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PREFACE

111t the publication of this the second annual volume

i ;‘ / of the series of lectures on *The Scientific Basis of

Medicine’ and the preparation of the third annual

volume now well advanced, it is possible to define more clearly

the nature of thc conmbuu:m \»}uv:h this series is designed tw0
make to postg dical ed

The British Postgmdua!c ‘Medical Federation has entrusted

to a comumittee of heads of departments of its component Insti~

tutes the task of arranging cach year 2 scncs of' d’urty or more

fectures on ‘The Scientific Basis of M , a5 ex-
plained in the Prcfacc to Volumc X for younger research workcrs
and grad for careers as consultants

and spccxahs:s in the various clinical branches of medicine and
surgery. This committee reviews the fields of research in which
there have been notable advances in the knowledge of fanda-
mental principles that may later be applied to a better under-
standing of health and disease, to the improvement of health
and to the prevention and treatment of disease. Thcse advanccs
taay be in the ficlds of physies, ct
biochemistry, ph:mnacology, patho!ogy, actcnology, xmmuno-
logy or climcal science; and the committee takes account not
only of advances the appheation of which to the practice of
medicine is already evident but also others about the future
application of which it may at the given time be possible to form
1o mare than a conjecture. In the light of this review a selection
i made of topics which seem to the committee ripe for presenta-
tion in lecture form to an audience of young medical research
workers and junior consultants and specialists, The lecturer in-
vited to deal with each selected topic is a person actively
engaged in furthening advance in it by onginal research,

In some fields advance may be proceeding over a wide front,
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and it may be appropriate to devote two or more lectures to it
in the same series, and to cover several aspects; in others a single
lecture may suffice to present those developments that are at
once recent and significant. In either case each subject is kept
under constant review, and as further advances are made, fur-
ther treatment is given to it in later lecture-series. In this way
the Federation seeks to ensure, on the one hand, that every field
of research which develops a fresh importance for medicine is
included in the series as soon as its findings reach the stage at
which they can be reviewed in lecture form and, on the other,
that the developments stimulated by every new advance find
their due place in the course over a period of years, To give 2
few concrete ples: the di y of radioactive isotap
and the subsequent advances in their preparation and in the
techniques for their use in biological and clinical research have
opened up new fields of i igation into the ch y of living
matter, into the problems of the nutrition of body cells and their
fife span, into the actions of hormones and enzymes, and into the
physiology of endocrine glands and their interrelations. The
discovery of a clinical treatrnent such as that by penicillin in
certain snfections gives clues for fresh investigation in hacterio-
logy, immunology, virology and chemotherapy. Or again, the
discovery of the beneficial action of AcTi in rheumatic diseases
has stumulated a renewal of interest in the conruective tissues and
body Buids and in the physiology of the pituitary and adrenal
glands.
‘The lecture syllat are not, therefore, mere hag
tours around a changing sceme, nor can any single annual sylla-
bus properly be treated as an isolated enuty. Each course of
lectures is planned as a stage in an integrated, continuonsly
developing survey, which can only yield its full value w0 the
student who keeps himself continuously famibiar with it
It is in order to enable students to do this that the Federation
kas decided 10 provide a permanent record of each lecture
course in the form of an annual published volume. Itis not prac-
ticable, and would not be apprapriate, to publish the whole
geoup of lectuces delivered each year. Some topics can be use-
fully presented in lecture form before they are ready for evalu-

1 ]
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ation in print; for some others an accessible summary may
already exist. In cases of the former kind the subject will be
taken up again when an authoritative assessment of its madn
advances can be made. Itis the hope of the Federation that cach
volume fairly reflects the main contents of the particular group
of lectures on which it is founded; and that, taken fogether as a
series over a period of y ears, the volumes wilf be found to offer a
reliable guide to all the main advances in knowledge that derive
from research in the basic sciences, and have or are likely to
have clinical applications. Amongst the articles in the present
volume, for instance, will be found not only articles concerned
with antibiotics and AcTH, and the new rescarches developing
from discovesies in these fields, but also a number dealing with
the chemical transmission of nervous impulses, the preservation
of living cells at fow temperatures, and the use of radio-isotopes
and chromatography. Further developments of these themes
will be found in Volume HI, which should be ready for publica.
tion in the spring of 1955; and it is hoped that many of the im-
portant contributions now being made by physicists to the

4 ding of biological problems will be reflected in the
volumes to be published in 1956 and later years.

Faanois R. Fraszr
Director, Brtisk Postgraduate
3 February 1954 AMedical Federation
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1
The Methodology of Clinical Science

SIR JAMES SPENCE

apprehend in our personal experience, and I take this risk
insaying that there are two main kinds of clinical science,
of which one is in danger of being overwhelmed by the other.
Out of this distinction I shall try to create the substance of this
lecture.
Clinical science is the planned study of disease, or of the
phenomena of discase, in men and women and children who
are sick. It 1s a practical craft, and this imples that the clinical
scientist must possess the particular skills necessary for collect-
ing and systematizing his knowledge. He must possess also the
opportunity to do his work with such regularity and method as
the occasion demands Working within his responsibility for the
medical care of the patient he must do nothing which is harmful
to his patient or which delays his cure. If his researches lead the
clinical scientist to do more than this or less than this, his inten-
tions must be approved by the patient after full explanation of
what is in store for him. Approval by the patient will ahways be
influenced by the attitude and the opimion of the investigator,
and there can be no tribunal to pass judgement on what is prac-
tice and what is malpractice in the investigation of sick patients.
Under these circumstances research methods can be sanctioned
only by that faculty which distinguishes right from wrong, and
which we may still call conscience. This understanding of what
is right and what is wrong in the care of patients 1s part of the
professional knowledge gained in medical schools and teaching
hosptals from teachers, who hold their teaching posts for the
B

THERE is a risk 1n generalizing from the few facts which we
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has to be found, it would be better to call it ‘clinical phenomen-
ology’. Thomas Lewis, however, by the mere force of his
personality, has so influenced clinical research in this country in
recent years that the study of clinical phenomena, or ‘states of
disease’ as he called them, overshadoss other kinds of clinical
e Vo . e et

CrxicaL OBSERVATION

Before I go further I must try to make clear the different kinds
of clinical observation. That the instruments of clinical observa-
tion are now so disconcertingly numerous makes this all the
more necessary. We should keep in mind, however, that it is the
essence of clinical research that while the observer should know
what to look for, he should not be too absorbed to notice the
unusual. To grasp the significance of the unusual is an un-
common quality, and Walshe stressed this idea in saying ‘it
takes the exceptional mind to pass beyond the first exercises of
the discriminatory tendency to pick up a hitherto unrecorded
phenomenon, and to grasp its significance. Indeed many a
competent chnician may live out his professional existence
never having made a truly original observation.’ With this
chastening thought in our minds, we can try to separate clinical
observation into its parts.

There are three main types of clinical observation, and each
is as much an expression of a natural cast of mind, as of a
trained method of approach; which is not to say that they can-
not all be combined occasionally in one person’s skill. How
occasionally I cannot estimate, for I cannot recollect having
seen such a person.

The first type of observation is the episodic recogmtion of
spontaneously occurring signs of disease which we use when we
dlagnOSf P T LTI B - e .
quickly
out of €. ' N .
degree. It comes best to those who talk least, and the ebullient,
loquacious teacher rarely possesses 1t. It sees the rose spot and
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very reason that they can transmit this knowledge, with other
knowledge, to their assistants and students.

1 return to the two kinds of clinical science, One way of
approach to definitions is to look at thelr aims. The aim of one
kind of clinical science is ta know disease in such a way as to
enabile us to infer its source and to predict it couye, Seen in this
way, a discase is regarded as shat sequence of phenomena in a
sick persort which arises from and follows on a noxtous injury;
and this §s in accord with the Aristotelian idea of the nature of
things. The methodology of this kind of clinical seicnce is the
planned vbservation of the sequence of phenomena ia that rum-
ber ofsick peaple which allows us to knaw the common course of
the discase under study frors its beginning to its end, and to esti-
mate and know the variations from ﬂ-m course, Planncd obach
vation implies the use of all practicable and
of measurement. The kno\»i‘cdgc itleads to has i 1mmense practi-
cal values, for to know disease in this way s the basis of exact
therapy n professional practice. This kind of work might be
cafled clinical castography, becawse it helps the practitioner to
know where he is, and where he should go

The other kind of clinical science might be called clinical
phenomenology. ¥t studies the 1solated phenomena of disease of
of disordered function, and 35 2i 18 to explawn their mechans
isms and their chmcal significance. It is concerned with aurica-
Yar fibriftation, hunger pain, itchy skin or hyperpotassemia,
rather than with the diseases in which these phenontena arise.
Its methodology starts with identification of the phenomenon
and then goes on to the use of experiment when possible and
necessary. Great benefits have come 1o both the science and
practice of medicine by these dewled annlytical studies of
clinical phenomena The knowledge gained has fzcrensed our
understanding of old diseases and pointed the way to the dis.
covery of new diseases.

Thomas Lewis did so much 1o establish this precise and
rational study of climeal phenomena, that it is tempting to use
s name as an eporymous twle for this lind of clinieal research,

but Lewis’ view m medicine went beyond detailed studies of
phenomena and for thos reason I have suggested that, if 2 name
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artist’s power 1o see something fresh in ‘things we have passed a
thousand times nor cared to see’, but it has been an attribute
also of most of the great scientists, To describe it ¥ will mention
the example only of N. M. Gregg's brilliant recognition of the
association between rubella in the pregrant woman at her
tighth to tenth week of pregnancy, and the congenital deformi-
ties in the child who will be born seven months later, If Gregg
had not systematized his observations quickly at that time, and
in those circutmstances, the chance might not have come again,
or for another hundred years or more. Itwas fortunate that the
chance came to the sensitive mind. This kind of clinical observa-~
tion, for which I can find no suitable name, is one of the most
scintillating starting points of scientific research. But we cannot
order it or command t. The best we can do s to recognize its
possibility in the sensitive few, and to prevent its inhibition by
oo much teaching, its submersion by too much dogma, and its
extinetion by too much nitual, even though 1t be the ritual of
research.

The third kind of clinical observation is what we seek to culti~
vate in clinical research. It 1s chnical observation planned to
answer a carefully prepared question. The plan is controlled by
well-known eriteria: {¢) that the question is worth answering;
{5) that it has not already been answered by someone else;
{¢} that a plan of observation can be designed which is likely to
provide an answer to the question and {d) that the observes is the
sort of man who will carry out the plan. This kind of planned
observanion is one of the established methods of clinical re-
search, and its scientific value is judged by the design of the
plan Its purpose is to discover something, or to clarify some al-
ready cxisting field of knowledge. In chinical medicine the latter
is not less important than the former, for growth of know ledge
is not inevitable, and there 15, I think, such a thing as a constant
growth of ignorance 1 medicine, which can be kept m check
only by opposing to it the clarifying process of research into the
validity of existing knowledge.

Examples of p\anncd clinical observation appear in varous
forms, but I choose the i mvesnganon of the outbreak, in 1948-g,
of pol hits . Canadi 3 at the Chcstcrﬁcld
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the scabies burrow. It hears the cry indicating a retropharyn-
geal abscess and the wheeze of tracheal pressure. It knows when
to dismiss the record of a high blood urea as a laboratory mis-
take, or as the error of collecting the blood into a contaminated
tube. In its best form 1t works towards an economy of effort,
and hasits eye on what s true and what is false in new machines.
To this practical skill of the experienced clinical observer it is
customary to give the name of clinical intuition; but if this
amplies a kind of mystical guessing, it no more deserves the
name than does the skill of knowing where to find a plover’s
nest. Tt1s the product not of guessing, but of a sifted experience
by which the significant is recognized with such rapidity that
the steps of reasoning are not discernible to the uninitiated.
There is of course, and all too commonly, such a thing as
clinical guessing, which we may suspect when we hear it bol-
stered up by expressions of opinion beginning with the words
‘In my experience , . ., but this does not come into any of the
categories of serious clinical observations we are discussing.

This episodic or incidental type of clinical observation is not,
in atself, a method of research. It is the tool of professional prac-
tice. However skilfully it may be used, it 1s not iikely to lead
etther to discovery or to a decisive clarification of existing
knowledge, both of which are the objects of research. The truth
of this will be known to those who have used the routine clinical
notes of hospitals in secking recorded facts and observations.
These records may have their value as a teachmng exercise,
but as instruments of clinical research the routine ward notes
and the machinery of hospital records are almost useless.

The second type of clinical observation is so rare that I may
not make it evident except in examples. It comes only to the
mind prepared 1t 15 Coleridge'’s ‘ascertaining visson’ which
comes to a few ‘who even 1n the level streams have detected
elements, which netther the vale itself nor the surrounding
mountains contained or could supply’. Its essence is the recogni-
tion of a new phenomenon or of 2 new correlation between two
previously recognized phenomena Coming to those with a
sufficient technical experience, it takes shape only in the minds
of those endowed with imagination and nsight. Ttis near to the
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PrANNED OBSERVATION OF DISEASE

In describing planned observation of a disease there is a danger
that 1 create for it an artificial category. This danger is over-
come if we assume that in some circumstances the researcher
may use more than one trained skill. He may, for example, be
both a trained clinical observer and a biochemust, or a morbid
anatomist, but the combination rarely exists, Precise clinical
observation of a disease, carried out to a pre-arranged plan,
takes so much time and training that the observer has little
chance of being competent in a second technical field.

Planned observation of a disease is simplified if the noxious
agent and the time of the injury are known, but it is not the role
of the clinical scientist to study the nature of the noxious agent,
That work now properly devolves upon the microbrologist, the
chemist, the physicist and the pharmacologist. Nor is it the role
of the clinical scientist to be morbid anatomist or experimental
pathologist, who see disease not as the clinical scientist sees it.
Their concepts of disease are essential to the progress of know-
fedge, and medicine could neither exist nor advance without
them, but it falls to the clinical scientist to see disease as the
sequence of phenomena in the living which follows consequen-
tially from an injury, ang in identifying and measuring the
phenomenal resulis to create a corpus of exact knowledge
which can be apphed in the practice of medicine. He maps the
course of the disease by this sequence of phenomena subjectively
interpreted by the patient and objectively identified by himself.
His main task js to place the phenomena 1n temporal and in
quantitative relationships with each other. This leads him to
know the course of a disease as 1t may be expected commonly to
occur. His next task is to determine the vanations from that
course, and to find correlations between these variations and
aetiological factors or alternative treatments. When possible he
uses statistics to express these vanations He uses statistical esti-
mates of varations also in designing the extent of his study. If
the disease under study is one which varies little 1n 1ts course,
fie limits his number of examples. If the course of the disease
has many variations, or a wide ‘lunatic fringe’ as the clinical
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Inlet, because it shows how observation may on occasions rise
superior to the experimental method. If Peart, Rhodes, and
their colleagues bad not taken the opportunity to plan and
carry out this observation the circumstances might not have
oceurred again, nor could anyone have designed an experiment
to repeat the circumstances. Its significance lay in the fact that
it was an outbreak of poliomyelitis in a virgin soil community,
the like of which we are not likely to see again with the advent
of the aeroplane. The picture was unique. It showed a case inc1-
dence of paralysis of 185 per 1,000 of the population; 1 in 20 of
the population died; no children under the age of four years
were paralysed; the epidemic reached jts height in Febroary
with the mean temperature at -—31° Fahrenheit. Here was
something unparalleled in the recorded epidemislogy of the dis-
ease, and the success of the observations depended on the team
of five medical men who flew from Toronto to the scene of the
epidemic, and carried their plans into effect. There are many
other examples of planned chinical observation, in more obvious
fields of enquiry, such as controlled therapeutic trials and studies
in prognosis, but the essential features of all are the choice of a
question worth answering, the definition and imitation of what
is to be observed, the training and character of those who will
make the observations, and the arrangements by which the
material for observation is collected, or by which observers go to
the materal to make their observations.

Lister’s planned observation of the strawberry naevus in 1938
will serve as a very straightforward example of design and accu-
racy. The opening words of his simple but near-perfect paper
are worth noting*

‘The idea of this mvestigation arose at a meeting of the Dermato-
logical Section of the Royal Soaety of Medicine, when Mr Banks
shawed an mnfant with a large number of naevi. I was struck by the
uncertanty of all those present as to the best hine of treatment ta be
adopted, and as to what would happen if nothing was done.

He thereupon designed his observation, which lasted five years
and comprised 77 patents, by which our knowledge of the
natural history and treatment of the naevus has been estab-

lished.
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of the bases on which scientific clinical medicine is built. It may
not reveal and unfold any new natural laws, but the practice of
rational medicine relies on it, for without the power to predict
the natural course of a discase, advice and treatment will re-
main at the mercy of insubstantial opinions.

My claim is that clinical science should correct the bias
which has been imposed upon it by dominance of the cxpm-
mental study of phenomena, and a few young clinical scientists
should be trained in the exact abservation and measurement of
disease. Ifit be asked what value can these have, since diagnaesis
and treatment are the end-all and be-all of practical medicine,
my reply would be that it would bring mature and trained
obscrvcrs to the bcdstdcs of p:mcms zmd that in thase circums

‘. “ - red.

' east

. N : for

the pattern of these, changing as they do in the new environ.
ments which man creates for himself] are not static and eternal,

The inaccuracy and inadequacy of our recorded knowledge
about disease and illness will become evidentaf we consult a few
examples in text-books and journals. Nowhere in medical litera.
ture can 1 find & complete coherent account of the sequence of
clinical events which follows the burning of a man, 2 woman ar
a child. If convulsions occur after burning is their frequency re-
lated to the age of the patient or to the extent of the burn? {5 the
time incidence of the convulsion, if it does occur, limited to the
second day of the iliness? There is no recorded answer to these
questions. Many studies of isolated phenomena of burns have
been successfully pursued, but the close relationship of one
phenomenon to another has not been established That this
should be the case in a disease so easy 10 observe and to measure
is an index both of our ignorance and of faulty observation.

On the other hand, when we heara yu\mg clm\Cl:m say, after

examining and obsemng 3 susp case of cal
,‘Lhave hecn hing the and

F L4 PP
jemaloatol o Y N
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scientist may call it in his despondent mood, he takes this into
consideration in making his estimate of the number of patients to
Dbe taken into his study, and then proceeds towards that goal, If
he takes less than he needs, bis study is deceptively incomplete.
If he takes more than he necds, he wastes his time. In this way
he plans his study of disease, and with one research finished he
passes on to study another disease. He thus comes to know
disease as a predictable sequence of events, and the knowledge
gained becomes the basis, the only basis, by which the under-
lying processes of disease in the living patient can be rationally
interpreted.

1 may be setting my aim too high in describing this method
of study, or this method of study may have less scientific value
than 1 think it has, but ing thatitisa y and valu-
able instrument for one kind of clinical research I believe it to
be greatly neglected. Apart from a few elementary observations
on pulse and temperature, how little we know about the de-
tailed course of disease. How rarely does a clinical investigator
sit through an illness recording the observations and instru~
mental measurements for himself. How seldom does the young
physician sit through a night recording the pattern of behaviour,
of delidum or of sleep 1 a patient with encephalitis, How
infrequently does the young surgeon train himself in diagnosis
by sitting at the bedside of 2 man with ruptured duodenal ulcer
to measure the fuctuation of his signs and symptoms during the
period while the operation is prepared. If the iliness be pro-
longed how rarely do we design our observations with a regu-
Janty of twelve-hourly or even daily mtervals. Most of us come
to the patient to observe only the phenomena which custom has
predetermined for us, or we take the observations secondhand
from others who have recorded them for us. I am conscious of
this in confessing that I, myself, know very few diseases in this
discriminating manner which satisfies my scientific conscience.
For example, 1 could not, 1o my own satisfaction, describe
measles, or leukaemia, or acute rheumatism, or primary
herpetiform stomatitis with their hour-to-hour, or day-to-day
sequence of significant phenomena precisely determined, meas-
ured and accurately recorded, Yet this hind ol knowledge 1s one
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those whose skill is mainly in that branch of medicine. He runs
into the danger of confusing clinical science with something
called ‘clinical investigation’, and of regarding scientific method
as synonymons with the use of diagnostic machinery. These mis-
leading impressions arc intensified by bis preparation for final

inations with their di exercises as ‘long cases’ and
‘short cases’,

These impressions about the attitude towards clinical re-
search are strengthened by my experience on 2 Regional
Hospital Board Committee which reviews applications for re-
search grants from members of the medical stafls of the hos-
pitals. The applications come almost entirely from members of
the clinical staffs, and they fall roughly inte four categories,
‘The majority of applications are for the employment of morbid

ists, or biochemists or technicians to do some laboratory

research which the clinicians wish to have carried out, but in

the techniques of which they th Ives have had no laboratory

training. The second category consists of requests for secretarial

help in retrospective studies of hospital records, The third
e

category is the request for diag y. The small
category is the request for the assistance of a clinical research
worker 1o enlarge and complete a picce of climcal research
which is already under way, and which the applicant is con-
ducting for himself.

