-rays, and
to prolong life by a few days with aureomycin. The same team
(Furth et al., 1952) made similar findings in dogs. In both species
of animal although the intestinal condition seemed to be par-
tially controlled the animals died apparently from the haemorr-
hagic diathesis. Other antibiotics have also been tried in the
same laboratory with similar or inferior results. On the other
hand Miller et al. {1950b) found that streptomycin increased the
survival of irradiated Swiss mice.

(b) Haemorrhage. The haemorrhagic diathesis has long been
attnbuted to the thrombopenic element in the general picture of
aplastic anaemia In 1948 the radiobiological field was shaken
when Allen and his co-workers announced that the thrombo-
penia was relatively unimportant and that in the experimental
dog the presence of a circulating anticoagulant was the major
factor precipitating the haemorrhage They claimed that the
effects of this factor, which resembled heparin, could be con-
trolled by the antthepanns, protamme and toluidine blue.
Animals so treated were not saved from death, but did survive
longer and did not die from haemorrhage. About the same
time another school produced ewvidence that the haemorrhage
was attributable mainly to widespread vascular damage that
could be prevented up to a point by premedication with
ﬂavonc—*glucosxdes, e.g. rutin (Griffith, 1947; Field and Rekers,

2¢
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Brown (1948) believes the effect on the platelet count to be a
more reliable indicator of over-dosage than that on the leuco-
cytes. In the experimental animal (rat) Lawrence ¢f al. (1948} in
a review showed a maximum depression between 100 and 500
hours after the irradiation and a longer lasting depletion of
megakaryocytes from the marrow.

The red cells, presumably because of their much longer
natural mean life in the circulation, are diminished much more
slowly. In man, where the mean life is 120 days or so, a decline
in the red cell count of less than 1 per cent per day would be
expected if crythropoiesis were completely suppressed. However
an hacmolytic as well as an aplastic factor has been cited
(Schwartz et al., 1947) and in the rabbit at least there is an
appreciable drop in the total red cell volume as measured with
32P and a concomitant fall in plasma volume for 10 days after
which the plasma volume recovers while the red cell volume
continues to dechne (Storey et al., 1950). Thus red cell counts
and haemoglobin values give a rather distorted picture.

(3) Delayed phenomena. Because of the leucopenia one would
conclude that the irradiated subject was highly susceptible to
bacterial infection and this appears to be the case. Agranulo-
cytic angina, ulcerative conditions of the stomach and intestine,
necrotizing pneumonia and indolent skin ulcers were major
manifestations in the Japanese cases {Licbow et al., 1949). The
histopathology of the lesions as described by these authors was
notable for the mntense invasion of the tissues by bacteria and
almost complete lack of the usual tissue response of inflamma-
tion. Thus necrosis was the predominant feature.

Similarly because of the thrombopema one would expect
haemorrhagic lesions and these also occurred. The hacmorrhages
were distributed at random—as m purpura of the skin or urinary
tract—or associated with the necrotic lesions. These haemorr-
hagesledtoan exacerbation of the anaemua. Itisdoubtfulifdeath
of such cases can be attributed to anaemia tself and anoxia, but
the shock from haemorrhage i a debihitated subject or the toxae-
mia from bacterial infection or both could possibly account for it.
A considerable amount of work on experimental amimals has been
conducted recently in the Umted States to test these hypotheses.
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could be due to an alteration in permeability of membranes in
general or to a failure of the hormonal regulatory mechanisms.
Bowers and Scott (1g51) report preliminary experiments show-
ing that in rats the radi itive tissues lose potassium and that
there is an overall potasstum loss from the body: the movements
of water and sodium were more difficult to interpret though
sodium was on the whole strongly retained. Such phenomena
do not necessarily indicate a direct effect on the ‘sodium-pump’.
On the other hand radiation is certainly a form of stress and
effects from the adrenals arc readily demonstrable. The adrenal-
cctomized mouse is more sensitive to radiation than the normal
{Cronkite and Chapman, 1950) and shielding of the adrenals
with lead diminishes sensitivity (Edel 1951) Pretreatment
P - VA

cholesterol content of the adrenal followed by a considerable
rise in both cholesterol and weight (Patt et al., 1947). Dctalled
balances on the adrenal d or h oph d ani-
mal do not seem to have been performed, but would certamly
be in order.