With moneys now available from the Universities, from en-
dowment funds of hospitals, from the Government Research
Councils and from the Educational Trusts the opportunities for
clinical research are now beyond the dreams of what might
have been considered possible thirty years ago. We can there-
fore Jook forward with great interest to the directions in which
these forces will flow. Human nature being what it is, and
human institutions what they are, we must expect that the
oppartunities will attract those who regard the publication of a
research paper as a kind of higher diploma which will increase
the chance of their being promoted to a higher clinical post.
Othess will use the opportunities to get from these resources the
extra help they need for their routine chinical work in hospitals.
These frailties can be easly humoured and helped in other ways
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spots af mmmgococcal septicaemia are not that shape ot this
hour of the illness . . %, when we hear him describing his obser-
vations in that way, we know that he is heading in the direction
of being a clitdcal scientist, But there are many hindrances to
this training and many obstacles to that kind of clinical work,
which I must now attempt to discuss,

Hinorances

This talk about scieatists may build them up too much. No
sensible young man starts out to be a clinical scientist. By accl-
dent or opportunity he later finds himself heading in that direc-
tion and follows the streamy; or he comer under the personal
influence of someone he likes and wishes to imitate; or he is just
that sort of chap who must do research because he has a pagion
for getting things clear in his own mnd, or for seeing how
things uck over; and Sinding no other ontlet or way of dolng it
he tries his hand at climeal research. He equips himself to bes
come a clinieal scientist, and then he is between the physical
screntists who ¢o not understand what he does, and the practi-
tioners of medicine and surgery who try to understand what he
does. He secks a job either as a full-time professional research
worker, or by combinmng research with some routine clinjeal
practice The Iaster 18 the more dificult pash to follow, partice-
lorly in that clamouring kind of hospital which 15 tively with
many conferences and other distractions But he may order his
tife successfully by arranging clearly demarcated penods or
days, in the way that Victor Horsley did, when he collects and
systematizes his observations.

Hindrance to clinical rescarch Yes less m the elajms of other
clinical responsibilities than 1 the prevailing attitade of mind
wwards it, or the chimate of opinion as it i3 now called. This
atntude of mind begins o take shape in medical schoals whers
the undergrad thinks of medical research only as an affsir
of animal experiment and lahoratories, but 1 must exclude
from this gepcralization the three, or perhaps four alpha schoals
in this country which present o more wholesome pacture of ye~
seavch, l;s the (c;\ch\ng hospxtalx hc s immediately engaged in
the ex¢ of diag and his hers are




THE SiETlldDOLOGY OF CLINICAL SCIENCE 13

tions beyond the hespitals, and extend these researches which
can best be dooe in fzum]y practice and by field survey of ran-
dom samples of popul The methodology of planned clini-
<al observation in family practice and in random samples of the
population will become a responsibility of medical schools. I
foresee the day when medical faculties of Universities will have
three provinces of clinical training and clinical research. One
will be in hospitals, where training and research will be depend.
enton the facilities which remain after the demand for specialist
forms of treatment have been satisfied, The second provinee will
be a sample of population in their own homes which can be
provided in family practice. The third will be in expedidons to
communitics, whether they be in 2 mining village, a Hebridean
istand, a Chesterficld Inlet, or wherever the enquiry takes
them. I we are not too pompous about it all, if we can escape
the dead hand of dull conformity, 1f we can get the freedom to
mahe experiments in arranging our institutions, if we can re-
cover the initiative to make the experiments, our medicalschools
and teaching hospitals may take on this work. 1€ they fail it is
difficult to see how else it can be done.
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than by calling them research, but if they must be cafled re-
search then we must find another name for the kind of work 2
man does when he devotes himself to that planned and patient
observation of disease which is guided by a substantial working
hypothesis.

Behind all these opportunities and arrangements I see the
urgent need for a due proportion of young doctors who wilf be-
come physicians and surgeons and family practitioners, to be
trained in this kind of work, otherwise we shall face the position
of which Adrian warned us in his introductory lecture to this
course last year. *The pathologists and biochemists will find’, he
said, ‘that their time is taken up with measurements of uncer-
tain value in which they are not specially interested, and the
final result may well be that the work is turned over to specially
trained technical experts who are the Jast people to give a dis-
passionate judgement on the value of what they are doing. ...’
He went on to indicate the cure for this in saying, “The point,
surely, is that if such data are to be valuable there must be the
right people to consider them’

We are now concerned with the selection, the training and
the working conditions of these right people, This brings me
back to where I started. We are not hikely to lack a sufficient
number of the right people tramed in the study of isolated
clinical ph and their mechanisms. The inft of the
schools of physiology and experimental pathology will continue
to work in that direction. But I greatly fear that the very com-
plexity of these phenomena is withdrawing nterest from the
planned study of their causattve diseases. To that extent there
is a growth of ignorance about these diseases. The tempo of
events in some chiseases may be 5o slow that they will be accur-
ately observed only by a general practutioner, or by a famly
doctor over a period of many years; or the frequency of the dis-
ease may be so rare and its distribution so wide, that special
arrangements may be required to gather a sufficient number of
examples within the reach of the observers Hospitals, as we
now know them, will not be the best places from which all this
sork can be organized, If chinical research is to be used to get a
full picture of disease it must equip itself to carry the abserva.
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{Albert, 1951), Morcover a good deal of fresh light can be
thrown on | the subjcct by consxdcmuon ol' even rcmotcr tcrrh

seem to be two departments of knowledge remote from the
medical ficld, Yet the sclectivity that enables Dispersol Yellow
to dye exclusively the cellulose acetate in a fabric that contains
both this fibre and plain cellulose (1.¢. cotton) hins something of
importance to teach us about how a hypnotic accumulates
selectively in the central nervous system,

The Practical Accomplishments of Selective Toviaty

The use of DDT in Japuary 1944 to prevent an outbreak of
typhus averrunning Europe was an Justorical event. The entire
civil population of Naples was dusted with this substance to kill
lice which were acting as vectors of the dreaded disense. It has
been claimed that conditions at that time were such that the
number of deaths from typhus would have exceeded the tatal
casualties of the war, DDT is also effective for suppressing the
breeding of mosquitoes and henee lowering the incidence of
malaria. Much use of this substance is also made against house-
hold pests, Other selective agents used against ectoparasites in-
chude pyrethrum {flies), dimc&hyl phthalate {a repelient for adult
itoes), dibutyl phthalate (mites carrying scrub-typhus)
and bcnzyl benzoate (scabzc:)

Turning now 1o endoparasites, we encounter that special
branch of selective taxicity for which Ehrlich coined the name
‘chemotherapy at the beginning of the present century. Chemo-
therapy, as defined by Ehrlich, 13 the cure of an infectious disease
using sub of low molecular weight (c quently sera and
vaccines are excluded). Before Ehrhich’s time the only known
chcmolherapcuuc ag:nts were quinine for malaria and crude

for y The situation is now very
different. Penicdlin 15 used to cure syph\hs, gonon—hoea, preu-
monia and streptovoreal sepu D 1 and
aureomycin for wphus, ipt hine for ing, 1

i
meningitis; sulphag and sulphathalidine for bacteria




I

Selective Toxicity
ADRIEN ALBERT

Fuxpassnracs oF Serecrive Toxiarry

v Selective Toxicity we mean the poisoning of lving cells
Bwnhout injury to other kinds of cells with which they are

in contact. The cells wiich we wish to injure are those of
the uneconomuc species, and the cells which we wish to preserve
are those of the evonomuc species. These species may be related to
one another as parasite and host, but in other cases they may be
entirely symbrotic.

Before passing to the medical applications of selective toxicity,
1 should like to pornt out the immense tmportance of this subject
in agriculture. The seeds of economicaily important plants, the
s0il around the plants and the plants themselves are normally
infected with fungi, weeds and insects of all kinds. These threaten
the cconomic success of the crops and a great deal of research
has been carried out to discover substances which will destroy
the pests without darnaging the economic species. At the present
time a large section of the chemucal industry is concerned with
the facture of these ct

In animal husbandry, a strmlar sitwation exists, Man's econo-
mic animals are afflicted by all sorts of mternal and external
parasites, and many selecti vely toxic drugs have been devised to
climinate the invaders.

As I am addressing a medical audience, I propose to confine
the remainder of these lectures to a discussion of selective toxi-
city in man. Butin domng so I would emphasize that the applica-
tion of this subject to man is constantly being enriched and
illuminated by comparable studies of apumals and plants
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lower the patient’s temperature, to stimulate (or depress) his
sympathetic or parasympathetic nervous systems, to raise (or
lower) his basal metabolic rate and to increase {or decrease) the
clotting power of his blood. Deficiency or hyperactivity in
muscle-action (including that of the heart) is subject to a certain
amount of control as are the activities of a few of the endocrine
glands. Excessive secretion of histamine, the cause of symptoms
in hay-fever and urticaria, can now be counteracted. Cancer
remains a baffling problem: prostatic cancer is readily con-
trolled with oestrogens, and for some of the other forms of cancer
there exist life-prolonging (but not life-saving) remedies. The
immense amount of research now being done in this field should
yield a richer harvest in the near future.

The Scientific Basis of Selective Toxicrty

Selectivity, in some cases of toxic action, depends on nothing
more than diffe in lation, For ple, eve
farmer knows that he can rid a wheatfield of chickweed by
spraying with 20 per cent sulphuric acid. This acid is equally
injurious to the cell-contents of both species, but it does not harm
the wheat plant because this is smooth and waxy and hence
sheds the poison, whereas the chickweed 1s rough and absorbent
and accumulates the acid. In other cases, accumulation does not
provide the explanation, For example, the powerful oestrogenic
drug ‘Fenocyclin’ is concentrated 7 and 2 5 times as much in the
intestines and liver respectively as 1t is in the uterus, and yet it
acts only on the womb. This and many other examples indicate
that selectivity can be brought about by a specific reaction, that
is to say, one that takes place to a much greater extent in the
uneconomic, as opposed to the economug, cells.

Its true that a common biochemical pattern runs through all
living cells. For example, the Meyerhof sequence of glycolysis
has been d rated in rep ive bacteria, protozoa,
nematode worms, insects, echinoderms and vertebrates as well
as in yeast and the hugher plants. This process of glycolysis 1s
found always to obtawn its driving energy from phosphorylations
by adenosine triphosphate, Moreover, many hormones have
been shown to affect a wide range of species. For example,

c
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dysentery; emetine, carbarsone, chiniofon and chloroquin for
amoebic dysentery; atebrin, pentaquin, proguanil, chloranil
and ‘Daraprim’ for malaria. Millions of people in warm, damp
climates are cured of hookworm by carbon tetrachloride. Two
other dread tropical diseases, schistosomiasis and filariasis, are
beginning to yield to heterocyclic chemicals. Therapeutic help
of some magnitude can be given in tuberculosis by p-amino-
salicylic acid, streptomycin and isoniazide.

In spite of these successes, the field is still urgently in need of
further exploration, Organisms tend to become resistant to fre-
quently used drugs. Hence alternative substances, working
through entirely different biochemical mechanisms, must be
found. There is still no chemotherapeutic agent for hydatid
infections, nor can any known drug cope with illness due to
small viruses such as infantile paralysis and influenza.

So far we have dealt only with cases where the economic and
the uneconomic cells are those of distinct species. We will now
examine the more complex case where the uneconomic cells are
part of the organism of the economic species. Thus the unecono-
mic cells may be a malignant growth in an otherwise healthy
host, or they may be an overactive gland or some hyperfunction-
ing part of the nervous system. This branch of selective toxicity
may be spoken of as pharmacology proper {but 1t will be keptin
mind that pharmacology, in its wider aspects, covers drug studies
of all kinds). In this field, selectively toxic agents are usually
required to have reversible action. For example, the success of a
patient’s operation may depend on the use of an anaesthetic and
a muscle-relaxing drug, but it would not be considered a success
if these anaesthetic and relaxant effects should prove to be
permanent.

In spite of the obvious difficulties of finding pharmacological
agents with these desirable properties, many notable advances
have been made in this field and remarkable control can now be
exerted over the working of selected parts of the human body.
Patients can be relieved of pain of all types and degrees of
severity, put to sleep or (chemically) awakened, prevented from
having convulsions or else caused ta have them for therapeutic
reasons. Other selectively toxic agents can be used to raise or
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substances exhibiting an adrenaline-like action on the frog’s heart
and rabbit’s ear have been found in protozoa, annelid worms,
molluscs and arthropods (conversely, true adrenaline causes in-
creased muscle-tone in annelida, molluscs and arthropods).
Again, many vitamins, notably riboflavine, thiamine and nico-
tinic acid, are essential constituents of ali Living cells.

Hence it might seem at first sight as though chemical differ-
ences would not exist, of 2 magnitude sufficient to permit a toxic
agent to injure one species and to leave another species un-
harmed. Closer investigation shows that this fear is unfounded.
Glycolysis, it is true, follows the well-known course in very many
species. However some alternative, apparently more primitive,
mechanisims are also known to exist and these tend to predomi-
nate in bacteria which are some of the commonest uneconomic
cells with which a physician has to deal. For example, bacteria
often oxidize glucose or glucose-6-phosphate directly without
preliminary conversion to phospho-glyceraldehyde, Moreover
the tricarboxylic acid cycle, in which the raw materials of
carbohydrate-breakdown are commonly synthesized into fat
and protein, is imperfect 1n bacteria. Furthermore, adenosine
phosphate, although universal in its distribution, functions in
conjunction with creatine phosphate in vertebrates, and with
arginine phosphate in molluscs, arthropods and worms. Neither
of these two phosphagens are present 1n still lower forms of life.

This evidence of species difference 1n carbohydrate metabol-
ism gives us some inkling of how the biochemistry of different
kinds of cells can show individuality. Even greater differences
are found in nitrogen metabolism, The end-products of this
branch of bolism range in plexity from the simple four-
atom molecule of ammonia to the vast complexity of the alka~
loids, Even among vertebrates, the end-products of protein and
purine metabolism differ widely, as Table 1 shows, and they
differ no less among the humbler forms of ife.

Even more remarkable 1s the fact that the end-products of
nitrogen metabolism can vary during the development of a
single species. For example, the chicken embryo excretes its
nitrogen mainly as ammona for the first four days after fertiliza-
tion, just as though it were a fish. But nine days afier fertilization
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itis excreting nitrogen mainly in the form of urea (more typical
of amphlbxa) and only on the eleventh day does excretion occur
mainly in the form of uric acid, which is the form typical of the
adult. Thus it is understandable why the same selectively woxic
ageat is not suitable for a giscn parasite at aff stages of develop-
ment. For example, sexual and non-sexual forms of plasmodia
coexist in the blood-stream of malarial patients, The sexual
forms can be eliminated by plasmoquine or pentaguin but not
by atebrin or proguanil, whereas the reverse 1s true for the non-
sexual forms.

Tasie 1. End-products of Purine and Proven Metabolisms
n vanous Phyla (Baldwn, 1948)

Protemn Punine
FPiyla Metabolsm  Metabolsm
Fash {teleosta) ammonia urea
phibia urea ues
Reptiles (snakes) unc acd uric acid
i unc acd wne acid
Mammals urea aflanton®

¥ Excepuag mas, bugher apes and the Dalmanan dog which excrete unc acad,

It was pointed aut above that at least three substances that
are vitamins for man arc comnion to all lmng cells. But further
investigation has shown i with regard to
the ahbility of a species to provide othcr essential trace-constity-
¢nts, For example, rats and mice make therr own ascerbic acid
whereas guinea-pigs and man need to have 1t supplied 1 the
food, Various bacteria dxffcr enormowsly from one another in
their requi for v ids and heavy metals,
The chemotherapeutic action "of the sulphonamide drugs de~
pcnds on the essentiality of p-amnobenzoic acid for many patho-
genic bactcna, whereas this acid (thc uptahe of which s blocked
by sul ides) 15 not req d by human bemgs Some of
the trace-substances required by bacteria differ in chemical
detail from those required by mammals For example, some
types of bacteria utilize a form of vitamm B,, which contams
bound adcmnc, whereas humans can use only a By, in which the
adenine is replaced by dimethyl-benziminazole. Likewise it has
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been demonstrated that many of the enzymes in one-celled
forms of life are chemically different from mammalian enzymes
performing'the same functions (e.g. hexokinases, alcohol oxi-
dases, glucose phosphorylases).

Finally, the quantitative aspect should be considered, Even
when two species use similar metabolic pathways, they do not
necessarily usc them to the same degree. Thus pathogenic
trypanosomes metabolize glucose two thousand times faster than
man, Hence carbohydrate metabolism s likely to be more vul-
nerable in these parasites than in their hosts, and this may
explain the greater sensitivity of parasites to arsenical drugs.

Tue Mecuanism or ToxiciTy
Structural Specificity

For the most part, toxic action is concerned with a high degree
of chemical specificity: a very small change in the architecture
of a molecule is often enough to abohsh its biological action.
This is true even when the change consists solely of removing 2
group from one part of 2 molecule and placing it in another part
(i.e. isomerism). Wor evamnle among the three p-aminobenzene-
sulphonamides,
therapeutic. Sit
and only one o1 1€ Seveir wvm -y e,
bacterial. In each case, the reason for this specifiaty is known,
as we shall see.

Tt is often asked how anything so small and so inert as a single
methyl-group can nfluence the biological activity of a large
molecule. Sometimes the most evident effect 15 a favourable
change in solubility, and 3t 15 worth remembering that a lipo-
phulic group like —CH, can in certamn cases actually increasc
solubility 1n water. This is seen in the series. sulphadiazine,

Ipt Ipt hine, which have respectively o, 1
and 2 methyl-groups in the pyrimidine ning, and which are
arranged above in order of increasing agueous solubility. I
belicve that this is a crystal-lattice effect

n other cases, methyl-groups change the brological charac-
teristics of a drug by mcreasing 1ts strength as a base, For
cxample, in the triphenylmethane senes, anubacterial action

azine,
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increases in the following series (arranged in order of increasing
alkylation): Dochner’s Violet; Malachite Green; Brilliant Green.
Apparently only the cations are antibacterial, the percentage
ionization at pH 7-3 being 2, 28 and 8o per cent respectively.
Perhaps the commonest reason for drastic changes in bio-
logical activisy is the fact that adding or subtracting a methyl-
group interferes with goodness of fit between the substance and
the appropriate receptor-molecules in the cell. For example, the
activity of the vitamin thiamine (ancurin) drops to 1/22 of its

CHa\_z‘_ CH,

NH, S CH,-CH,OH
Fig. 1.

former value if a methyl-group is removed from the 2-position
(see Fig. 1}. If the 4-methyl-group is removed, the activity drops
to 1/82, and if an extra methyl is inserted in the 2’-position, all
biological activity islost. It is known that, in the cell, thiamine is
phosphorylated by one enzyme and thereby becomes the coen-

e e e e s e it sens CavEpL
is ot in any way unusual. It must often be likewise with drugs
which are in many cases (e.g. physostigmine) known to act by
blocking enzymes. Fortunately, wider structural variations are
permissible in an enzyme inhibitor than in a coenzyme or sub-
strate,

Metabolite Analogues
This class of drugs is easily understood m the light of the fore-
- going remarhs. Douglas, Haldane and Haldane (1g912) clearly
showed that the poisonous nature of carbon monoxide depends
upen its structural resemblance to oxygen (compare the mole-
cules G==0 and O==0), so that haemoglobin became saturated
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with the former to the exclusion of the latter. Since 1910 it has
also been discovered that many enzymes can be inhibited by
chemicals which are structurally analogous to their normal sub-
strates. The first application of this knowledge to the chemistry
of drugs occurred in 1926 when Stedman showed that the alka-
loid physostigmine acted by blocking the enzyme cholinesterase
which has the important function of destroying acetylcholne
shortly after its liberation from nerve-endings. Thus physostig-
mine was clearly shown to function by causing the patient to
have an overdose of his own acetylcholine. This knowledge led
to the simplification of the structure of physostigmine so that
only those portions essential for blocking cholinesterase were
left. The resemblance of this structure to that of acetylcholine
thus became clearer and it was gradually realized that useful
drugs could be made by designi lecules to ry ble natural
cell-constituents. This realization was accelerated by Woods’s
discovery (Woods, 1940) that sulphanilamide (Fig. 2)—and
henceall thesulphonamides—act against bacteria by displacing 2
structurally similar cell-constituent (g-aminobenzoic acid, Fig.
3) from some loosely held bination, e.g. 1n an enzy om-
plex. The structural similarity (Figs. 2 and 3) consists in the fact
that a weakly acid and a weakly basic group are in each case
attached to a benzene ring and are situated, relative to one
another, in the para position.

The great practical success of the sulphonamides in therapy is
due to the fact that pathogenic bacteria will die if their meta-
bolism of g-aminobenzoic acid is interfered with, whereas mam-
mals do not utilize this acid. Attempts to make other ‘metabolite
analogue’ drugs have not often been successful because the
science of comparative biochemistry has not yet provided us
with sufficient examples of species-differences in metabolism.
Nevertheless the successful new antimalarial, ‘Darapnm’, was
evolved (Hitchings, Elion, Van der Werffand Falco, 1948) along
these lines as a metabolite analogue for folic acid. Similarly
Unna’s ‘Lethidrone’ (Unna, 1943), which 1s a simple homo-
logue of morphine, is in regular use to rouse paticnts from over-
doses of this alkaloid. Towards the end of the war, a clinically
satisfactory it h (closely related

X h
ial, pheny
al P g Lty
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to an essential cell-constituent, pantothenic acid), was evolved
along strictly rational lincs, but it was not commercially pro-
duced because it was not actually superior to known drugs. The
drug B.A.L. (British Anti-Lewisite), which is proving so useful
in cases of poisoning by arsenic, antimony, mercury and gold,
was evolved along somewhat similar lines of reasoning.

NH, NHa
NH,

S/ ) C
2N, 27N\
[¢] o] O OH
Fro. 2. Fio. 3

It seems safe to predict that metabolite analogues will provide
us with many useful medicaments eventually. However the diffi-
culties to be overcome are more formidable than was commonly
supposed ten years ago. Those interested should read D. W.
Woolley’s 4 Study of Antimetabolites (Woolley, 1952).

Ionization
The biological action of ions is usually quite different from that
of the corresponding molecules. This is not surprising because it
15 a familiar fact that ions and molecules have quite different
chemical reactions. For example, when ascorbic acid is allowed
to stand in the air, the neutral molecule oxidizes fastest if iron is
Present, the mono-anion if copper is present, and the dianion if
metals are carefully excluded. Only two factors govern the per-
Centage 1onization of a substance, the pK, and the pH at which
the experiment is cond 1. Quite small changes in structure
can greatly influence the pK, (negative logarithm of ionization
constant). Moreover, quite small changes 1n pH (e.g. 05 unit)
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with the former to the exclusion of the latter. Since 1910 it has
also been discovered that many enzymes can be inhibited by
chemicals which are structurally analogous to their normal sub-
strates. The first application of this knowledge to the chemistry
of drugs occurred in 1926 when Stedman showed that the alka-
Ioid physostigmine acted by blocking the enzyme cholinesterase
which has the important function of destroying acetylcholine
shortly after its liberation from nerve-endings. Thus physostig-
mine was clearly shown to function by causing the patient to
have an overdose of his own acetylcholine. This knowledge led
to the simplification of the structure of physostigmine so that
only those portions essential for blocking cholinesterase were
left. The resemblance of this structure to that of acetylcholine
thus became clearer and it was gradually realized that useful
drugs could be made by designing molecules to resemble natural
cell-constituents. This realization was accelerated by Woods’s
discovery (Woods, 1940) that sulphanilamide (Fig. 2)—and
henceall thesulphonamides—actagainstbacteria by displacing a
structurally similar cell-constituent (p-aminobenzoic acid, Fig.
3) from some loosely held combination, e.g. in an enzyme-com-
plex. The structural similarity (Figs. 2 and g) consists in the fact
that a weakly acid and a weakly basic group are in each case
attached to a benzene ring and are situated, relative to one
another, in the para position.

The great practical success of the sulphonamides in therapy is
due to the fact that pathogenic bacteria will die if their meta-
bolism of g-aminobenzoic acid is interfered with, whereas mam-
mals do not utilize this acid. Attempts to make other ‘metabolite
analogue’ drugs have not often been successful because the
science of comparative biochemistry has not yet provided us
with sufficient examples of species-differences in metabolism.
Nevertheless the successful rew antimalanal, ‘Darapnm’, was
evolved (Hitchings, Elion, Van der Werff and Falco, 1948) along
these lines as a metabolite analogue for folic acid. Simularly
Unna’s ‘Lettudrone’ (Unna, 1943), which is a simple homo-
logue of morphine, 15 1n regular use to rouse patients from over-
doses of this alkaloid. Towards the end of the war, a clically
satisfactory antimalarial, phenylpantophenone (closely related
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show that neither inorganic iron nor 8-hydro fine was
toxsc separately, The reason why none of the sxx ‘isomerides of
Fig. ¢ are antibacterial Is that none of them have {for structural
reasons) the possibility of binding metatlic jons. There is good
reason fo believe that the toxic action of the complex {Fig. 5)

N N

W o
{
HO o Fe+
Fig. 4. Fic. 5.

takes place mstde the celt (where ferrous jons penctrate in only
the most carefully regulated amounts) and that it consists of
catalysing the oxidative destruction of some group essential in
the cell’s metabolism (Albert, Gibson and Rubbe, 1933).

Other mctn]-bmdmg suhsmnces which we are now smd)mg
inchude ycin and the tuberculostatic drug 3

The Coralent Bond

As long ago as 1goo Ehrlsch noted that: ‘If atkaloids, aromatic
amines, anbipyreucs or amhoe dyes be inwroduced into the
animal body, 1t is a very easy matter by means of water, alcohol
or acetone to remave all these substances quickly and easily
from the tissues.’ Tie concluded that drugs, in general, are able
© act oni vital cell constituents without forming what we should
call covalent bonds, because such bonds are nat readily broken
at body-temperatures and heace would not release the active
principles,

At the present time, we recagruze only a few examples where
drugs act by forming covalent bonds, Arsenical drugs form one
case in pont, but the relevant bond {As-3) is abnarmally easily
broken as covalent bonds go, All usefol arsenical drags are cither
arsenoXides, as Fig. 6, or are converted by the body to atsen-
oxtdes These then act, as Voegtlin showed int 1923, by combining
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can change a substance from a substantially non-ionized to a
substantially ionized state if the pH and the pK, are numeri-
cally similar, as often happens.

Some classes of drugs (phenols, hypnotics) act best when not
ionized, apparently because ionization adversely affects their
distribution. Many other substances act best when fully lonized.
Some years ago, my colleagues and I discovered that the acri-
dine antibacterials owed their usefulness largely to the cations
present. In the course of this work we synthesized over 100 new
acridines and showed that those which are poorly jonized at
pH 7-3 have little bacteriostatic action whereas those that are
highly ionized are invariably highly antibacterial. Incidentally,
this work led to the discovery of acridine antibacterials superior
to any known at that time. One of these, aminacrine (5-amino-
acridine), has now been adopted by the British Pharmacopoeia
(Albert, Rubbo, Goldacre, Davey and Stone, 1g45). Later, we
extended this work to other chemical series and we found that
any large flat molecule was antibacterial if substantially ionized
(cationically) at the pH of the test. The necessity for largeness
{over 30 5q. A) and flatness are apparently connected wath con-
ditions for adsorption on the biologically active group (on the
exterior of the cell) which 15 injured by these cationic drugs
(Albert, Rubbo and Burvill, 1949).

Heavy Metals
Of recent years, the importance to the cell of traces of the ions of
heavy metals has been increasingly recognized. Thus cobalt,
zinc, mangancse and copper all play essential parts in bodily
metabolism. Possibilities for selective toxicity arise through
depriving the uneconomic cell of trace metals or, conversely,
increasing the proportion unul toxic quantities are reached.

For some years, my colleagues and I have been mvestigating
substanees, known as chelating agents, which can combine with
traces of metallic fons in such a way that their ordinary inor-
ganic propertiey are gly modified For le, 8-hydroxy-
quinoline (Fig. 4) can combine with traces of ferrous cations
in ordinary bacteriological broth to give the complex (Fig. 5),
which turns out to be rapidly toxic for bacteria, We were able to
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show that neither inorganic iron nor 8-hydroxyquinoline was
toxic separately. The reason why none of the six isomerides of
Fig. 4 are antibacterial 1s that none of them have (for structural
reasons) the possibility of binding metallic ions. There is good
reason to believe that the toxic action of the complex (Fig. 5)

AN N
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takes place inside the cell (where ferrous ions penetrate in only
the most carefully regulated amounts) and that it consists of
catalysing the oxidative destruction of some group essential 1n
the cell's metabolism (Albert, Gibson and Rubbo, 1953).

Other metal-binding substances which we are now studying
mclude aureomycin and the tuberculostatic drug isontazide.

The Covalent Bond

As long ago as 1900 Ehrlich noted that- ‘If alkaloids, aromatic
amines, antipyretics or aniline dyes be introduced into the
animal body, it is a very easy matter by means of water, alcohol
or acetone to remove all these substances quickly and easily
from the tissues.” He concluded that drugs, in general, are able
t0 act on vital cell constituents without forming what we should
call covalent bonds, because such bonds are not readily broken
at‘body-Xcmperatures and hence would not release the active
Principles,

At the present time, we recognize only a few examples where
dngi act by forming covalent bonds. Arsenical drugs form one
Case in point, but the relevant bond (As-S) is abnormally easily
broken as covalent bonds go. All useful arsenical drugs are exther
arsenoxides, as Fig. 6, or are converted by the body to arsen-
oxides. These then act, as Voegthin showed in 1925, by combining
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can change a substance from a substantially non-ionized to a
substantially jonized state 3f the pH and the pK, are numeri-
cally similar, as often happens.

Some classes of drugs (phenols, hypnotics) act best when not
ionized, apparently becausc fonization adversely affects their
distribution. Many other substances act best when fully {onized.
Some years ago, my colleagues and I discovered that the acri-
dine antibacterials owed their usefulness largely to the cations
present. In the course of this work we synthesized over 100 new
acridines and showed that those which are poorly ionized at
pH 7 3 have little bacteriostatic action whereas those that are
highly jonized are invariably highly antibacterial, Incidentally,
this work Jed to the discovery of acridine antibacterials superior
to any known at that time. One of these, aminacrine (5-amino-
acridine), has now been adopted by the British Pharmacopoeia
{Albert, Rubboe, Goldacre, Davey and Stone, 1945). Later, we
extended thus work to other chemical series and we found that
any large flat molecule was antibacterial if substantially fonized
{cationically) at the pH of the test. The necessity for Jargeness
(over 30 sq. A} and flatness are apparently connected with con-
ditions for adsorption on the biologically active group (on the
exterior of the cell) which is injured by these cationic drugs
(Albert, Rubbo and Burvill, 1949).

Heayy Metals
Of recent years, the importance to the cell of traces of the ions of
heavy metals has been increasingly recognized. Thus cobalt,
zinc, manganese and copper all play essential parts in bodily
metabolism. Possibilities for selective toxicity arise throught
depriving the uneconomic cell of trace metals or, conversely,
increasing the proportion untl toxic quantities are reached,

For some years, my colleagues and I have been investigating
substances, known as chelating agents, which can combine with
traces of metallic ions in such a way that their ordinary inor-
ganic properties are strongly modified For example, 8-hydroxy-
quinoline (Fig. 4) can comhune with traces of ferrous cations
in ordinary bactenological broth to give thc. complex (Fig. 5),
which turns out to be rapidly toxic for bacteria. We were able to
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14,

When molecul jons alone are d, a 4oo-
fold difference is seen, but this falls to a 2-fold difference if
thermodynamic activities are compared {it should perhaps be
explained that the word activity is used here in its physical and
not biological sense).

Taere 2, The Narcosis of Tadpoles
{Brink and Posternak, 1948)

C ions for Th 3
Substance  equi-narcolc action actvityof
wols.litre eque-narcotsc solations
Alcohiol 041 0028
Butanol 002 0021
Octanel 00001 0028
Acetone 028 0030
Ether 003 0030
Chloroform 0001 0019

These considerations fed Ferguson to suggest the use of the
Tare gas Xenon as a general anaesthetic. In 1952 it was success-
fully used at the University of Iowa’s Hosprtal in a2 number of
cases, Good relaxation was obtained and the conclusion was
reached that this inert gas was a satisfactory anaestheuc.

Concrusion
In this subject of selective toxicity much more 18 known about
toxicity than selectivity. However the subject has now reached
the stage where it deserves study as an entity. Hence it 1s hoped
that it will secure a firm place in the medical curticulum and
receive increased attention a5 a topic of research i medical
schools.
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reversibly with essential mercapto-groups in the parasite to give
substances such as Fig. 7. There are some indications that
penicillin acts by forming a covalent bond of the more usual
non-reversible character.

-
e

Fuc. 6. Fo. 7.

Many substances are administered in a masked form, where a
covalent bond has to be broken before the true drug is released.
The administration of p lent arsenicals in order to produce
arsenoxides in the c.s.f., where arsenoxides would not ordinarily
penctrate, is a case in point. The mild analgesic phenacetin 15
really p-acetamidophenol masked by ethylation of the —OH.
p-Acetamidophenol is too toxic to be given as such, but is iber-
ated at a suitable rate by the breakdown of phenacetin.

Structural Non-Specificity
So far, all the examples dealt with have involved considerable
structural specificity. It is quite otherwise with the hypnotics
and general anaesthetics as Overton (rgo1) and Meyer (18g9)
pointed out. As no connection exists between structure and bio-
logical action for this class of substance, these authors suggested
that depressant action on the nervous system is proportional to
the distribution of the substances between olive oil and water.
This has not proved a good correlation in practice. A genuine
advance was made in 1939 when Ferguson pointed out that
depressant activity was roughly proportional to the percentage
saturation of the substance in the vehicle (air or water} in which
it was administered. Thus a substance poorly soluble in water is
likely to be more active, moleccule for molecule, than one that is
more soluble. These conclusions were derived from thermo-
dynamic pri iples, and i d y is obtained by com-
paring thermodynamic acuvities, rather than percentage satur-
ations. How it works out in practice can be gleaned from

Table 2.
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Recent Progress in Antibiotics
SIR ALEXANDER FLEMING

Axminorics i Croviear Meorane
ESEARGH in antibiotics is proceeding v many directions.
R}‘ollom‘ng the success of first peniciliin and later steepto-
mycin, many teams of workers have heen engaged in
trying to discover new annibiotics and they have met with con.
siderable success.

The antibiotic boom started with penicillin, and the search
for new ones first wok place among the moulds, but although
many niew antibiotics were discovered none of them have been
suitable for therapeutic purposes. From the moulds the search
extended up and down the plant kingdom from the flowenng
plants to the hactena, and m every class antibiotic-producing
plants have been found, but the richest source has been the
lowest classes—the streptomycetes and bacteria, especially the
former,

The work of Waksman and his associates (Schaz, A., Bugie, E.
and Waksman, S. A, 1934) m connection with streptomyein
attracted aticntion to streptomycetes, and almost all of the most
recent antibiotics have been produced by thus group. We have
had aureomycin, teramycin and chioromycetin—all wide spece
trum anubotics—which have been extensively used, and we
have had neomycin and viomyem which have not come into
general use. Then, very recently, we have erythromycin and
magnamyan which are still on trial but which seem to have a
promising future. All these arc elaborated by different strepios

mycetes as well as many others which are without therapeutc
value,
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It is the only antibiotic in common use which has been ccono-
mically synthesized, and now all the chloromycetin is made in a
chemical laboratory and not by fermentation.

These three antibiotics, aurcomycin, terramycin and chloro-
mycetin, are known as the wide spectrum antibiotics because
they have a very wide range of action on bacteria. They act on
the Gram positive and Gram negative bacteria and on the
spirochaetes. Their action on the tubercle bacillus is not effec-
tive. They also act on the Rickettsia of typhus and other discases
and on some of the larger viruses such as psittacosis and
lymphogranuloma inguinale.

They are all readily absorbed when administered orally, They
kill off a large proportion of the organisms in the gut. In many
diseases they are all effective and it is difficult, from this point of
view only, to say in such conditions which is the drug of choice.
Chloromycetin passes the blood brain barrier much more
seadily and appears in the spinal fluid in higher concentration
than the others. In typhoid fever and other Salmonella infec-
tions it is the only really effective antibiotic. Recently, however,
it has been found that after the administration of chloromycetin
there has appeared a blood dyscrasia which has been fatal, This
has happened especially after long or repeated administration
of the drug. While, therefore, chloromycetin 1s a very effective
remedyin many conditions thisdrawback hastobe bornein mind.

During the last few years two other antibiotics derived from
streptomycetes have had a considerable climcal trial. These are
neomycin and, viomycin. They are both active on the tubercle
bacillus but with both of them there are drawbacks which out-
weigh their advantages so that they have not come into general
use.

In the last year, two more streptomycete productions have
appeared which are at present being tested clinically and which

appear to have considerable promise. These are erythromycin
and magnamycin,

Erythromycm 15 a base which forms salts with organic and
inorganic acids. It 1s stable at the degrees of pH found 1 the
tissues, Its spectrum includes especially the Gram positive
organisms but also some Gram negative ones and some viruses.
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The search still goes on but each discovery of an antibiotic
makes it more difficult to find a new one which has any advan-
tage over those already in use.

Penicillin has a relatively limited range of action. Its spec-
trum includes most of the Gram positive organisms, the Neis-
seria, the spirochactes and a few others, but the wide range of
Gram negative organisms are for the most part unaffected. The
great merit of penicillin is its extraordinary power on the organ-
isms that are sensitive, and especially its absence of toxicity—it
is almost impossible to give an overdose. Its drawback is its
instability in solution, but that matters little for systemic admin-
istration as it is freely sotuble and solutions are readily made at
the time of injection.

Streptomycin acts on both Gram positive and Gram negative
organisms, It is effective in many cases of urinary infection with
coliform organisms but it cannot deal with systemic infections
like typhoid fever or other Salmonella infections. Its special
value has lain in its action on the tubercle bacillus and there is
no need to stress the difference it has made in many tuberculous
conditions. Just as penicillin gave hope of life to sufferers from
subacute bacterial endocarditis, so streptomycin gave a similar
hope to those with tuberculous meningitis.

Streptomycin has to be injected—when taken orally very
tinle is absorbed.

It has two drawbacks as compared with penicillin, Unless care
was exercised in the dosage there were toxic symptoms, especially
a specific toxicity to the eighth nerve. The other drawback is the
very rapid development of resistance in bacteria which are not
destroyed.

Aureomycin and terramycin are somewhat similar in chemi-
cal constitution, but there 1s an atom of chlorine in the aurco-
mycin molecule which 1s absent 1 terramycin, They are very
similar in their antibacterial activity, although there are con-
siderable differences in their properties One of these differences
is that aureomycin is very unstable in solution.

yeetin (chl henicol} was ariginally a product of
a culture of a streptomyces (8. tenezuela). It has a relatively small
molecule containing one chlonne atom and a nitrobenzene ring.
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Polymyxin is derived from B. polymyxa. It has also becn des-
cribed under the name Aerosporin, Its spectrum is completely
different from the two preceding bacterial antibiotics. It acts on
Gram negative bacilli and the Gram positive cocci are insensi-
tive. It has something of the same nephrotoxicity as bacitracin
so in systemic use great care has to be taken regarding dosage
and the urine must be watched for signs of disturbance of hidney
function. It has been used a good deal as a local application for
burns or other extensive surface lesions especially with a view to
ridding these of Proteus or B. piyocyaneus.

‘These are the antibiotics which are used clinically, but the
search for new antibiotics goes on vigorously. For example, the
September 1952 number of Adntibrotics and Chemotherapy con-
tained descriptions of four new antibiotics all derived from
streptomyees.

An enormous amount of work has to be done before a new
antibiotic is issued to the general medical public. Six separate
stages can be histed.

1. A biologist has to discover that one micro-organism pro-
duces something which antagonizes other microbes. He has to
develop culture media in which this substance is freely produced
and he has to investigate the antibiotic ‘spectrum’, i.e. ascertain
which organisms are sensitive and which are insensitive.

2. A chemist has to punfy the active substance as far as he
can. Ifhe succeeds in purifying it, he tries to discover its formula
and if possible synthesize it.

3. A pharmacologist has to study the action of the purified
product. He investigates its absorption and excretion. Especially
he has to study its toxicity, and not only is acute toxicity after a
single dose but also the possibility of organic damage after a long
continued course of smaller doses. (Many antibiotics which at
first seemed non-toxic were found to cause senous damage to the
kidneys or other organs after continued administration ) Then he
sees the effect of the drug on expenmental infections in animals.

4. If the antibiotic passes the tests of the pharmacologist, the
physician sees whether 1t can cure disease 1n man. He has from
the biologist a list of the sensitive organisms. He has from the
pharmacologist the dose which is effective in animals and also

D
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It is especially recommended in infections with staphylococd,
streptococei, and pneumococci. Haemophilus influenzae and H.
pertussis are also semsitive, and it is suggested that it may be
of value in whooping cough and diphtheria. It is given orally in
doses of '8 to 2-0 grammes daily in divided doses.