Whereas these essays into balances and into the effects of the
various hormones have not been exclusively performed on the
animal given supralethal doses, the supralethal dose has been
used widely for exploring the effects of potentially protective
agents or measures.

Pmt::lw: ch:mzml agenis. A large number of such agents are

DR SRR S

shifts the LDy, of mice by about 10 per cent. Symilar or rather
greater effects have been obtained with cystemne but not cystine

priophenone ‘(Stm:er and (foon, 1950); s;ailx‘;xx‘nitrite (Cofc :I
al., 1950); sodium cyanide, sodium azide and malonitrile (Bacq



388 1. P, LouTIT

1949). This protective effect could not be elicited in mice by
Cronkite et al. (1948). Cronkite and his collaborators {Penick
et al., 1951; Cronkite ¢f al., 1952) have recently been accumula-
ting evidence in favour of the original hypothesis that the clat-
ting defect and haemotrhagic tendency are due largely to the
thrombopenia and can be corrected by transfusions of platelets.

In spite of these advances in the two fields there remains the
strong suspicion that in addition to these factors there is a fur-
ther biochemical lesion which is still unctucidated. Until it is, it
is doubtful if appreciable progress will be made in the preven-
tion or correction of this state which is undoubtedly strongly
catabolic. Pyrexia or hyperpyrexia and a markedly negative
nitrogen balance (Prosser, 1947) are indicative of this, 1t is
probably the predominant factor when supralethal doses of
radiation are considered.

SUPRALETHAL DOSE OF RADIATION

The dose mortality yelationships with most mammals not
strongly inbred are usually such that the lethal range extends
over several hundreds of rontgens. Even with some inbred
strains this is alto scen, so that with a MLb of joor the LD, may
be 8oor. The supralethal range LDys and upwards is regarded
by many as a more useful one to investigate than the median.
In the previous section it was noted that the survival time of the
irradiated animal is inversely proportional to the dose received.
After a supralethal dose therefore the experimental animal will
succumb within a few days to 3 week, without signs of haemorr-
hage or overwhelming mnfection. Ttis true there is still the grossly
leucopenic blood picture, but by itself this can scarcely be a
%iller and biochemical causes must be invoked.

The rat given 1,000r if irradiated with 240 KV X-rays from
the dorsal aspect will dic in about a week with signs of early
haemorrhage: if irradiated from the ventral aspect it will die in
a few days apparently from fulminating diarrhoea and dehydra-
tion. This can be abviated up to a point by treating the animals
with subcutaneous saline (Mole, personal communication).
This suggests that a major disturbance of the salt and water
balances is a potent lethal factor at this time. The disturbance
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red cells faster after irradiation than controls, and Cronkite
el al. (1950} report that previous small ‘conditioning’ doses of
X-rays protect mice against a later large dose.

The most notable effects are claimed by Jacobson ef al. (1949
and 1951) from shielding with lead the exteriorized spleen of
irradiated mice. The LD;, is raised from 550r to 1,100r. Even
more impressive is the report that 50 per cent of irradiated mice
can be induced to survive 1,025r if, after the irradiation_ four
spleens from infant mice are inserted into the peritoneal cavity.
These authors favour a hypothesis that the shielded spleen or
the implanted spleens hiberate a hormone which hastens regen-
eration of the haemopoietic tissues rather than a seeding or
colonization of cells from these unirradiated tissues The most
potent factor in support of this is the demonstration by Lorenz
et al. (1952) that the intravenous injection to mice of bone
marrow not only from mice but from gumea-pigs exerts a pro-
tective effect. It is dafficult to see how heterospecific cells could
act as a seeding material: they could be a source of hormone.
Experiments at Harwell (Barnes, 1952) support the contention
of Jacobson et al. (1951) that implanted mouse spleens exert a
measure of protection to mice but so far all heterospecific
tissues—guinea-pig or rabbit spleens—have given negative
results. Until a cell-free extract has been shown to be effective
one would regard the present position as equivocal.