Side effects are uncommon but large doses may give ris¢ to
nausea, vomiting and diarchoea,

M yein has a sp hat similar to penicillin
but ir vitre it affects enterococel which tend to be resistant to
penicillin and the Rickettsia which are resistant. The pyogenic
cocct are inhibited by a concentration of about 0-2 y/gramme
per c.c., C. diphthena by 0-04 pfgramme and gonococcus and
haemophilus influenzae by -0z p/gramme. Toxicity to animals
is very slight and the experimental therapeutic effects have been
excellent. It can be given orally or by intramuscular or intra-
venous injection.

It will be very interesting to see the results of further clinical
trials with these two drugs. As there seems to be no cross resis-
tance with perucithin, they may be of the greatest value in the
treatment of infections by penicillin-resistant staphylocoecd
which are so common in hospitals today.

Three antibiotics derived from bacteria are avaslable. These
are tyrothricin, bacitracin and polymyxm,

Tyrothricin 15 the only antibiotc m use which was described
before the penicillin boom. Dubos described it m 1959. It acts
only on Gram positive bactersa and 1t is so toxic that it is useless
for systemic treatment. It is avaslable for local treatment.

Baatracin 1s elaborated by a stran of B. lichentformus. It has a
spectrum hat simiar to ¢ {hin and there 1 no crass
resistance between the two. With some baiches especially there
has been a certatn amount of toxicity to the kidney and for thus
reason 1t has not come into very general use. Many patients
have, however, been treated with intramuscular injections of
40,000 to 80,000 units dasty i divided doses with comparatively
Jittle toxic reaction, One interesting point about bacitracin is
that there 18 @ syncrgism between 1t and pemailhn enabling
results to be obtamed with much smalles doses of cach than
would be necessary if they were used alone.
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Originally the stock dosage was 15,000 units every 3§ !\9qu
and good results were obtained, although very often penicilkin
could not be detected in the blood afier 2] hours, Later, as sup-
plies inereased, larger doses were given at longer intervals and
even if there was a gap of somte houss when penicillin had appar-
ently disappeared from the blood between doses the resulis were
good.
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It is impracticable when a patient 1s not in hospital to give
more than two injections a day and patients and doctors alike
prefer only one. Many patients have been treated with doses of
100,000 units twice a day and frequently the treatment has been
successful. After such a dose penieillin can be found i the blood
for 5 or 6 hours, so there is a gap of some 6 hours before the next
injection during whach tune there is less than a therapeutic Level
of the drug in the blood,

We have to remember, however, that the microbes which are
infecting the body are seldom 1 the blood stream. They are in
the tissues, and it is worth a moment’s connderation to see what
sort of concentration of pemeillin there would be 1 the tissues.
Fig. 1 illustrates what could happen.

When an intramuscular injection is given, there 1 2 very
rapid rise in the pencillin content of the blood. Then the penis
cillin diffuses from the blood to the tissues. The blood level
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information on absorption and excretion so that he knows
whether he has to give it orally or parenterally. He has to ob-
serve the rate of excretion and the level of the drug in the blood
so that he may know how frequently to repeat the dose, and he
has to adjust the dose so that a therapeutic level is maintained in
the blood for a sufficient time.

5. If, from the observations of the physician, the drug appears
valuable, the pharmaceutical manufacturer hasto devise methods
of production on a large scale. With penicillin this was difficult
as 50 many new probl were d, but now probl
connected with the growth of the organism in large containers
are better understood and progress is much more rapid. It
was four or five years after penicillin was first purified before
satisfactory large-scale manufacturing methods were devised,
but only some nine months elapsed between the discovery of
terramycin and its issue to the public.

6. Someone gives the antibiotic a name. Penicillin was so
named because it was elaborated by a penicillium and in general
the name of the genus or species of the organism producing the
antibiotic is indicated in the name allotted to it.

Is 1t necessary in Antibrotic Treatment that the Blood should constantly
contain a Therapeutic Level of the Drug?

In this connection we had best deal with penicillin for it is con-

cerming penicillin that we have the most information available.

TasLe 1

Tune (in hours) during which pemcillin
Dose in units can be detected in the blood
after intramuscular injection

15,000 243
30,000 3
50,000 4
100,000 5-6
250,000 7-8
500,000 9-10
1,000,000 12

With different doses of sodium penicillin the drug can be
found in the blood for times approximately as shown in Table 1.
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Originally the stock dosage was 15,000 units every 3 hours
and good results were obtained, although very often penicillin
could not be detected in the blood after 2} hours. Later, as sup-
plies increased, larger doses were given at longer intesvals and
even i there was a gap of some hours whea peniciltin had appar-
ently disappeared from the blood between doscs the sesults were
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It is impracticable when a patient is not i hospital to give
more than two mjections a day and patients and doctors alike
prefer only one. Many patents have been treated with doses of
100,000 unuis twice & day and frequently the treatment has been
suceessful. Afier such a dose pemaatha can be found in the bloed
for 5 or 6 hours, 5o there is a gap af some 6 hours before the next
mjection during which time there is less than a therapeutic level
of the drug in the blood,

‘We have to remember, however, that the microbes which are
infecting the budy are seldom in the blood sucam. They are in
the tissues, and it 1s wareth a moment’s consideration to see what
sort of contentration of penicillin there would be in the tissues.
Fig 1affustrates what could happen.

When an mtramuscular injection is gven, there is a very
vapid 1ise in the penicillin content of the blood. Then the peni-
cillin diffuses from the blood to the tissues, The blood level



36 SIR ALEXANDER FLEMING

rapidly falls, and in an haur or two there is equilibrium between
the blood and tssucs, The blood level continues to fall and then
there is diffusion back from the tissues o the blood. There must
always be some period during which penicillin exists in the
tissues in effective concentration after it ceases to be detectable
in the blood.

Infected tissucs are usually oedematous and in such tissues it
will take longer for the drug to diffuse in to its maximum, but,
equally, it will take longer to diffusc out.

‘We had a patient with a streptococeal infection and a very
oedematous leg. Following penicillin by intramuscular injec-
tions (in the buttock) the penicillin levels were tested at intervals
in the blood and in tissue fluid from the oedematous leg. The
blood levels fluctuated as usual, rising soon after the injection
and falling to nothing before the next injection. The tissue fuid
levels were almast constant, only varying between 04 and 05
unit per ml. during the whole day.

Florey and Heatley (1945) bave shown that penicillin per-
sisted in the fluid cxuded from septic wounds for a considerable
time after it had disappeared from the blood.

More recently, Ungar {1950), working with rabbits, obtained
similar findings. He created a necrotic focus by the injection of
turpentine into the muscles of the hind leg. Then penicillin was
injected intramuscularly into the muscles of the other leg
Blood and exudation from the necrotic area were examined at
intervals with the following results.

Tasre 2

Time (1n hours) durmng which

Dose 30,000 units pimu\lm detectable 1n
lo

ntramuscular

Exudate
Aqueous pemciilin 3 8-9
Ol wax » 12 18
Procaine 24 3

We see then that penicillin persists in the tissues (especially
inflamed tissue) for some time after it has disappeared from the

blood.
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We must not thercfore insist that penicillin shall be in the
blood all the time, We know that the clinical results have very
often been excellent when there is no measurable amount of
penicillin in the blood for some time between injections and the
observations cited give one explanation of this.

The interval, however, between the injections must not be teo
long, and it is recasonable to supposc that with a quickly growing
organism the interval should be shorter than with a slow grow-
ing organism. I would suggest that in dealing with the common
septic organisms it would not be wise to give Jess than 500,000
units if two doses a day are given, or less than 1,000,000 units if
only one dese of soluble penicillin is given in 24 hours,

Curmicar DEVELOPMENTS IN PENICILLIN

Penicillin is an acid and readily makes salts with bases—inar-
ganic or organic. Originally only simple salts like sodiam,
potassium or calelum were used. These were very soluble and
when injected in solution they were rapidly absorbed and rapidly
excreted, For this reason the injections had to be repeated fre-
quently unless very large doses were given, Many methods were
devised ta delay absorption and so prolong the action. The first
successful method was to incorporate the peniallin in ol and
beeswax. There were, however, technical difficulties and the oil
wax mixture gave way to orgamic salts.

Early in penicillin treatment when the drug contamned many
impuritics there was often considerable pam at the site of ingec-
tion and frequently procamne was added to the penicilhn to pre-
vent this pain. It was sometimes notced that m this mixture a
precipi PP d but this precipitation did not destroy the
efficacy of penicillin. Purther igation showed that procai
formed with penscitlin a compound which was only very slightly
saluble in water. When a suspension of this compound was
injected mtvamuscularly it very slowly dissociated so that after a
single injection a therapeutic concentration of penicillin could
be found in the blood for 24 hours. This made 1t possible to do
effective peniciliin therapy with only one daily injection. It was
further found that when to a suspension of procaine pemaillin in
oil a certain amount of aluminium monostearate was added,
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rapidly falls, and in an hour or two there is equitibrium between
the blood and tissues, The blood {evel continues to fall and then
there is diffusion back from the tissues to the blood. There tmust
always be some period during which penicillin exists in the
tssues in effective concentration after it ceases to be detectable
in the blood,

I

We had a patient with a streptococcal infection and a very
oedematous leg. Following penicillin by intramuscular injec-
tions (in the buttock) the penicillin levels were tested at intervals
in the blood and in tssue fluid from the oedematous leg. The
biood levels fluctuated as usual, rising soon after the injection
and falling to nothing before the next injection. The tissue fluid
levels were almost constant, only varying between 0-4 and 0§
unit per ral. dunng the whole day.

Florey and Heatley (1945) have shown that penicillin per-
sisted in the fluid exuded from septic wounds for a considerable
time after it had disappeared from the blood.

More recently, Ungar (1950), working with 1abbits, obtained
simifar findings. He created a necrotic focus by the injection of
turpenyne into the muscles of the hind leg. Then penicillin was
injected intramuscularly into the muscles of the other leg.
Blood and exudation from the necrotic area were examined at
intervals with the following results.

Taner 2

Dose 30,000 units ‘Tume (in hours) duning which

perucillin detectable in
mtramuscular Blood Exudate
Agueous peniaithn 3 8-9
Oil wax. ” 12 18
Procaine 5 24 31

We see then that penicillin persists i the tissues (especially
inflamed tissue) for some time after it has disappeared from the
blood.
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Tumer and Drew, 5945) showed that peniallin-resistant
staphylococei could be developed in this way and that these
retained their resistance to penicillin through many gencrations.
Later it was shown that this could happen with many organisms.
With penicillin the development of resistance was slow and pro-
ceeded in steps, the organisms becoming more resistant as they
were grown in increasing conce: ions of the chemical

isslow development of rest char istic of penicillin
is seen also in most of the other useful antibiotics, aureomycin,
terramycin, and chloromycetin, but it is otherwise with strepto-
mycin, Here a high degree of resistance may be developed ina
very short time.

The appearance of penicillin-resistant forms has so far only
been of importance in selation to one orgasism—the
staphylococeus. In the *thirties, before penicillin was used clini-
cally, I found a few staphylococcal strains which appeared to be
highly resistant. They could not have developed by the medi-
cinal use of penicillin.

After penicillin had came into general use in hospitals, Barber
{Barber and R daski-D ko, 1918) published figures
showing that of the staphylococci isolated in one hospital same
50 per cent were resistant to penicillin. Later figures show an
even higher incidence of resistant organi

Against this we have several sets of figures showing that

among people not in hospital the incidence of pemaillin-resistant
staphylocaceus is about 10 per cent. There is then a great differ-
ence in the incidence of penicillin-resistant staphylococat in
hospitals and ous of hospitals. Why is this® The ssmple answer is
d’fat itis 2 hospital infection. \We know from history, even recent
history, how easy it is to spread infection in hospital. In hospital
many patiests are treated with penicillin. That kills off the sen-
sitive staphylococci but not the few insensiove ones. These in-
sensitive ones find they have the field 1o themseh €3 50 they grow
and multiply. They get mto the air and the dust of the nards
and infect not only the other pauents but the nurses and
attendants, who can spread the mfection. It 15 the old story of
hospital infection which is difficult to prevent completely but
which, with care, can be cut down to small hmuts,
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penicillin could be detected in the blood for three days or
more.

Naturally there was never a high level in the blood. There
could not be for there was only slow dissociation of the penicillin
from the compound and the free antibiotic was rapidly excreted
by the hidneys. However, if it was desired to have an initial high
level in the blood it was casy to mix a dose of soluble sodium
penicillin with the procaine salt and many manufacturers have
issued such 2 mixture.

More recently other organic compounds have appeared.
Jensen and his associates (Jensen, Dragsted and Klair, 1950) in
Denmark introduced the hy iodide of the dicthyl
ethanol ester which like procaine penicillin forms a dcpot from
which the drug is only slowly absorbed. The interesting feature
of this compound is that in animals with an inflammatory con-
dition of the lungs a much higher concentration of peniciflin is

In the fast few months there has been introduced another
organic compound of penicillin dibenzylethylenediamine dipeai-
cillin G. This is marheted under various trade names and aftera
single mjection of 600,000 units a measurable amount of peni-
cillin appears in the blood for some 14 days. The titre is never
high—at the most in the region of o1 unit per ml. but after
14 days there may sull be 0 02 or o 03 unit per ml. which i
enough to deal with very sensitive organisms.

Then again there is allylmercaptomethy! penicillin, sold as
Penicillin O, which is stated to give much less reaction in peni-
cillin-sensitive patients.

Doubtless other compounds will appear, each having some
advantage in a special direction.

DEVELOPMENT OF RESISTANCE OF BACTERIA TO
ANTIBIOTICS
It was well known that bacteria grown in sublethal concentra-
tions of a chemical could develop a resistance to the chemical.
Soon after penicillin was introduced clinically, Todd (Todd,
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Tumer and Drew, 1945) showed that penicillinresistant
staphylococei could be developed in this way and that these

ined their rest 10 penicillin through many generations.
Lateritwas shown that this could happen with many organisms.
With penicillin the development of resistance was slow and pro-
ceeded in steps, the organisms becoming miore resistant as they
were grown in increasing -ations of the chemical

This slow development of resistance characteristic of peniciflin
is seen also in most of the other useful antibiotics, aureomycin,
serramycin, and chioromycetin, but it is otherwise with strepto-
mycin, Here a high degree of resistance may be developed in a
very short time.

The appearance of penicillin-resistant forms has so far only
been of importance in relaton to one comnion organism—the
staphylococcus. In the “thirdes, before penicillin was used clini-
cally, I found a few staphylococeal strains which appeared to be
highly resistant, They could nat have developed by the medi-
cinal use of penicillin.

After penicillin had come into general use in hospitals, Barber
(Batber and R doski-D ko, 1948) published figures
showing that of the staphylococei isolated in one hospital some
50 per cent were resistant to penicillin, Later figures show an
even higher incid of resistant org

Against this we have several sets of figures showing that
among people not in hospatal the incidence of penicithn-resistant
staphylococcus is about 10 per cent. There is then a great differ~
ence in the incd of penicitli i staphylococct in
hospitals and out of hospitals. Why is this? The stmple answer is
that it is a hospital infection. We know from history, even recent
history, how easy it is to spread infection in hospital. In hospital
many patients are treated with penicithn. That kills off the sen-
sitive staphiylocoee but not the few insennitive ones These in-
sensitive ones find they have the field to themselves so they grow
and multiply. They get mto the air and the dust of the wards
and infect not only the other patents but the nurses and
agtendants, who can spread the mfection. 1t 1s the old story of
hospital infection which is difficult to prevent completely but
which, with care, can be cut down to small limits,
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"There is evidence that the simultancous administration of two
antibiotics may prevent the appearance of resistant straing of
bacteria and in practice this has been demonstrated clearly by
the combination of streptomycein and P.A.S. in the treatment of
tubereulosis, Much work remains to be done before we know the
best combination of antibiotics for this and other purposes.

Itis often assumed that bacteria which become resistant to an
antibiotic remain resistant permanently, but very intercsting
work has been done in Great Britain and in America showing
that if some resistant organisms are exposed to the action of
various chemicals they may regain their sensitivity to one or
more antibiotics. This change, however, docs not seem to keep
pace with the spread of the resistant forms,

EVALUATION OF ANTISIOTICS IN THE TREATMENT OF
Drsease v M
Every one of the antibiotics in common use has had such
dramatic results in some conditions that there has been no need
for accurate statistical analysis to show them to be valuable,

There were condinons, however, where strictly controiled
trials were necessary and in this connection British medicine and
the Medical Rescarch Council have played a major part.

Let us take, for instance, subacute bacterial endocarditis. In
the pre-penicillin era it was almost invariably fatal and it was
shown that penicitlin treatment could cure it. The question of
how best to use penicillin in this condition remained. It needed
a controlled trial and here the Medical Research Council
stepped into the breach. They organized such a trial comparing
the results obtained by vanous systems of dosage in a number of
different centres. Large doses over a shart period failed. Smaller
doses over a longer perod were often successful but the greatest
number of successful results were obtained by comparatively
Jarge doses over quite a Jong period. A final result of t:h)s trial has
appearedin averyintcresting articleby Cates and Christie (1951).

The M.R.C. trials of streptomycin and oth;r antitubercular
drngs have likewise been of the greatest value in the evaluation
of these drugs in the treatment of various forms of tubereulosis.

Similar trials are in progress in regard to the use of antsbiotics
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in adult pneumonia, whooping cough and gastro-enteritis of
infants.

Such organized and strictly controlled trials are essential,
first, to ascertain whether the drug has an appreciable effect on
the particular infection and, secondly, to determine the best
method of using the drug or drugs. Many authors publish results
of observations in which there are no controls and these results
can be most misleading.

Tz CoMBINATION OF DIFFERENT ANTIBIOTICS
When penicillin was introduced it was the only antibiotic which
could be used systemically but even when there was no compet-
ing antibiotic there were attempts to combine it in treatment
with the sulphonamides and Bigger {1946) showed that the
addition of sulphathiazole to penicilhn enhanced 1ts bactericidal

with combinations of antibiotics has become very important.

There is experimental work showing that when bacteria are
exposed to a number of antibacterial agents, resistant strains do
not readily develop. There is considerable climcal evidence that
in tuberculosis it is normal for resistant strains to appear in
about 4 weeks of streptomycin treatment but if the streptomycin
is combined with para-ammo-salicylic acid the development of
these resistant strains is prevented or retarded.

‘When two antibiotics are combined three other things can
happen.

1. Each may act independently so that the addition of one to
another is merely addition.

2. The antibiotics combined may have an antibacterial action
far in excess of a mere additive effect. One or both synergizes the
other.

3. One antibiotic may inhibit the action of another.

Jawetz and Gunmison (1952) have divided the antibiotics into
two groups:

Group I-—pemcillin, streptomycm, bacltracm
Group IF.

yan, wer you,
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From experiments fa zitro and in vivo they have formulated the
following rufes.
Tanie 3

Muxtures Results

Group I with Groyp I Never antagonsm~possibly synergism
Group I with Group T Never antagonsm or synergism
Occasionally additive
Group § wuh Group I If organiymn sensiuve to Group § often
antagonism
If orgamsm resistant 1o Group I ofien
synesgism

With the combination of group I and group 1I the result
depends to some extent on the microbe. There is one very illus-
trative experiment quoted. Ar organism very sensitive to baci-
tracm was exposed to a mixture of bacitracin and terramycin,
The result was worse than with bacitracin alone. The same
organism was, by repeated subculture i sublethal doses of baci-
tracin, rendered relatively resistart to the drug. When this semi-
resistant organism was treated with the bacitracin-terramycin
mixture the result was much better than with either drug alone.
Thus the same combination of antibiotics showed both antag
jsm and synergism on the same organism according to the state
of the culture.

If we accept tius finding as a working hypothesis we see that
the problem of using binations of anubiotics is far from
being a simple one. It seems to be safe to combine members of
group I which are never antagomstic to each other, so long as
care is taken to avoid the posmble toxic effects of streptomycin
and bacitracim. There 1s little ad e co i b
of group 11 for at best they are merely additive

‘The serious danger may come when a member of gronp I is
combined with 2 member of group I1. There may be antagon-
ism, so that the result is worse than if only a single anubiotic is
wsed. Thas is especially likely if the organism is reasonably sensi-
tive to the group L drug.

In some countries mixtures of antibiotics are manufactured
and sold. I hope this practice does not become general. It is so
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£asy to combine the drugs for any particular patent at the
moment of administration.

Unskilted practitoners have a great love for a blunderbuse
mixwre and if such were available in the anubiotic ficld they
would nse it for everything—olten with wotse results than they
would get by the use of asingle drug.

ToxXIC ACTION OF ANTIBIOTICS
Toxic effects of three types may be observed.

1. The drug may have a specific toxic effect on some tissues,
for instance streptomycin and dihydrostreptomycin have a
direct toxic action on the eighth nerve if grven in large doses
overmore than a very short period.

Chloromycetin has recently been shown to have in some
patients a very serious toxc action on the blood-forming tissues
leading to a fatal aplastic anacmia,

Terramycin and avreomycin taken orally may cause nausea
and vomiting or diarthoca.

Bacitracin and polymyxin, unless given sn very small doses,
have z direct toxic action on the kidney, This is the most senous
objection to their general use.

2. The drug may upset the bacterial equilibrium of some part
of the body. Normally in our mwouths, throats and mtestinal
tract we hay e a very comsiderable bactenal flora which adjusts
1tself 5o that we accept it 43 the normal condhon. If a farge
proportion of these bactersa are destrayed by an anubiotic their
place is taken by other organi i 1o that astybotic and
these may cause disease. Peniaillin lozenges kill off most of the
streptococcd in the mouth and sometimes this 1s followed by
‘black tongue’ or thrush.

The wide spectrum antibiotics kill off mast of the bacteria of
the gut and 11 many cases there is a great overgrow th of fungi,
especially monshia—-sometimes with serious results.

3. The patient may be allergic 1o the drug or may by exposure
to the drug acquire a sensitwvity.

Soon after penicillin was mtroduced as a therapeutic measure
it was found that some people were allergic to the drug. Usually
the mandfestations were shght, such as urtreana, but occasionally
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there were more serious symptoms. Some cascs have been re.
ported where persistence with the treatment in the face of such
ifestations hashad a di result,

I heard of one during my recent visit to Greeea, A man with
chronic bronchitis wreated himsell with penicillin {200,000
units). After the first dose there was slight and transient dysp-
noea, Three more doscs were taken at approximately weekly
intervals and after each there was increasing dyspnoea. He then
consulted a doctor who warned him not to take any more peni-
cillin but he disobeyed the advice and had another dose which
was rapidly followed by a fatal dyspnoeic attack,

Apart from the primary sensitivity, a sensitivity can be
acquired by repeated exposure o one of these drugs. Many
nurses and others who had day after day to deal with strepto-
mycin developed a sensitivity of the skin resulting in a derma-
titis

The recently reported toxic effects of chlaromyeetin on the
bload-formung organs are probably due to a sensitization. They
have occurred especaally after very long continued repeated
administration,

It is probable that with all the antibiotics there gre individuals
who develop such a sensitwvity especially after repeated local
applications of the drug. This is one of the mamn drawbacks to
the local appheation of these drugs. It is also the chief reason
why it may be important not to use them for guite trivial com-
plaints, In countrics where they are freely sold to the public they
have been used ndiscuminately and I have given above an
instance of a fatal result from self-medication with penicillin
which is normaily a drug with extremely kittle toxicity.

Concrusion

We now have a ber of effective antibiotics and in them we
have powerful weapons against most of the common infections,
and we shall have new anuabiotics, There remain many problems
which are yet unsolved.

Antibiotics are the products of laboratory research and the
hysicians should seek the co-operation of the labosatory. In
the laboratory can be of material ard 1 determining

P
some €ases
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whether the drugs are being absorbed in sufficient quantity by
measuring the blood level but it is especially useful in the selecs
don of the most suitable antibiotic for wse in any panticolar
infection.

In antibiotic therapy the association of the clinician and the
laboratory worker is a very happy one.
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Virus Adaptability in Relation to
Human Disease

WILSON SMITH

characteristics of living organisms. Any organisin totally

latking such capacity would be doomed to early extine-
tion. More than temporary adaptations, however, are required
to pernut the survival of a species as distinct from the survival of
a mere individual. The specics must evolve a mechanism for the
transmission of changed characters through a number of succes-
sive generations. This implies a capacity for constant evolution-
ary development.

In this lecture I do not propose to discuss the various mechan-
isms by which heritable changes are brought about in the first
place and subsequently handed on from generation to genera-
tion. The generally accepted view is that any permanent change
of character depends upon the selection of a mutant which arises
spontaneously by pure chance and which happens to have an
increased survival value over the parent form. Whether that is
the only pattern of evolutionary development isimmaterial to my
present purpose What I wish to discuss 15 the effect which virus
mutability hasupon the human diseases caused by various viruses
and its important bearing on some of the practical problems
which confront usin the field of human medicme. There canbe
no doubt that the phenomenon of virus mutation has very great
practical significance, for 1ts scientific mvestigation has alrcaqy
yrelded, and 15 likely to yield 1n future, handsome dividends in
the form of methods of control of some of the virus infections.

ﬁ DAPTABILITY to environment is one of the most important
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Virus Lamury

Whilst it is probably true to say that alf living organisms are
subject to changes based upon gcm:uc mutations they differ
widely Ives in the frequency with which they
exhibit such changcs. "The viruses in particular display an extra-
ordinary range of variability in this respect. Some of them are
relatively stable probably because they have alrcady achieved
such a satisfactory mechanism for ensuring species survival that
any further mutation conferring an increased survival value is
extremely unlikely to occur. Mumps virus provides an example
of this relative stability with the result that the human disease,
mumps, has persisted unchanged through the centuries, At the
other end of the scale the influenza viruses are so extremely
labile that aberrant strains may be produced almost at wilt in
the laboratory, whilst the naturai disease presents a clinieat and
epiderniological picture of bewsldering complexity, It is para-
doxical that whilst virus lability may be the chief reason for
man's faifure to conquer a disease m one case 1t may, in another
ease, be the essential prerequisite for the develog of an
cffective means of contrel,

RANGE OF VIRUS ADAPTATIONS :
With a very labile virus there 15 scarcely any type of activaty
which may not be altered by genetic modification, Indecd, one
of the difficulties of the research worker 1s to detect such changes
inhis labemtory straing 1 order to guard agumst the risk that
they may vitiate the applicability of his experimental results to
problems in clinical medicine and epidemanlogy. Burnet {1945)
drew attention to thss risk in the case of influenza when he wrote:
*One has an uneasy fechng that perhaps alfour current mifluenza
work is being done with something which has ccased to be the
pathogenic virus with which we onght to be primanly con-
cerned’, and hie emphasized the pomt by addmg, “Lattle pro-
gress would have been made in dealing with preumococcal
pneumorua if only rough preumococa had been avalable for
study’. This docs not 1n the least detract from the sigmificance
and importance of laberatory invesbgamons, for it is only by
studying the changes which cccur 1n the course of laboratory
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characteristics of living organisms. Any organism totally
lacking such capacity would be doomed to early extinc-
tion. More than temporary adaptations, however, are required
to permit the survival of a species as distinct from the survival of
a mere individual. The species must evolve a mechanism for the

Q DAPTABILITY to environment is one of the most important

tr ion of changed ct through a number of succes-
sive generations, This implies a capacity for constant evolution-
ary development.

In this lecture I do not propose to discuss the various mechan-
isms by which heritable changes are brought about in the first
place and subsequently handed on from generation to genera-
tion. The generally accepted view is that any permanent change
of character depends upon the selection of a mutant which anses
spontancously by pure chance and which happens to have an
increased survival value over the parent form. Whether that is
the only pattern of evolutionary development 1s1mmaterial to my
present purpose. What I'wish to discuss is the effect which virus
mutability hasupon the human diseases caused by various viruses
and its important bearing on some of the practical problems
which confront usn the field of human medicine. There can be
no doubt that the phenomenon of virus mutation has very great
practical significance, for 1ts scientific investigation has already
yielded, and is likely to yield 1n future, handsome dividends in
the form of methods of control of some of the virus infections.
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that it demonstrated the possibility of non-antigenic modifica-
tions affecting the hiological activities of a virus, and thus lent
support to the idea that sudden increases of virulence, acquisi-
tion of new tissue affinities and possibly extensions of host range
of a virus may depend upon architectural alterations of a
similar type.

However, whatever may be their physical or chemical basis,
thers is abundant evidence that both antigenic and non-anti-
genic virus mutations occur in nature just as they do in the
laboratory. They occur with variable frequency depending
chiefly upon the basic stability or lability of the virus in ques-
tion. Many of them are likely to be of such a nature that they are
without effect upon the fundamental reactions between host and
parasite, but those which affect virulence, tissuc affinities or
transmission potentialities are bound to modify the host-parasite
relationship in one way or another. Furthermore any antigenic
modification, even when not associated with a change of bio-
logical activity, is likely to be important from the point of view of
prevention and control of the disease. Indeed the association or
dissoczation between antigenic mutations and functional changes
of a virus may be the crucial factor in determining the type of
control measure likely to be effective.

In order to illustrate the manifold effects of this plasticity I
Propose to consider four specific virus diseases, smallpox, yellow
fever, influenza and poliomyelitis, with special reference to cer-
tain major aspects of infection. namely, the clinical and epi-
demiological features of the discase, methods of disease trans-
mission and preventive measures.

SMALLPOX
In smallpox we have an example of a virus wlich is extremely
stable antigenically but which, fortunately for us, is lable to
Mutations affecting its virulence for man and its expertmental
host range. Dunng the last few centuries the discase has ex-
hibited striking fluctuations of severtty and distrbution, Of
course, one must not lose sight of the multiphcrty of factors, other
than virus mutation, which can affect the clinical and epi-
demiological features of a disease. Early accounts of eprdemics
E
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cxperiments that one can hope to unravel the complexities of
virus behaviour in nature. The wide range of the modifications
of influenza virus which have been encountered during the
coursc of laboratory investigations is shown in Table 1.

Tastz 1. Vanable Characters of Influenza Virus

Variable character Behaviour affected by varus

modification
Antigeni i E ical patterns.
Efficacy of vacanes.

Infectivaty Host range.
Adaptabulity to laboratory animals.

E Tssue a(gmiu:s. b

nzymic activity Susceptibility to serum inhibitors.
Sp:cfipof elution from R.B.C.s {and ?
tissue cells).

Haemagglutination activity ~ G. pig/Fowl R B.C. ratio.

Susceptibility to serum inhibitors.

Toxiaity ? Severity of clinical symptoms.
Morphology
Resistance Persistence in nature.

A point of very great importance is that mutations may affect
either the virus constitution or its functional activities. In the
last analysis any change of behaviour must be dependent upon
some alteration of constitution but in many cases this 1s quite
undetectable and may involve merely a rearrangement of struc-
ture rather than any gain or loss of actual virus components.
Yet a change of this sort may have a much greater effcct upon
the interactions between virus and human host than a readily
detectable antigenic change. Recently in my own laboratory a
variant of the classical PR8 strain was isolated dunng routine
egg passage which differed from the parent strain in haem-
agglutination behaviour without any detectable change in infec-

) : R D ,and we

2 merely

o e - ° . e haem-
agglutimn receptorson the virus surface (Smithetal., 1951). This
particular modification, if it occurred in nature, would be un-
Likely to have any significance as far as the human disease is con-
cerned, but I regard the occurrence as of some importance in
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with the result that smallpox would cease to be a particularly
severe disease. A factor militating against such a transformation
is the widespread use of prophylactic vaccination which raises &
barrier against that free spread of infection which is necessary
for such natural selection to occur.

‘The close similarity between the basic pathology of smallpox
and that of several of the animal pock diseases, coupled with the
antigenic relationships of the viruses concerned, makes it prac-
tically certain that the gronp of pock viruses ¢volved from a
common ancestry. We know nothing definite about the order of
their evolution but there is undoubtedly a particularly close
relationship between the viruses of smallpox and cowpox and
there is at least a reasonable possibility that one may have
developed as a mutant of the other by adaptation to the new
host species. It is significant that cowpox is readily transnussible
to man on contact with infected animals, and there are some
authorities who hold that cowpox in the cow may result from
comact with human cases of smallpox or vacenia, If, indeed,
one virus represents 2 mutation from the other the evalution
may have proceeded equally well in either direction though the
much more violent host reaction in the case of smallpox suggests
that smallpox virus represents the more recent development,

Fortunately, epidemic smallpox is entirely dependent upon
man-to-man transmission; there are no insect or animal vectors
and no animal reservoiss of the virulent man-adapted virus. But
that is not to say that further developments along such Iines are
impossible The experimental adaptauon of smallpox virus to
lower animals 1s not difficult though it seems to be invariably
associated with a dechne of virulence for man. As we shall see
later in connection with other virus dseases thus decline of viru-
lence for the primary host 1s by no means an inevitable conse-
quence of adaptation to an alternative host specses, and 1t is an
wnteresting intellectual exercise to work out the eveats which
might follow were smallpox virus to extend ats natural host
range without undergomng any concomitant change in respect of
its mfectivity, communicability and wirulence for man. Quite
certainly the whole epid logical pattern of smallpox would
be changed and urgent new problems of effective control would
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in Europe provide a picture of a fulminating disease with ngh
mortality and extraordinasily high infectivity. The shift to a
diseasc of somewhat milder c¢h is g 1 ibuted to
improvement of social conditions, the development of some
degree of herd imemunity and the employment of prophylactic
vaceination. Apart however from the periodic fluctuations
dependent upon such factors there has arisen a stable type of
mild smallpox, alastrim, which results from infection with a
virus variant. Virus strains isolated from alastrim cases show no
antigenic differences from strains isolated from cases of classical
virulent smallpox, But there is 2 consensus of opinion that the
wo disease types, smallpox major and minor, are caused by
virnses which represent two distinet and stable entities, The
mortality ratesin the great epidemics recorded in history appear
to have been at least 30 per ceat. In more recent times the
reported cases in India during the periad 192630 showed 2
mortality rate of 42 per ceat. But during roughly the same period
the mortality rate {or cases m the U.5,A. was as low as o g per
cent This cannot be attributed to any duference of racial
suscepubility, because some of the outbreaks in the U.S,A. were
of the smallpox major type with igh mortahty. The contrast 13
undoubtedly due to the dominance of the alastrim virus in
America dunng the peried in question, That mortality rate 18
governed chiefly by the type of infecting virus 1 also indicated
by the fact that, by and large, outbreaks breed true to type; this
is to say that nearly all cases m an alastim epidemic are rela-
tively muld and Jack some of the climeal features characteristic
of variola major

Here then 15 a clear ilustration of the effect which wirus
adaptation may have upon the clincal and epidemiological
features of a disease In this case the two disease types are still
extant and may octur side by side in any communty but it is
unlikely that under perfectly matural conditions they would
remamn so indefimtely. The muld alastim type virus has
almost certainly an mcreased survival value over the wirulent
smallpox major type at Yeast m hughly civibized countries th?l
high standards of public health, so that in the course of time it
would probably succeed 1n b g pletely d
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There is a good deal of evidence that variations of virulence
oceur constantly during the various transmission cycles which
the virus undergoes 11 nature, and that nataral selection has led
to the establishment of some of the variants as relauvely stable
strains. With few exceptions African strains are more pathogenic
for rhesus monkeys than are South American strains, whilst for
the marmoset it is the American strains which are much more
highly pathogenic. Different strains also show extremely vari-
able potentialitics of infecting dedes acg ypn mosquitoes. There is
no correlation between virulence for man and for other specics
of host but there can be no doubt that comparable virus changes
occur which do determine the degree of infectivity and virulence
for human beings. Infection may result in clinical disease of any
grade of severity ranging from transient malaise to fulminant
discase with the full range of classical symptoms. Completely
inapparent infections are also common. We know of course that
in ycllcw fever host factors including genetic constitution play a
very important part in deciding the nature of the sesponse to
infection, but they may on be guite hadowed by
the intrinsic virulence of the parasite, Serological tests in thc
Sudan in 1935 showed regions in which about 80 per cent of the
inhabitants had been previously infected without any history of
the disease, but 1n the same districts outbreaks of classical severe
yellow fever occurred in 1940~41. Simlarly in Brazil, which has
suffered some of the most devasiating eprdemics on record, out-
breaks of a mild febnle illness, originaily attributed to influenza,
were subsequently proved to be caused by yellow fever virus of
abnormally low virulence.

The epidemiology of yellow fever is largely determined by the
mode of transmussion of the disease. The tissue tropisms of the
virus are such that free excretion of varus from the diseased host
does not occur; this excludes the possibility of direct transfer of
infection from case to case. Virus transfer depends upon parti-
cipation by a mosquito vector which functions not merely as a
mechanical carrier but as a true alternate host of the virus, A
further point of interest is that the only period during the course
of the illness in which the mosquito can be infected by feeding
on the human subject is the brief period of viraenua. Also the
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arise. However, though such an adaptation is theoretically Pos-
sible, itisnot very likely to occur because the inherentqualities of
the pock viruses appear to favour mutations along different lines,
1f sur supposition that cowpox and smallpox cvolved either
one from the other or both from a common ancestry is correct,
they present an excellent example of the way in which naturally
occurring adaptations may provide a very efficient means of
diseasc control. 1t only required the penetrating observanon of
Jenner to open the way for the employment of one virus as a
prophylactic against infectiors with the other. The success of this
early use of a naturally occurring phenomenon scon had farther
consequences. It was found that the changes which could be
induced ia smallpox virus by artficial adaptations to experi
mental anituals tended to follow o constant pattern which
resulted in virus variants having the same desirable qualities as
the natural cowpox virus, Although the onginal Jennerian
vaccinia virus may have been derived from cowpox virus many
of the strains now used throughout the world for human vaccina-
tion have undoubtedly been derived from virulent smallpox
virus by a series of artaficial adaptations, The really remarkable
feature of these pumerous conversions of smullpox virus to
vaccinia virus 13 the consistency of the association between
reduction of mfecuvity for man, increase of infecuvity for calf
and retention of mitial antigenic constitution. The first charac-
ter justifies deliberate infection of human beings with a living
disease agent, the sccond facilitates large-scale vaccine produc~
tion, and the thied ensures almaost complete cross-protection.

Yerow Fover

The virus of yellow fever resembles smallpox virus in ope very
important charactensie, namely its remarkable antigenic stabi-
Yity. All strains of the virus which have been so far isolated,
whether from man, monkey or mosquio, are immunologically
jdentical. The adaptative changes to which it 1s subject 1z nature
or during the course of laboratory mampulations affect chiefly
its varulence and its tissue wopisms, The effects of this adapta-
bility upon the major aspects of xngccﬁoq which we selected lor
discussion present many new and interesting features.
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viscerotropism. The mouse neurotropic virus has been used, and
indeed is still being used, on a large scale by the French for
human immunization, but English and Amcrican authorities
consider it is too dangerous, an opinion supported by the fact
that there have been a number of fatal cases of infection due to
the vaccination. The problem was therefore to reduce viscero-
tropism without increasing neurotropism. The virus strain
labelled 17D was finally evolved which fulfills this requirement
satisfactonly and which has been employed for the immuniza-
tion of mullions of individuals without any untoward event. The
parent virus was a highly virulent pantropic strain isolated from
a human case in rhesus monkeys, It was first modified by tissue
culture in mouse embryo medium. This resulted in great reduc-
tion of viscerotropism but had no effect on neurotropism. The
culture medium was changed by substitution of chick embryo
for mouse embryo. Later a further modification of the medium,
in which chick embryos from which brains and spimal cords had
been removed were employed, resulted in a culture virus strain
with the qualities necessary for safe and satisfactory human
vaccination. Both viscerotropism and neurotropism were re-
duced but infectivity and antigenic constitution rematned. The
present-day vaccne consists stmply of homogenized chick
embryos which have been moculated with a seed virus of the
17D strain, The evolution of the two vaccines in current use 1s
outlined 1n Fig. 1.