Other procedures which are potentially effective as therapy
rather than prophylaxis concern blood transfusion Allen ef al,
{1951) regard the transfusion of whole blood as the most effec-
tive agent for the correction of the anaemea and as a source of
utilizable protein, With transfusion and aureomycin they ob-
tained a survival of two out of eleven dogs given supralethal
doses. Transfusion of fresh whole blood (and possibly other
factors) by means of parabiosis had been shown some years ago
{Barnes and Furth, 1943) to be protective and lately it has been
shown that parabiosss after irradiation 15 up to a pomt curative
(Brecher and Cronkate, 1951). Early exchange transfusion has
also been reported as effective (Salisbury et al , 1951).
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and Hervé, 1951), methylamine (Hervé, 1951) and f-mercap-
toethylamine (Bacq efal., 1951).

The protective procedures may in some cases be duc to the
induction of a state of anoxaemia—a low oxygen tension is
known to be protective to rats and mice (Shack and Mac-
Duffie, 1949; Dowdy et al., 1950) and to plant material (Mot
tram, 1935; Crabtree and Cramer, 1933). Para-aminoproprio-
phenone induces a methaemoglobinaemia which must lead to
under-oxygenation of the tissues. Sodium nitrite may act in a
similar way or through acceleration of the decomposition of a
catalase—H,0, complex (Chance and Herbert, 1950). Ethanol
is a similar accelerator. Sodium cyanide and azide are reducing
substances but in the concentrations Bacq was able to usc they
could not be effective in this way; he suggests that they act
through temporary reversible inhibition of certain enzymes. The
thiols might act as competitors for oxidizing radicles with the
sulph-hydryl enzymes and thus protect them from oxidizing
effects of radiation but there is little in the way of objective
proof of this. The amines are also protectors of certain enzymes
against the effects of the mustard derivatives. Logically one
would expect therefore that protection of the integrity of the
enzyme systems was the clue to protection of the living animal.
However, few enzymes arc demonstrably inhibited in vivo after
doses of radiation of this magnitude Fifty per cent reduction in
the pseudo-cholinesterase of the gut has been recorded (Bum
et al, 1952); inhibition can be shown to occur n zuro (Dale,
1947; Barronetal , 1949).

By the use of the most effective of these agents (8-mercap-
tocthylamune) a 95 per cent or more mortality in control mice
can be converted to one of less than 10 per cent

Protective brological procedures. In addition to the significant
protection induced by anoxaemia or by shielding of the adrenals
already mentioned, a number of other prophylactic procedures
have been found to be effective.

Treadwell ¢f al. (1945) showed that Swiss mice given large
doses of oestradiol benzoate about ten days before wrradiation
were less sensitive. Jacobson ¢f al. (1948) showed that rabbits
with bone marrow made artifically hyperplastic regenerated
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(1) a stage of sickness and shock, possibly due to the circula-
tion of intracellular products of disintegrating cells;

(1i) a Jatent interval with signs in the peripheral blood of
aplasia of the haemopoietic tissues; and

(iii) a final stage where sepsis and bacteriaemia on the one
hand and haemorrhage on the other appear superficially to be
the immediate cause of death: there are probably, however,
more subtle biochemical disturbances which are of greater
significance.