It is interesting that prumary isolation of pantropic yellow
fever virus from the animal host has never been accomplished
by chick embryo tissue culture. This indicates that in the case of
this virus the satisfactory reduction of both viscerotropism and
neurotropism for the production of a suitable immumzing strain
nvolves a series of stepwise mutations rather than a single muta-
tion, A further attribute is also requusite before a living yellow
fever virus can be adopted for human immunization with com-
plete confidence, namely reduced transmissibihty. Otherwise
every vaccination would 1nvolve the nisk of the vaccinated indi-
vidual initiating an eprdemic. Indeed the result might well be a
major outbreak of gh virulence for it has been shown that
serial monhey passage of an attenuated stramn resultsin restoration
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mosquito remains non-infective for about twelve days after feed-
ing on infected blood. A man-mosquito eycle with such limita-
tions would, in itself, probably be inadequate 1o ensure survival
of the virus in nature, but a large reservoir of infection is pro-
vided by jungle monkeys. These facts make it extremely unlikely
that man was the original host. Howcver, no matter which
species had the honour of serving in that capacity, it is certain
that 2 remarkable series of virus adaptations oy mutations must
have occurred before the present host-parasite relationships
were firmly cstablished. In gaining the power of infectity for
alternate host species the virus must have lost the capacity of
direct transmission within the primary host species. Is it pos-
sible that further adaptations may occur in futurc which will
tend to aiter the epidemiological pattern of the disease? My own
answer would be that not only is it possible but that sooner or
Iater it is inevitable. I can see no valid reason why the acquisi-
tion of, say, pneumotropism with resultant spread of yellow
fever by droplet infection should be regarded as impossibl
Unlike smallpox virus, yellow fever virus has no close refative,
analogous to the virus of cowpox, which could be used for
ization. Although Hy occurring strams exhubit
widely different degrees of virulence so that some of them appat-
ently cause very mild infections of man, there are none which
could be accepted as safe for such a purpose. Nevertheless yellow
fever immumization with hiving virus vaceine is now practised on
a large scale and represents one of the great triumphs of virus
rescarch and preventive medicme. This practical control of
yellow fever is entrely dependent upon the fact that adaptative
virulence changes can be impressed upon the virus without
altering its anbigemc constitution. Al stramns of the virus possess
two major ussuc affinities which are convenjently labelled
viscerotropism and neurotropism, and these can be modificd by
approprate experimental manmipulations. Theder (1pgo) first
showed that senial intracerebral passage of the virus an mice
resulted m progressive increase of neurotropism, coupled with
progressive decrease of wiscerotropism. - Findlay and (?Iarke
(1935} demonstrated that the change 15 reversible, for intra-
hepatic inoculation of rhesus monkeys led to a restoration of
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viscerotropism. The mouse neurotropic virus has been used, and
indeed is sull being used, on a large scale by the French for
human immunization, but English and American authorities
consider it is too dangerous, an opinion supported by the fact
that there have been a number of fatal cases of infection duc to
the vaccination. The problem was therefore to reduce viscero-
tropism without fncreasing neurotropism. The virus strain
labelled 17D was finally evolved which fulfills this requirement
satisfactorily and which has been employed for the ymmuniza-
tion of millions of individuals without any untoward event. The
parent virus was a highly virulent pantropic strain isolated from
a human case in rhesus monkeys. It was first modified by tissue
culture in mouse embryo medium. This resulted in great reduc-
tion of viscerotropism but had no effect on neurotropism The
culture medium was changed by substitution of chick embryo
for mouse embryo. Later a further modification of the medium,
in which chick embryos from which brains and spinal cords had
Been removed were employed, resulted in a culture virus stramn
with the qualities necessary for safe and satisfactory human
vaccination, Both viscerotropism and neurotropism were re-
duced but infectivity and antigenic constitution remained. The
present-day vaccine consists sumply of homogenized chick
embryos which have been 1noculated with a seed virus of the
17D strain. The evolution of the two vaccines in current use Is
outlined in Fig 1.

It is interesting that prnmary isolation of pantropic yellow
fever virus from the animal host has never been accomphished
by chick embryo tissue culture. This indicates that in the case of
this virus the satisfactory reduction of both viscerotropism and
neurotropism for the production of a suitable immunizing strain
involves a series of stepwise mutations rather than a simgle muta-
tion. A further attribute 15 also requisite before a living yellow
fever virus can be adopted for human immunization with com-
plete confidence, namely reduced transmussibality. Otherwise
every vacaination would involve the risk of the vacanated indi-
vidual initiating an epidemie. Tndeed the result piight wellbe a
major outbreak of high virulence for it has been shown that
serial monkey passage ofan attenuated strain results in restoration
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mosquito remains non-infective for about twelve days after feed-
ing on infocted blood. A man-mosquito cycle with such limita-
tions would, in itself, probably be inadequate to ensure survival
of the virus in nature, but a large reservoir of infeetion is pro-
vided by jungle monkeys. These facts make it extremely unlikely
that man was the original host. However, no matter winch
species had the homour of serving in that capacity, it is certain
that a remarkable series of virus adaptations or mutations must
have occurred before the present host-parasite relationships
were firmly established, In gaining the power of lnfectivity for
alternate host species the virus must have lost the capacity of
direct transmission within the primary host species, Is it pos-
sible that further adaptations may occur in fiture which will
tend to alter the epidemiological pattern of the disease? My own
answer would be that not anly is it posstble but that sooner or
later it is wevitable. I can sec no valid reason why the acquisi-
tion of, say, p pism with i spread of yellow
fever by droplet infection should be regarded as impossible.
Unlike smallpox virus, yellow fever virus has no close refative,
analogous to the virus of cowpox, which could be used for
immunization. Although naturally occurring strains exbibit
widely different degrees of virulence so that some of them appar-
ently cause very muld infections of man, there are none which
could be accepted as safe for such a purpose, Nevertheless yeliow
fever immunization with living virus vaccine is now practised on
a large scale and represents one of the great triumphs of virus
research and preventsve medicsne. This practical coutrol of
yellow fever 15 entirely dependent upon the fact that adaptative
wirulence changes can be wmpressed upon the virus without
altering its antigenic consutation, All stramns of the virus possess
two muor tusue affinities which are conveniently lubelled
viscerotropism and pism, and these can be modified by
appropriste expernumental manipulanons, Theder (1930) first
showed that serial intracerebral passage of the varus in mice
sesulted in progressive fncrease of neurotropism, coupled with
progressive decrease of viscerotropism. Findlay and Clarke
{xg35} demonstrated that the change is reversible, for jntra-
hepatic inoculation of rhesus monkeys led t a restoration of
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extremely improbable thata suitable strain would ever evobie
naturally as in the case of smallpox to await exploitadon by an
inspired observer. Reduced transmissibility by the mosquito
vector would atmost certainly confer reduced susvival value on
any first-step mutant which would therefore tend to die ont
before further mutational steps could take place.

There is however a danger in emphasizing the distinction
between 1 xmmumzxng muwtants that have arisen and become
slabxhzcd in naturc, .-md those that hace been developed by

The diffe is more apparent than
real and n is indeed largely aniificial. We have no means of
controfling the direction of genetic mutation, What we can do,
and what was done for the production of 17D, is to provide the

ditions for the selection and of those naturally
occurring mutants which happen 1o suit our purpose. With other
viruses hike those of the pock group suitable conditions happen
1o have been provided by nature. This is not to say that we shall
always remain thus limited. We do know already of several
means by which the frequency of mutation can be increased; by
X-radiation, treatment of the varus with nitrogen mustard and
s0 o, Saoner or later, type of mutation will also be controllable.
When that happens the effect upon disease control may be
incaleulable.

InrLusNaa
The two viruses we have considered so far, namely those of
smallpox and yellow fever, are good examples of the dependence
of specific prophiylaxss upon a vamant which can only arise,
whether in nature or in the course of laboratory work, because
of the intrinsic lability of the parent viruses. The influenza
viruses display much greater wntrinse labihty, vet influenza
stands in striking contrast to both smallpox and yellow feverin
that its labality 15 the major reason for failure 10 obtain a sats~
factory immunizing agent. I think that the reason for this is that
mutations of the mfluenza viruses ncarly alw:xys i ol\ 2, O a1
associated with, changes of antg , a5
we have already seen, smallpox virus and yellow fmer vxm
exhibt great antigenic stabulity, Before proceeding o this aspect
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of full virulence and there is no reason to suppose that serial
passage thirough human beings would fail to have the same
effect. Fortunately 17D does have reduced transmissibifity
though it is not certain that this is due to a genetic change of the
virus. Mosquitoes fed on vaccinated men, and then after the
appropriate time interval fed on susceptible monkeys, fail to

ISOLATION OF VIRUS IN MONKEYS
Ary Stravs Pantroric

N 1
Inactivated Virus Vaccines Serial 1C Mouse Passage
Immaunity not ffectice

Neurotropic Varnant
Vuscerossoprem veduced
Nesrotropism enkanced
i = "French’ Vaccine
Tissue Culture Adaptations Caused several Accidents
Mouse Embryo Tissue
Viscerotropism rediced
Neurotroptsat unchanged
12
Chick Embryo Tussue
Progressiie attenuation
No wwrease of neurotropism
¥
Chick Embryo muaus Brain and SP. Cord = 17D Strain
Almost complete loss viscerotroprsm
{J\’mmlmﬁxm reduced used a5 Seed Virus for
Vaccine Production in
Embryonated Eggs

No ‘Acadents’
Fio. 1. Yellow Fever Vacoines,

transmit the wfection. Similarly mosquito transmission of in-
fection from v d to narmal keys is not possible. The
immersion of mosquito larvae in virus vaccine results in infection
of the adult mosquitoes but, even so, the latter are non-nfective
for monkeys.

These facts indicate that without the modifications of the
virus induced by prolonged and purposive laboratory manipu-
lations it is unlikely that successful arnficial immunizm_io_n
against yellow fever would ever have become available, for it is
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we have come to recognize the remarkable plasticity of the
influenza viruses and to discard our earlier conceptions of the
fixity of antigenic yypes.

In any single outbreak the viruses isolated usuaBly conform to

a sipgle antigenic strain. Occasionally more than one strain,
mmgemcally dxsungmsh:\b!c, are recavered, but the periodic
of one strain throughout all affecied districts or even

countrics is the rule. On the other hand the viruses isolated in
different epidemics are never identical and the longer the inter-
val between the respective epidemics the greater tends ta be the
strain divergence. The two major visus types, & and B, are so
distinct anugenically that one cannot have arisen as a direct
mutant from the other, although both may well hase evolved
from a common ancestor. But within each of these major types
il degrees of antigeatc relationship are met with. In the early
days of influenza virus rescarch it was thought that there were
a limited number of antg different bi:
tons of which produced the different virus strams. It rather
looks now as though there 1s no limit to influenza virus anugenc
~ariability, for as one strain evolves out of anather new antigens
seem 1o evolve to replace older ones. There is now only very
shght relationship between current A type strains and the
original W.S. virus first 1solated in 1933. So different in fact are
the strains isolated since 1946 that they have to be classifiedin a
sub-group called A prime. Whethier the evolutionary changes
ever result in the re-emergence of carkier types we do not know.
The posstbitity 15 not mlhaut xmporwncc n connection with the
pmudlc of p

Ttis unfortunate that means of virus 1solation were not avail-
able during the last great pand hecause had lab
comparisons of the 1958 virus with the strains 1solated from
ordinary epidemics been possible, much mght have been learnt
about the major facters concerned with virulence and communi-
cahxhty Strictly speaking of course we can never be absolutely
certain that the 1918~1g pandenuc was caused by a virus related
ta the known influenza viruses but the arcunstantial evidence
in wupport of ths view 15 1 think overwhelming. It 13 thus ex-
tremely probable that relatively minor changes m mfuenza virus

'PE
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of the question, however, I wish to discuss very briclly the
clinical manifestations and the epidemiology of the discase,

In many cases of clinica} influenza it is impossible to isolate
any virus or 1o obtain any serological evidence of viral actiology.

1t is, thercfore, possibl+ "+ ~~me of the variability in sympto-
matology and epidem . o Tt diersity
ofactiological agents. tsun. . Y

majority of ou' --*c can now be shown, v; .

another, to be .. " v o —ntnmatology of one
autbreakmay .. - K
times the majority of cases are extreie. . I

from a day or two of indisposition; sometimes they are 5o scvunt
that several days in bed are required. In one epidemic practd-
cally all the v ~=~d a long period of convalescence during
which nervous t denression are appare
cat; in the neXc vy, T
out of ten cases may enjoy rapid ottt -+
times the emphasis miay be on localized symptoms reterau .3
involvement of the upper respiratory tract, such as eatarrh and
sorc throat, or upon general symptoms such as ntalase, anorexia,
limb and back pams and so on. Occaslonally an cpidemic occuss
in which a high proportion of the casts suffer some lung imolve-
ment with a correspondingly high mortality rate.

The icabality of the infection also fluctuates from
outbreak to outbreak. Many outbreaks remain localized but
others spread from cnd ta end of a country, from one country 1o
another or even from continent to continent,

Although much of the vanability 1 the symptomatological
and epidemiol I pattern of 1nf} must be attnbuted to
the ever-changing i status of popul: at risk there cant
be no doubt that virus mutability 15 also a major factor. The
virus steains 1solated from different outbreaks are found to be-
have very differently from each other in laboratory experiments,
some of them having peculiaritzes of intial virulence, toxicity
and adaptability to alternate host species which serve as useful
marker charactenstics. How far such infecuvity potentalities
are affected by munor changes of antigenic constitution is not
known but it is chiefly from the results of anugenic analyses that
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addmon the epidemic came aleng only a few weeks after the
vac had been pleted. A few years later in 1947
other large-scale trinls were a complete faiture because, in the
meantime, the virus had undergone a serics of adaptations which
resulted in the epidemic strain being of the A privc type for
which the vaccine did not contain the effective antigens (Salk
o al., 1945; Rasmussen #2 al., 1937; Francis et al., 3947).

Opinions vary as to the feasibility of overcoming these diffi-
cultics, but I have said encugh ta show how the whole problem
of specific immunization is hinked vp with the idiosyncrasy of
virus mutability and how the techniques evolved for the control
of one disease may be quite inapplicable to another.

Porrouveirms
Poliomyelitis, the fast of the four specific virus diseases which 1
have chosen 1o rilustrate the effects of virus adaptabulity, calls
attention to certain aspects of the subject which are not covered
by the other three infections we have so far constdered.

Until recently poliomyelitis virus was considered to be ex-
clusively a pathogen of man, without phylogenetic relationships
with any ather pathogens, cither of man or of lower arumals, It
was also considered to be obligatory neurctropic and to be one
of the most stable viruses known, The discovery of different virus
types and especaally the adaptations of the Lanung virus to
rodents, with the subsequent demonstration of hiojogical rela-
tionships between 1t and other rodent pathogens, demanded
madification of these earlier conceptions. It is now customary to
speak of the Poliomyelstis group of viruses. Also the weight of
evidence now supports the view that mamfestations of neuro-
tropism during the course of natural human mfections are refa-
tively rare and may represent more or less accidental aceur-
rences. It 1 certainly established beyond doubt that the wmdir
viduals showing climcal signs of mvolvement of the central
RErvous system represent a mere fraction of the total infected
with the virus, Indeed many, perhaps the majonty of, infected
persons show no sign of disease whatsoever and some of these
may excrete the virus m thewr faeces in large quantity, The
factors which deternune the epidemic occurrence of paralytic
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structure have from time to time in the past produced killing
strains of such extraordinary communicability that they have
swept over most of the earth’s habitable zones and further it is
extremely probable that the same thing will happen again in
future,

1 have already indicated that the antigenic mutability of the
influenza viruses is of particular importance in connection with
specific prophylaxis, Let me say as once that, quite apart from
this fact, virus vaccination aganst influenza could never be as
effective as it is against smallpox and yellow fever. The duration
of immunity following natural infection is quite short whereas in
the other diseases mentioned st is usually lifelong, In spite of this
Yimatation, however, and even to some extent because of it, a
reliable and effective vaccine would prove of enormous benefit
to mankind. The death rate from the pandemic of the first world
war was reckoned in millions whilst the suffering and economic
foss from recurrent epidernics of low mortality are incalcufable.
1t 18 therefore not surprising that research on vaccination against
influenza has been and 1 still being vigorously pursued,

Expenence both with experimental animals and trals in
human beings shows quite clearly that it is possible to confer
protection by this means. The trouble s, first, to know what virus
we need to project agamst, and, second, to have available the
right vaccine at the right time. The closer the antigenic refation~
ship between vaccinaung and challenge strains of virus the
more successful is the result of the vaccination. The virus types
A and B give no cross-protection whatsoever—the A and A
prime types give relatively litle. Even within the single A type
there are great differences in the degrees of cross-protection
exhibited by different strains. It is therefore not surprising that
the great majonty of field trials have been esther failures or
in lusive. The most ful large-scale trial on record is
that carried out by the Influenza Commission in the U.S.A. in
1943, In four out of five centres, incidence of miluenza in the
vaccinated was only about a quarter of that 1n the unvaccinated
controls. The virus responsible for the epidemic turned out to be
almost identical wath a strain winch had been isolated a short

time before and which had been mcorporated in the vaccine. In
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extended backwards to the period of the first world war without
significant fuctuation, In 1947 however, there was a really
startling risc of incidence. Such a peak in one single year might
possibly be caused by various extraneous circumstances but
similar high incidence occurred in £949, 1950 and 1951, This
strongly suggests that cither the endemic strain was replaced by
amutantin 1947 or that a new vinus sirain was introduced from
abroad. It is indeed difficult to account for such a change on any

e

G

Fio. 2, Poliomyelita nonfications per mudhon of population in England
and Wales for the peniod 1930-52.

other basis. It is extremely unikely that a change in host
suseeptibifity could have occurred with such dramauce sudden-
ness, and 5t is perbaps relevant that no comparable phenomenon
has occurred in respect of measles or whooping tough during the
1ast thirty years.

The shift of age incidence might equally well be due to an
enhanced virulence of the dominant strain, enabhing 1t to overs
come the tougher physiological barriers of older children, but
the more favoured explananon is that unproved social condi-
tions and standards of personal hygiene now protect many
infants who 1 earher times would have been exposed to infec-
tion Thus children nowadays tend to grow up without the
advantage of an acquired immunity. These slternative hypo-
theses however are by no means mutually exclusive. As Burnet
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poliomyelitis from time to thme are unknovwn and are probably
multiple, but Burnet considers that the major factor is virus
mutation to an unduly invasive type. There 35, however, an
alternative possible explanation which is not dependent upon
mutability of the agtiological agent, A group of viruses, bnown
as the Cochsackic viruses, has been brought to light in zecent
years. These arc intestinal parasites of man which may cause
infections bearing a close resemblance to non-paralytic polio-
myelitis. 1t is known that poliomyelitis and cocksackie viruses
may occur side by side in one and the same individual, and i
has been suggested that paralytic paliomyelits may represent a
combined infection 1n which the two viruses act together syner-
gistically (Melnick 2 af,, 1g951). Although there is no direct
evidence that this occurs, the hypothesis derives some support
from the discovery, made at Hampstead, that mouse hepatitis,
a2 disease of mice similar 1o infective hepatitis of man, is crused
by two filterable agents acting in combination (Gledhill ¢t of.,
1952} This of course opens up the posubility that other diseases
of unknown actiology tmay eventually be found to depend upon
sipular virus synergism.

‘However that may be, 1t 1s certainly hard to resist the con-
clusion that wirus wutation must have played a part in the
striking change of cpidt logical pattern of poli fivs whi
has occurred aver the last half-century. Previous to about sixty-
five years ago sporadsc cases and small outbreaks occurred, but
the large and severe outbreaks which nowadays cause us such
alarm were unknows., Thischange was not gradual but appeared
suddenly in the Stockholm epidemic of 1887, from then onwards
periodic autbreaks of increasing stze and seventy have accurred.
The change 15 best exphicable on the assumption that a strain, o
strams, of virus, with increased virulence and more cspecially
increased neurotropism, evolved and became the dominant type.

1t now seemns as though a further mutation i the dicection of
sncreased communpicabidity has occusred m the last five years
at least as far as England 1 concerned. Fig 2 shows a graph
of poliomyeling annual d m England and Wales dur-
ing the period 1930 to 1959 Up to 1537 there was relapvely
Eutle annual fluctuation, Actually the graph might have been
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virus evolution, it is obvious that the trend of mutation has been
directly away from strains which might be suitable for artificial
immunization of man and in this respect poliomyelitis stands in
striking contrast to smallpox, Natural immunizazion with strains

of low virulence is undoubtedly occurring , but so far
we have no means of isolating, chamc(cnzmg and pmpagmng
such straing for the prod ble living virus

Also the lack of any , means of v:rus propagaton in tissues other
than those of the central nervous systemt of taonkeys or mice, has
hitherto prevented the purposive selection and modifieation of
suitable mutants by faboratory mampulations in way s similar to
those which were so successfl m the case of yellow fever.
Recently a very important advance was made by the caltivation
of poliomyelitis virus in human embryo tissue cultures, and very
recently this strain has been adapted to monkey testis tissue cul-
tures {Enders ef al., 1945; Scherer ¢t al., 1951}, This may indeed
represent the essential first steps in the required chain of virug
adaptations. Intensive efforts are boing made to adapt the virus
to grawth in the chick embryo and should this be achieved a new
chapter in pohiomyeliis research would open. However, esenaf
this sere successfully accomphshed st would not necessanly
mean that a satsfactory vaccine could be evolved. It would
remain to find out whether the adaptations alo involved a

change of antigenic constitution which nught vitiate the ohject
inview. We do not yet know how wide is the range of antigenic
variation amongst the naturally occurning strains whuch infest

man. The occurrence of second antacks of pohomyeling in a

single individual and the results of cross-immunity expenments

in monkeys both wdicate that the wmmunty reslting from

infection is not as effective against a heterologous varas sirain as

against the homologaus stram. However the ranty of second

attacks and the low incidence of paralytic polio compared with

the very high inadence of occult infections suggest that strain

variaton 1s unhkely to be in any way comparable with that

found amongst the miluenza viruses, These facts, 1 suggess, give

reasonable grounds for hope that an effective poliomyehitis

vacemne will eventually be evolved.

¥
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has pointed out, it is by a change of host environment that
mutants, better able to cope with the new situation, are selected
out to become the new dominant virus type. Thus whilst im-
provement of social and hygicnic conditions may for a time
favour the host at the expense of the parasite so that the control
of a given discase appears to be in sight, there is a real risk that
the devil cast out merely makes room for a worse devil to enter.
This is what appears to have happened in the case of polio-
myelitis in recent years.

This changed pattern of the disease during the present cen-
tury may well have resulted from a virus mutation of a character
rather more fundamental than mere enhancement of virulence.
Burnet (1945) suggests that it may be bascd upon the acquire-
ment by the virus of an alternative mode of transmission. The
progenitor virus was probably a pathogen of rodents or even a
harmless intestinal parasite of rodents which was freely excreted
in the faeces. Contamination of human food must have been of
very frequent occurrence under the conditions of life of our
primutive ancestors when hygiene as we know it today was com-
pletely unknown, There were therefore ample opportunities for
adaptation of the virus to the human host and sooner or later a
human strain would develop from 2 mutant which happened to
be favoured by the environment provided by the human intes-
tine. So long as the virus retained low potentiality for invasion
of the central nervous system the disease would remain of little
import, especially as social habits would ensure the carly infec-
tion of the majority of infants. Under such circumstances further
mutants of a more dangerous type would have little chance of
establishing themselves, and paralytic poliomyelitis would re-
main a somewhat rare and accidental catastrophe. When, how-
ever, by rising standards of hygiene, the free spread by faecal
contamination was prevented with the consequent loss of early
immunization, the stage was set for the selection of any mutant
capable of adopting an alternative mode of transmission, In
some such way the more modern neurotropic strains ca'pablg of
spread by either faccal contamnation or dircet droplet infection

probably arose. ) . -
If this represents anything hike the true picture of poliomyelitis



VIRUS ADAPTABILITY AND HUMAN DISEASE 67
Gremuiy, A W, Diex, G, W, A, and Axorewes, . H. {1g52). Lameet, 3,

599,
Mewack, ] L, Kantax, A. S, Zanry, E,, Covrreras, C. and Lazsvw,
NoWe{sga1). Jexp. Med. 9.4, 3720
Rasuussen, AL F., Stoxes, J. C. and Sstapz, J. E. (s947). dmer. F. Hog. 47,
143, £942.
Sarg, J. E., Mexxe, W. J. and Francss, T (1943}, daer. 5. Hog. 42,57,
Scuezer, W. F., Buvorac, G, and Svverrow, 1. T. (1951), Fed, Proc. 10, 417
Sy, W, Wistwoon, M, A, Westwoop, J. €. N, and Bervaviy, G.
{1981). Bnt. J. esp. Poth. 32, 322.
Tueisr, M. (s930). dna, trop. Med. Porasit. 25,239,



bo WILSON SMITH

New Virus Diseases

Finally I would like to add a brief word about the origin of new
virus diseases. The way in which viruses first evolved is quite
unknown and remains a fertile subject for speculation and con-
troversy but, given any virus which has succeeded in establish-
ing itself securely as an animal pathogen, there is no difficulty in
appreciating how it may undergo further adaptative changes to
produce a new human disease. Virus adaptations from species
to species must have been going on from time immemorial,
There are indications that, at the present time, this process is
continuing by the adaptation to man of some of the insect-borne
neurotropic viruses of lower animals such as equine encephalo-
myelitis. So long as insect transmission remains the only mode of
spread the human disease is likely to remain sporadic and of
relatively minor importance, but the acquirement of alternative
mechanisms of virus transmission or the adaptation to man of
respiratory infections of animals may be fraught with much
graver consequences, It seems to me that psittacosis and the
rickettsial disease, Q fever, represent cases of adaptation to man
in which the host-parasite relationship is very dehcately posed.
In either of these cases the evolution at the ight moment of 2
mutant with enhanced virulence and especially enhanced com-
municability might well result in the establishment of the infec-
tion as a major epidemic discase of man., At the moment there is
little we can do about 1t but a scientific appreciation of the
possibilities is surely the first step towards control of our own
destiny.
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In the second halfof the last century, the advent of the aniline
dye industry, inittated by Perkin’s discovery of the aniline pro-
cess in 1855, saw the first cases of industrial cancer of the biadder
in the aniline worhers in Germany, Here some relatively pure
substances were employed, and the substance beie-naphthyl-
amine was thought on clinical grounds to be responsible for some
of these bladdes tumours. It was not until very much later that
this observation was confirmed experimentally; probably be-

ofdi

cause of the variable ibili species of 1

fo any particular carcmogcn. This t is sl one of our major diffi-
culties in the p y of any particular
substance for the human subject. Schar in 1930 described blad-
der in rabbits subjected to inhalation of éeta-naphthyl-
amine, but the histological evid was debatable. In 1938

Hueper, Wiley and Wolfe obtained papilioma or carcinoma of
the bladder in 13 out of 16 female dogs subjected first to injec-
tion and later to oral admunistration of up to 300 mg. of beta-
naphthylamine per diem during 20 months of experiment.

After the discovery that tar could cause cancer in the skin of
mice, Passey in 1922 showed that a benzene extract of soot was
similarly active, and Leitch showed, also in 1922, that heavy
mineral oils, used in mule-spinmng in Lancashire, could also
cause tumours in the shin of mice. Thus there was complete
correlation between the expenmental evidence for carcino-
genicity for tar, soot and heavy mineral oils and the clmcal
ohservation of industrial cancer.

Very careful studies were made by Murray (1921) and ather
waorkers of the Impenal Cancer Rescarch Fund of the various
stages in the development of skin cancer in mice following paint-
ing with tar, Every stage from chronit inflammatery lesions to
frank moalignancy was seen and described, and not unnaturally
the idea developed that chronic irritation was in some way
carcinogenic. However, tar 15 an extremely complex muwture of
suhst;mces, many of which are writants and some of which are
carcinogens, It is probable that some degree of inflammatory
disturbance is necessary hefore a carcinogen can act on the pre-
viously resting cells, but 1t does not follow that chironic irritation
of a non-specific kind will be fotlowed by cancer.
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Carcinogenesis
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know in a practical way how to set about generating
cancer; but when we come to the fundamental under
standing of the processes involved we know comparatively Jitde.
The experimental pathologist can so set the stage that he can be
reasonably certain of producing a tumour in an animal of 3
chosen species, or even in a particular organ or tissue, Yet this
featin wself tells us nothing about the mechanisms involved.
Since the recognition by Percival Pott {1775) of chimney-
sweep's cancer of the scrotum as an mdustrial disease, a number
of other hazardous octupations have been correctly associated
with certain types of tumour incidence in the workers con-
cerned, and experimental pathologists during the same period
corraborated the deductions of their chrcal colleagues and have
devised a number of experimental hazards for animals compar-
able in their way with the industrial risks run by some human
beings.

ﬁ s with the birth or beginning of many other things, we

Carcvossnic ProrerTizs oF Tar
Hanau, who in 1889 first successfully transplanted 2 tumour
froma one rat to another, also had the idea that tar was likely to
be g caranogen and painted the scrotal skan of rats with this sub-
stance but sithout achieving posiuve results. Had he chosen
mice mstead of rats, he might have advanced our knowledge of
carcinogenesis by some t y-five years. It remained for Yama-
giwa and Ichikawa in 5915 1o make the obscrvation that tar
could induce tumours in the ears of rabbits, and two years later
Tsutsui showed that the same thing was true for the skin of mice.
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particularly when they are endowed, as many of these carcine-
gens are, with the physical propcrty of fuorescence, one would
be able to follow owite o *s in the conversion of a

RN . as not proved to be the
C e *wd nay this should be. If we
1 - wse wYUIN WE €A1 SCE nothmg to give us an indication of
how this one cell can contain within itself the biucpxmt for a
new individual. Smmlarly, if we examine reacting connective

tissue or cpxlhchal cellsim s t with a carcinagen,
o . w they are about to
' * the presence of the

: : 2 gadce.
"o alss, we are not entirely without informanon about

the preliminary changes in the cell that is destned 1 become
malignant, Pullinger {1g940) has shown that certain early
changes occur in the epithelial cells of the skin of mice exposed
1 some of the more potent chemical carcinogens, While these
changes are not absalutely path they indi that
some change has taken placc in the cells quite early after expo~
sure te the carcinogen—withun four or five days—and other
work suggests that these changes may be irseversible. For
wample, it has been shown by Berenblum (1941) that the cells
of the skin can be conditioned by substances not themselves
carcinogenic, in such a way as to be either maore or less prone to
develop cancer than normaf cells.

In the course of experintents designed to test the effecis of
chronic irsitants, hie showed that mustard gas—a very powerful
irritant—when applied in extremely dilute solution tg the sk
of mxcc, could increase m resistance to the acton of chemical
carcinogens such as 3:4-benzpyrene. On the other hand, appli-
cation of croton oil~~another potent imntant—to the skin of
mice after a single apphcation of benzpyrene, nat in ieelf

sufficient to cause tumours with certamty, conld e rs
to develop.

™o -
tio . . o-rwwewiiiood of a
tar et W€ appearance of tumours 1n the

traumanzed tissue, Rous and his colleagues (Rous and Kidd,
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The problem was simplified to some extent by Kennaway'’s
(1924) synthesis of carcinogenic tars from isoprene and acetylene
heated at 720°-goo° C. in atmospheres of hydrogen. The tars in
this instance could only contain hydrocarbons and carbon, since
no other ¢lements but hydrogen and carbon were present in the
reagents used. This narrowed the field of search to the hydro-
carbons which still included a formidable list of possible aro-
matic and aliphatic substances. Anthracene, one of the aromatic
hydrocarbons present in tar, was not found to be carcinogenic;
but 1:2:5:6-dibenzanthracenc was shown by Kennaway and
Hieger (1930) to be a potent carcinogen and to have the same
characteristic fluorcscence that Mayneord (1927) has associated
with the synthetic tars and that Hicger (1930) also found char-
acteristic of carcinogenic heavy mineral oils, 1:2:5:6-dibenzan-
thracene had been synthesized by Clar in Czechoslovakia in
1929 for reasons unconnected with cancer research. His accurate
recording of the physical properties of this substance, including
its absorption spectrum, however, was sufficient to lead Kenna-
way to suspect that it might be a carcinogen. This indeed proved
to be true.

In the search for this substance, or something like it, in pitch,
Hicger extracted from several tons of this material a small
quantity, not of r:2:5:6-dibenzanthracene as might have been
anticipated, but of a somewhat related compound which Cook,
Hewett and Hieger (1933) showed to be 3:4-benzpyrene! by
synthesizing the substance. This substance was also shown to be
a powerful carcinogen for the skin and connective tissue of mice.

Conversion oF NorMArL 10 MALiGNanT CELL
Since the early 1930’s when these discoveries were made, a con-
siderable number of new pure synthetic chemical carcinogens
has been prepared, and there secems na reason to suppose that
we have by any means reached finality. Already some hundreds
of substances are known to be carcinogenic for animals; but
swith this increasing knowledge comes less certainty as to how far
these substances are concerned in the mnduction of human
tumours. One might have supposed that with pure substances,
1 Described at first as 1 2-benzpyrene.
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that 3:4-benzpyrene is apparently not carcinogenic for rhesus
monkeys in experiments where many tissues werc exposed to the
action of this substance for a period of up to ten years. It is clear
therefore that one cannot grade substances in order of carcino~
genic potency unless one also states for what animal and for
what tissue. Clearly, for an effect to be produced, some work
must be done, and whatever the mechanism involved, there
must be some transfer of energy between the carcinogenic mole~
cule and the cell that is i the course of being converted from 2

. ) . .

gens may contain a clue to some physico-chemical properties
shared by these substances, though not limited to carcinogens.
Possibly in some energy transference of very himited range may
be found the common factor bitween the chemital carcinogens
and the physical carcinogens such as, for example, exposure to
ultraviolet rays ar to the ionizing radiations of X-rays or from
naturally occurring sadioactive substances, all of which are
known to be carcinogenic both for man and for experimental
animals.

The chemical and physical carcinogens at least show this in
common, that although they initiate the process they certainly
cannot be carried along from one cancer cell to the next in
series. ‘This is particularly obvious in the case of exposure to
radiations. Moreaver, between the cessation of exposure and the
appearance of a recognizable cancer cell there must be 2 con-
siderable ime lag duning which the cell nced not be exposed any
longer to the ininating energy source. What then maintains the
characier of the cell for an indefinite period thereafter?

FILTERABLE AGENTS
Several theories have been advanced, two of which are certamnly
worthy of conuderaton. One of these postulates that the car-
cinogen acts in some way to render the cell susceptible to mva-
sion by a specific virus which thercafter reproduces wathin the
cell and 5o acts as the continuing cause of cancer. This theory
has iittle to support it apart from a limited group of tumours in
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1941) have shown rather similar effects in the ears of rabbits,
Thus it scems that cells may be potentially malignant and lie
dormant until stimulated. Perhaps this is not surprising when we
consider that the cells of definitely malignant tumours can lie
dormant for twenty years in man, only to recur after such a long
latent period.

In seeking to disclose the essential stages in the conversion of a
normal cell to a malignant cell, we thus have to deal with a mass
of conflicting evidence. Many of the cells in the immediate
neighbourhood of a carcinogen we know will not become malig-
nant. Only perhaps a very small proportion of the cells exposed
to the action of these agents will in fact respond in this specific
way. Even when a tumour has been formed, we can be reason-
ably certain that not all the cells of the tumour are equally
capable of continuing to multiply and maintain the mahignant
character of the growth. A little consideration of the size of the
tumour that would be involved if every tumour cell were able to
multiply indefinitely will show that most of them are destined to
die. Indeed, the very characteristics that allow us to make a
diagnosis of cancer are I believe deceptive in that they are
largely the appearances of cells which are not 1n fact responsible
for the maintenance of the tumour, but rather those that are
undergoing degenerative changes to which the cancer cell is
particularly hable, or differentiation, e.g. keratinization in
squamous carcinoma.

Much ingenuity has been displayed, particularly by Daudel
and the Pullmans (Daudel and Daudel, 1950; Pullman, Berthier
and Pullman, 1950), on the mathematical considerations con-
cerning the electrical charges carried by carcinogenic hydro-
carbons, and they have drawn certain conclusions about the
electrons distributed around a molecule; in particular the
r-electrons in the meso-positions. All such considerations, how-
ever, must be considered against the background of the observed
facts. Methylcholanthrene is apparently a more potent carcino-
gen for mice than 3:4-benzpyrene or 1 2°5:6-cibenzanthracene
yet in fowls we have found that 1-2: 56-dibenzanthracene will
induce sarcoma more readily than either of the other two sub-
stances named. Moreover, Pfeiffer and Allen (1948) have shown
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for such tumours the continuing cause and that loss of the virus
for any reason might be followed by a reversion to normal
bebavipur by the previously malignant cells, While it is com-
paratively casy to imagine a single cell ar a few cells undergoing
a specific mutation which would cause them to behave in the
sway that we describe as malignant, it is very difficult to imagine
the simultancous mutation back to normal or to a lethal muta~
don of all the cells of a tumour. Thus the somatic mutation
theory is fully compatible with the observed behaviour of the
great majority of malignant tumours; but this of course daes not
by any means prove that the theory is right.

There can be no doubt that cancer is composed of a growth of
cells previously normal which have undergone some peculiar
kind of change. Whether itis necessary o regard this as a specific
disease or whether it should be regarded merely as a special kind
of tissue reaction which can be c\okcd by any one of quite a
large number of agencies, is a muc

q
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which cell-free agents can be demonstrated as causal factors.
From these few examples some pathologists like to generalize
and suppose the presence of similar viruses in all tumours. This,
however, ignores the negative evid which is iderabl
and has remained consistent over a long period of years, There
cannot be any doubt that for certain tumours there is present in
the cells a filterable agent which exactly reproduces in a suscep-
tible host the type of tumour from which the agent has been
extracted. For such tumours it is idle to argue that a virus is not
concerned. Such arguments merely beg the question of the
definition of a virus.

But it must be pointed out that there are already known
several distinct viruses associated with different histological
types of cancer in different species of animals, and that these
viruses are distinct from cach other. There can be no valid
theory of a single viral cause for"all cancers. The virus-induced
tumours have certain curious features in common, which dis-
tinguish them in some ways from the general run of tumours.
For example, in new hosts infected with the specific virus, most
of the tumours will grow progressively and cause the death of
the animal; but a small proportion of them will undergo spon-
b SRR . e
ir
D L
that virus-induced tumours are the exception rather than the
rule.

SomaTic MuTaTION

The other theory that seems to merit consideration is that the
carcinogens and possibly some viruses can cause somatic muta-
tions. This theory can hardly be put to experimental proof; but
circumstantial evidence can be adduced 1n favour of it. Most of
the carcinogenic agents are also known to be mutagenic agents,
as tested on simpler organisms, and the continued befiaviour of’
the tumour cells in an unusual way could be accounted for on
the basis of their mutant origin.

The spontaneous retrogression of the vx‘rus_-mduced tumours
already referred to would rather suggest that in the case o!' suc!x
tumours no mutation has in fact occurred, but that the virus is



VI

The Functional Significance of
Connective Tissue

A. H. T. ROBB-SMITH

ske it  of ing plants to leave the

fibre skeleton as an elegant object, It was no new idea, for
Frederick Ruysch had devised the method in the seventeenth
centusy for his musenm specimens, which were more remark-
able for their aesthetic appeal than for their medical instruction,
Hy , these fibre skel do emphasize how the pattern of
the body is, in reality, the pattern of i its fibres, and also the resis-
tance of these fibres to destructive agents. We can examine

Vwmmmv ladies had a drawing-room pastime called

ancient Egyptians suffered.

From the time of Fernel until the early part of the last cen~
tury, histology, and much of the theories of physiology and
pathology were based on the fibres of the body, but with the
introduction of the cell theory and cellular pathology, interest
was centred on the cell and its components and, uniil recently,
the nature of the spaces between the celfls was to a Jarge extent
ignored. Like all generalizations, this is not entirely true, for
Claud Bernard emphasized the importance of the extra-
cellular fluid in his discussion of the milieu interne, while Sir
Rudolph Peters, i in }us concept of the cytoskelcton opened the
way 10 a bioch pproach to cell org: and laid
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Tueg Nature or ConsecTive Tissve

We may regard connective tissue as a continuous fluid matrix
varying in consistency from the limpid Whartor’s Jelly of the
umbilical cord to the hardness of bone, in which is lying an
intertacing fabric of fibres of different sorts and is bathing cells
which may be isolated or closely set, orientated to form an
integumentary covering, tubules for absorption, secretion or ex-
cretion, the transmission of oxygen, blood or lymph or speciaily
patterned as muscles or nervous tissue. Naturally we cannot
sgnore the cells; Virchow's dictum may have been over-narrosy
and Needham has pointed out that we must regard proteins, in
a constant ¢bb and flow, as the responsible structures in living
architecture and metabolism, yet it is the cell and its activity
which ultimately determines the pattern of the extra~cellular
matrsx,

The character and thickness of the connective tissue layer
varies from organ to organ. In the lungs and endocrine glands
st is extremely thin except for the capsule; in the liver and kid-
neys it is somewhat thicker and in the heart and muscular
organs it forms a significant portion of the viscus; this is also true
of the intestinal tract and the skin, while the bones, joints and
tendons are formed entirely of connective tissue, but 1t is impos-
tant to remember that the connective tissue is contnuous
throughout the body.

1tis really immaterial which organ we select to study the con-
nective tissue in greater detail, but I shall choose skin, though it
will be necessary to discuss certain aspects of other organs.

S .

A section of skin g at fication reveals

respects; for nstance the blood supply appears very sparse,
whereas a thick injected section of the same sort of region reveals

o - B T N Sy
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great stress on the physiochemical activity of the cell surface
and interfacial tension,

The recent change in viewpoint with regard to connective
tissue so that it has become a field of active research and clinical

i ptions, has d from a number of sources, Textile
chemists have been deeply interested in the structure of natural
and artificial fibres for years and it was fortunate that this work
was being done by men like Astbury, Schmitt, Highberger and
raany others, who were able to see beyond their immediate prob-
lems and develop the sclence of molecular biology (1), and fast
term Professor Randall presented this aspect of connective tissue
to you.