In the animal given lethal and supralethal doses, attempts
have been made to investigate these more obscure factors.
Water and electrolyte balances, the pituitary-adrenal mechan-
ism under this form of stress, and the efficacy of methods of pro-
tection by chemical and physiological means are some of the
lines which have been extensively studied. With really over-
whelming doses of radiation the exposed animal dies with signs
of hyperkalaemia.
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THE OVERWHELMING DOSE OF RADIATION
“This range of dosage has received very little attention in physio-
logical investigation, Henshaw (1944) exposed mice to an X-ray
beam until death occurred within an hour or so after doses of
radiation of the order of 30,000r,

A similar type of experiment has been carried out at Harwell

using a large source of radiocobalt (Lundic and Barnes, unpub-
lished}. Rabbits were exposed and received approximately
15,000r/hour. Most of the rabbits succumbed within 1} to 3
hours. After about one hour, the rabbits showed incoordinate
movements and later apparently convulsions. Blood taken
immediately post-mortem showed profound leucopenia and
more significantly very high values for serum potassium.
Guinea-pigs showed a similar clinical course and when taken
out of the beam pre-mortem a state reminiscent of decercbrate
rigidity. They lay on their sides and exhibited extension of the
hind limbs. The histological findings were not greatly rewarding
and again a biochemical lesion seemed the most likely cause of
death. The experiments were not continued as the source was
only available for a short while.

In continuing the investigation of the hyperkalaemia Mac-
kenzie (unpublished observations) showed that rats irradiated
with X-rays at about 1,250r/min began to develop significant
increases in serum-potassium after 40,000r and similar increases
m the red cell sodium. The animals died with electrocardio-
graphic changes compatible with potassium intoxication after
80,000 to 100,000r.

SUMMARY
In the past X- and y-radiations have been widely used for local
destruction of unwanted tissue such as new growths,

Today with increased use of nuclear energy one requires to
know how radiation given to the whole body affects its normal
physiological and biochemical processes. So far experimentation
with laboratory animals has been largely confined to the acute
disturbances following large doses.

In the region of the median lethal dose the ‘radiation syn-
drome’ consists of three phases.
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Fic. 19 Bffects of haemorthagse shock on buman proumal tubule
Copaus hacmorehage in thard stage of fabor. *The greater part of the proa-
mal tubule 15 well preserved, the heavy staimng was deliberately done o
bring out the contrast of the two regions marked .3, where stretches of the
convolution show damage.” In the more distal lesion there 8 complete dis-
ruption of the wbule wall with surrounding tssue reaction From O er,
MacDowell, and Tracy {1g31)

{Sez p 185, ‘Studies of Phymiology of the Kadney')
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Prate I11

Fie 21 Proumal tubule and glomerulus from dog’s Lidney taken 5 days
after the renal artery had been clamped for 66 munutes 72 minutes after re-
moval of the clamp the dog recenved 50 cc. of the dog’s red blood cells Iaked
1n distilled water, with salt added to 1sotonteity and 50 cc. of the animal’s
plasma

The part of the tubule next the glomerulus shows complete disintegration
of the basement membranc and disruption of the tubule wall The convolu-
tion from here to A 15 well preserved. At A the mitochondnial pattern s dis-
turbed and at B the basement membrane 1s disintegrated and the cellular
detail lost There was no evidence of toxic damage, despite the infusion of
haemoglobin From Olser, MacDowell, and Tracy (1951)

(See p. 185, ‘Studies of Physiology of the Kadney”)



Prate 11
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Fic 20 Ascending limb and distal convolution from the same kidney
D o [ iy A

the case, there 15 no apparent lesion mn this tubule 1n the proxmuty of the
pigment casts From Olver, MacDowell, and Tracy (1951)

(See p 183, *Studies of Physiology of the Kidney')
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Prate IV
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Fery o Asmandinn 1 b e dueis] coafiins S fhe o2 Judney.

*'ed A the
1 positive

. e e Vel 3 + At places

markcd Btherc1sd of the and a

disruption of the tubule wall ac upper B crystals of haeme pigment are

present From Oliver, MacDowell, and Tracy (1951)

(See p 185, *Studies of Physiology of the Kidney')




PraTte VI

Fic_17. Techmque used for soft tissue radiographs of calf, thigh, and
arm Left, to show positioning in regard to tube and casette; right, to show
measurement of distance from eentral plane of hmb to film.

(S¢e p. 343, “Growth of the Human at the Tume of Adolescence’)