In the ficld of human pathology, Klemperer and his col-
leagues at the Mount Sinai Hospital, New York, had been
interested in di 3 lapus eryth for many yeass
and in 1942 they published a paper entitled ‘Diffuse Collagen
Didease’ {2) in which they pointed out that in scleroderma and
disseminated lupus there were conspicuous and systemic altera-
tions in the extra-celul p of the ive tissue
and that frot the point of view of morphogenesis they might
be regarded as disorders of the connective tissue system, 2
reaffirmation of Bichat's concept of pathology. Comparatively
little attention was paid to this masterly paper, until the recog-
nition that cortisone appeared to be effective in the treatment of
many disorders of connective tissue such as rheumatoid arthsi-
tis, disserminate lupus, etc,, when as Klemperer (3) said, ‘the
impatience of clinical wmvestigators and a pecuhar worship o
diagnostic terms have led to an exaggerated popularity of the
diagnos:s of Collagen disease. There is a danger that it may be-
come 2 catch-all term for maladies with pueziing clinical and
anatomical features It is not a term apphcable to diagnosis and
certainly does not define the morbad process of the diseascs
grouped together.”

1 would fike to try and bring together this evening some ideas
on the function both normal and abnormal of connective tissue,
but it would be well first of all to consider its anatomy.




THE SIGNIFICANCE OF CONNECTIVE TISSUE 8¢

molecular level and I think it might be useful to try and realize
the orders of magnitude with which we are dealing for it is all
too common for confusion to arise owing to lack of clear think-
ing on this point. The figure (Plate 1, Fig. 1) shows collagen
fibres in the light microscope, in the electron microscope and
schematic diagrams of its molecular pattern, If one could visual-
jze the man from whom the fibres were taken at the same mag-
nification as the illustrations, at the level of the light microscope
(Fig. 1{t)) he would appear just under a mile tall; at the maxi-
mum resolution of the electron microscope (Fig. 1{ni)) he
would appear 70 miles tall, about the distance from London to
Dover; but the magnification of molecular pattern (Fig, 1{u1)) is
a thousand times greater so that he would appear 70,000 miles
tall, ten times the diameter of the carth,

The nature of reticubn and its relationship to collagen has
been a matter for duscussion for the last fifty years or so, but T
believe that Harold Kramer (5), working in my laboratory, has
cleared away much of the confusion by the examination with the
electron microscope, X-ray diffraction, etc., of matenial which
histologicaily consisted of reticulin almost free from histological
coliagen. It would seem that reticulin consists of a network of
very fine disorientated fibrils of about 500 A in diameter but
showing the 640 A peniodicity of collagen; this network is lying
in a membrane which appears to consist of polysaccharide and
nan-fibntlary coliagen, probably caly partiaily orientated.

The nature of clastica is at the present time somewhat obs-
cure, Chemncally at is a polypeptide with a high content of
glycine, alanine and valine but a very low content of polar
residues and X-ray diffracion would suggest that the molecules
are largely disonentated, as is the case with rubber, which
would be in keeping with its elastic properties.

‘The carliest efectron micrographs were made by Wolpers (6)
who found branching fibres lying in a membrane, then Grass
{7) prepared elastica and found it to consist of fine twisted
threads lying in an amorphous matrix, but subsequently he and
others found that these threads were probably artefacts de-
rived fram the teypsin solution and were not elastica at all (8).

? Thus plate will be found a1 1he end of the book
G
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component of connective tissue, and the reaction under polar-
ized light indicates that these bundles are made up of orientated
fibrils. A section stained by orccin reveals the network of elastic
fibres, another of the fibrillary components of connective tissue.
If we examine the dermis under higher magnification, when
impregnated with silver we find that the interlacing pattern of
dense bundles of collagen which were birefringent under polar-
ized light stain a light golden brown and are not so conspicuous
as the finer black fibrils, so-called reticulin, and we can se¢ how
these are condensed at the dermic epidermic junction and
around the blood vessels—the basement membrane. Now if we
treated the section with periodic acid followed by Schiff’s re-
agent—a method known as the Hotchkiss or McManus stain
which, with certain Kmitations and provisos which I will not go
into, will reveal the presence of carbohydrate (14)~we find that
the spaces between the fibres will stain faintly, while around the
reticulin fibris 1t will stain a more intense red. So we are begin-
ning 1o get an idea of the nature of connective tissue—it consists
of an interlacing network of collagen, reticulin and elastica
fibres lying 1 a non-fibrillary matrix of ground substance
which has a variable carbohydrate content.
1If we examine the coarse birefringent collagen bundles with
the clectron microscope, they have a characteristic appearance
with cross striations having a periodicity of 640 A; a great deal
of work has been carried out in relation to the structure of
collagen fibre, trying to determine in the light of the characters
that can be displayed by means of X-ray diffraction, electron
microscopy and physico-chemical analysis, just how the poly-
peptide chains are arranged; some favour a sheet-type structare,
others a cylindnical or spiral molecule, but much more work is
needed before the picture 1s clarified (4); from the point of view
of chemistry we can state with reasonable certamty that colla-
gen is a polypeptide, in which a third of its residue consists of
the amino-acids proline and hydroxy proline and a third of
glycine together with a small amount of carbohydrate. In dis~
cussing the nature of collagen we have glibly moved from the
magnification of the light microscope away beyond the limits of
the electron microscope and the X-ray diffraction beam to the
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in metabolic function but the idea that it is a stagnant pool of
salt water whose character is determined by osmosis must be
abandoned. It is 2 highly dynamic fluid and work with radio
isotopes has emphasized the rapidity of electrolyte dispersal and
exchange.

Under the microscope the ground substance appears optically
 homogenous, indeed its very existence was questioned for many
years until Sylvia Bensley (13) displayed it by some ingeniously
simple experiments and its chemical constitution can only be
determined by rather fierce extraction methods; the histo-
chemical methods available are also relatively crude (14), the
Hotchkiss or Periodic Acid Schiff reaction merely indicating
the probable presence of polysaccharides, and under certain
abnormal conditions ground substance may show the phenom-

.- o B a .

droitin sulphate or heparin, the non-acetylated sylphuric ester.
Thereis another method of investigating the changes 1n ground
substance by the use of the enzyme hyaluronidase (86)—the
spreading factor of Duran-Reynals—which hydrolyses both
hyaluronic acid and chondroitin sulphate. It is possible to
examine tissues after exposure to the enzyme and by noting the
differences, deduce the sites of mucopolysaccharides; but once
again it 13 not over-precise, nor does the electron microscope
help, and so we must work by the correlation of numerous
approaches in order to assess changes in ground substance,

To recapitulate, we can define connective tissue as tissue fluid
in a matrix of harides and sclerop , in vary-
ing degrees of polymenzanon but largely dxsonentated, in
which are lying orientated fibres of varying thickness of collagen
and elastica.

There are structural variants of connective tissue; we have the
limiting membrane of muscle, the basement membrane of gland
tubules and Disse’s space around the hepatic cords which con-
s15t of 2 thin membrane of polymerized mucoprotein in which
fine collagen fibrils are coursing; then we have tendon where
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Recently Hall, Reed, and Tunbridge {g) have described elas-
tica as made up of two components—ill-defined, branching
threads lying in an amorphous matrix, the proportion of the
two elements differing from one site to another with a variable
content of sulphate polysaccharide in combination with the pro-
tein, the non-fibrillary material having the higher polysacchar-
ide content. Lansing (10} has obtained similar results with the
electron microscope but the latest paper by Tunbridge {11) and
his colleagues suggests that certain connective tissue fibres
which stain with the light microscope as clastica, under the
electron microscope have the characters of collagen. It looks as
though we are going to be up against the same sort of problem
that there has been with reticulin and that it will have to be
solved in an analogous manner.

Lastly what is the nature of the ground substance; well, in
part it consists of tissue fluid, derived largely from the blood
plasma, and one should remember that the extravascular albu-
men pool is twice the mass of that within the vessels; but in
addition it has 2 high content of mucopolysaccharides, chiefly
hyaluronic acid and chondraitin sulphate and glyco-proteins
(which are polysaccharide-protein complexes) in a vary-
ing degree of polymerization; ordinarily it has a gel-like consis-
tency and the histological evidence, for what it is worth, would
suggest that the glycoproteins are most highly polymerized and
therefore less soluble at the basement membrane where it is in
close relationship to the reticulin and collagen fibres, but in the
inter-fibrillary spaces it is less condensed and may, under ab-
normal conditions, become depolymerized, more fluid and
finally water soluble.

Cowdry (12) has summarized the essential differences be-
tween ground substance and blood plasma as follows:—It bas
less diffusable organic solutes, it contains mucopolysaccharides
and scleroproteins, a higher concentration of hormones, more
lactic acid and mineral salts, a greater vange of fluidity and
hydrogen ion concentration and a variable amount of water, salt
and glucose depending on storage and release from storage, 1
would be unfitted to discuss the general metabolic significance
of the extra~celiular fluid and the changes that may occur in it
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with depolymerization of haride and a phosphory-
lative glycogenolysis enzyme cycle proceeds in which the atkaline
phosphatase probably acts as a transphosphorylase (18). The
resultant is the formation of a phosphate calcium acceptor in
the ground substance or cartilaginous matrix and calcification
commences. There is much dispute as to the stages that take
place in calcification but it is generally believed that bicalcium
phosphate is first formed and then is transformed to tricalcium
phosphate, calcium carbonate and apatites (1g). The ultimate
formation of bone with its patterned arrangement of collagen
and elastic fibres in relation to the bone salt crystals which are
about 400 A long and 25-50 A wide and the appearance of
haversian systems is intimately related to the development of a
vascular pattern (20).

FormaTioN oF ConnectIvE Tissue
So much for the morphology and nature of connective tissue;
now how is it formed, and the answer, as is so often the case in
biology, s that we do not really know. It is obvious that under
ordinary circumstances the connective tissue cells that we call
fibroblasts are the cytogenic foci and originally it was believed
that fibrin fibres, as extensions of the fibroblast cytoplasm, were
converted nto collagen but now this can be definitely excluded
(21), although 1t may well be that when connective tissue fibres
are forming, fibrin, by contraction, plays a part in the orienta-
tion and alig m a purely hanical way (22). The
embryonic mesenchyma 1s rich in mucopolysaccharides but is
relatively acellular and in this, collagen-type fibres appear.
Then m tissue-culture experiments it was shown by Doljanski
and Roulet (23) that the formation of collagen fibres could
occur in a portion of a fibroblast culture isolated from the cells,
and they suggested that the fibroblasts secreted an enzyme,
which acted on a substrate, contained n the plasma and embry-
onic extract of the culture medium, More recently Keith Porter
(24) has studied tssue cultures of fibroblasts with the electron
microscope and has found that although cross banded collagen
fibres are formed, yet these often have a different penodicity
from mature collagen fibres, some having a period of 210 A and
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there is 2 high proportion of coarse collagen fibre with a variable
admixture of elastica, embedded in a mucopolysaccharide
matrix. -

In the formation of cartilage there is an increased meta-
chromacy of the ground substance indicating a higher content
of chondroitin sulphate, while the coarse collagen fibres become
more widely separated, and the mesenchymal cells divide, be-
come swollen, with a high glycogen content in the cytoplasm’
and then become grouped but widely separated in the highly
polymerized ground substance which is cartitage. It is rich in
orientated argyrophil fibrils resembling reticulin except that
they show little branching but their patterning is significant in
relation to the shaping of cartilage. In addision there are colla-
gen and elastic fibres and in fibro- and elastic cartilage they are
in higher proportion. Precise chemical analysis of cartilage is
Tacking; it contains about 70 per cent water and of the dried
residue, 8o per cent consists of collagen and chondroitin sul-
phate in varying proportions according to the site from which
it is obtained (15); there is good evidence that much of the
mucopolysacchanide is combined with collagen in the form of
glycoproteins.

1t should be appreciated that a joint is merely an area of
connective tissue free from cells and fibres in which the ground
substance—in the form of synovial fluid—consists of tissue fluids
with a high content of hyaluronic acid. Edlund (16), using the
manometric method evolved by McMaster (17) showed that
the tissue resistance of a Jomnt cavity was identical with that of
loose connective tissue and 1n the formation of bursae and gan-
glia we have the development of miniature joints in connective
tissue.

The formation of bone is essentially a patterned calafication
of ground substance associated with increased vascularization,
and although as a histologist one distinguishes bone formation in
fibre, by apposition and enchondral ossification, yet the changes
in all three are really the same; there is an increase of muco-
polysacchandes in the ground substance with a separation of
the collagen fibres and a morphological modification of the
connective tissue cells; then there is a change to an alkaline pH
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with depolymerization of mucopolysaccharide and a phosphory-
lative glycogenolysi: yme cyclep dsin which the alkaline
phospt probably acts as a transphosphorylase (18). The
resultant is the formation of a phosphate caleum acceptor in
the ground substance or cartilaginous matrix and calcification
commences. There is much dispute as to the stages that take
place in calcification but it is generally believed that bicalcium
phosphate is first formed and then is transformed to tricalcium
phosphate, calcium carbonate and apatites (19). The ultimate
formation of bone with its patterned arrangement of collagen
and elastic fibres in relation to the bone salt crystals which are
about 400 A long and 25-50 A wide and the appearance of
haversian systems is intimately related to the development of a
vascular pattern (20).

FormaTION OF CoONNECTIVE TIsSUE
So much for the morphology and nature of connective tissue;
now how is it formed, and the answer, as is so ofien the case in
biology, is that we do not really know. It is obvious that under
ordinary circumstances the connective tissue cells that we call
fibroblasts are the cytogenic foci and originally it was believed
that fibrin fibres, as extensions of the fibroblast cytoplasm, were
converted into collagen but now this can be definitely excluded
(21), although it may well be that when connective tissue fibres
are forming, fibrin, by contraction, plays a part in the orienta-
tion and ali in a purely hanical way (22). The
embryonic mesenchyma is rich in mucopolysacchandes but is
relatively acellular and in this, collagen-type fibres appear.
Then in tissue-culture experiments it was shown by Doljanski
and Roulet (23) that the formation of collagen fibres could
occur in a portion of a fibroblast culture isolated from the cells,
and they suggested that the fibroblasts secreted an enzyme,
which acted on a substrate, contained in the plasma and embry-
onic extract of the culture medium More recently Keith Porter
(24) has studied tissue cultures of fibroblasts with the electron
microscope and has found that although cross banded collagen
fibres are formed, yet these often have a different periodicity
from mature collagen fibres, some having a period of 210 A and
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occasionally fibres with a spacing of 1,100 A are observed, and,
Wyckoff {25) has a beautiful electron micrograph of a fibro
blast apparently with a fringe of short collagen fibres, Now it is
known that in embryonic or growing connective tissue there is
often a high proportion of short collagen fibres with tapered
ends and these may have a cross striated period of 210 A instead
of the 640 A seen in mature collagen.

Another aspect of work on the formation of collagen has
arisen from studies of the materjal first isolated by a group of
Russian scientists and called by them procollagen (26); it is
obtained by dialysis of a citric acid extract of skin, and on exam-
ining this material with the electron microscope, it is found to
contain a mixture of the normal 640 A collagen fibres and fibres
with a very long spacing 2,000-3,000 A. If this procollagen is
purified, no fibrillaty collagen is formed, and it occurred to

- - N - St
they produced varying proportions of long spacing or normal
spacing collagen fibres; on the other hand polysaccharides, such
as hyaluromc acid or heparin or chondroitin sulphate, did not
induce fibre formauon and they concluded that a carbohydrate
fraction was essential for fibre formation and that certain com-
plex chemical substances of a non-specific nature had to be
present to induce precipitation and alignment of the protofibrils.
Schmitt and his colleagues (28) have recently described a third
form of particle, a polarized asymmetrical type of long-spacing
segment, which can be precipitated from collagen *solutions’ by
the action of adenosine triphosphoric acid; further they have
shown that the three structural forms of collagen are intercon-
vertible under suitable conditions,

Harkness (29) has found by isotope studies that in the initial
stage of fibre formation, there is formation of non-fibraus
soluble protein analogous to the Russians’ procollagen and
gradually the soluble procollagen-carbohydrate complex be-
comes dissociated during conversion into the insoluble mature
collagen fibre. In fibroblast tissuc-cultures, Mancini and de
Lustig (30) have found that hyaluronidase inhibits the formation
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of collagen fibres and we know that this enzyme hydrolyses
certain mucopolysaccharides,

Now, Albert Fischer (31) has put forward a hypothess, sup-
ported by experimental work, that the plasma proteins form a
readily available source of amino-acids for the syathesis of com-
plex cellular and extra-celiular protein, that the plasma proteins
are broken down by proteolytic enzymes of the ibrmolysin or
plasma trypsin type or else are fixed on to cells by a mechanism
analogous to that occurring in blood coagulation and so ace
readily accessible to cellular proteolytic enzymes,

One of the objections to this hypothesis of transpeptidisation
catalysed by proteolytic enzymes is that enzymes of this type
absa catalyse the hydrolysis of the peptides and the competition
betieen water and the amine for the carboxyl group willatmost
certainly be decided 1n favour of water, as the hydrolysis equili-
brium of all peptides is far to the side of complete hydrolysis;
hawever, in connective tissue the mucopolysacchandees are very
active in water binding and so water mught not enter in compe-
tition and thus transpeptidization mmght praceed. Haurowitz
{32) has put forward a detniled hypothesss of protein synthesi
a3 a two-phase reaction, involving al of ami ids as
a peptide cham which is then folded to form a three-drmen-
sional globular protein molecule.

Thus we have good evid that pok harides play
an 1al part in coll fibnil and that the fibro-
blast at Jeast potenuates this, but it is clear that other factors are
.alsn involved in the formation of normal connective nssue For
instance, in the healing of wounds i scurvy {33) there is a defici-
ency of collagen and reticulin {formation and the ground subs-
tance contans & gelatmous fluid which snot mesachromatic but
has a high protein content, there is a deficiency of phosphatase
in the fibroblasts, which have the cytological characters associ-
ated with active formation of cytoplasrme protemm and an
increase of glycoprotein in the serum (34). On exhibitmg
ascarbic acid, the phosphatase content of the fibroblasts in-
¢reases, the ground sub shows metact ia, there is
formation of retsiculin and collagen, and serum glycoproteins
fall. One can deduce from this that ascorbic acid assists in the
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polymerization of mucopolysaccharides and that this is neces-
sary for collagen fibril formation, although it may be that the
scorbutic fibroblasts are only able to form a globular rather than
a fibrillary scleroprotein of the collagen type; it is uncertain
whether the phosphatase deficiency is post hoc or propter hoc
but itiscertain that phosphatase plays an cssential partin carbo-
hydrate metabolism and there is deficient phosphorylation in
scurvy; as to whether phosphatase plays any direct part in
protein synthesis is somewhat doubtful (35). So we have further
evidence from ascorbic acid deficiency of the interrelationship
between the mucopolysaccharides and collagen fibre formation.
Kramer (36) has put forward the hypothesis that mucopoly-
saccharides might act as an anionic detergent and by breaking
down linkages in the globular form of collagen, which has been
synthesized through the medium of the fibroblast, would pro-
mote curling and some degree of orientation of the collagen
molecules, and that the collagen protofibnls crystallize as the
carbohydrate moiety is lost by dissociation, due to a change in
the local electrolyte concentration or enzyme activity. This
hypothesis is in heeping with the facts of fibrillogenesis as far as
they are known, conforms to known processes of synthetic fibre
formation, and would explain the formation of collagen in sites
relatively isolated from cellular activity asis often seen in patho-
logical changes. It is of some interest that Mercer (37) has put
forward an analogous mechanism for the biosynthesis of sitk
fibrosin.

Two further questions remain with regard to the formation of
connective tissue, the source of elastica and of the mucopoly~
saccharide. Elastica formation is an enigma (38). In the embryo
and 1n healing wounds it appears much later than the collagen
fibrils, and indeed it would appear that collagen 1s a prerequis-
jte for its formation. In tissue culture the fibres are produced
only by tissues which contain them  vizo; 1n heart muscle cul-
tures they are most dense when subjected to the pull of the

'
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non-argyrophil metachromatic fibres appear which gradually
develop the staining reactions of elastica; at first the fibres are
irregularly arranged in a fine meshwork and then develop into
the fine branching and coiled vefracitle threads which are
characteristic of clastica. Hass {40) has suggested, on the basis
of some interesting experiments, that it might be formed asa
fibrillary membrane at hipoid aqueous interspaces in the tissues
and such a mechanism would be in keeping with observations
such as those of Montgomery {41} on the healing of experi-
mental wound of the lung. We know from Lansing”s (10) work
that the mature fibres are associated with lipoid and Tunbridge
and his co-workers (51) have shown an association with muco-
pol harides, but the ey is is very obscure.

With regard to the mucopolysacchandes of the ground
substance, there are rival claimants; the presence in fibroblasts
of granules and vacuoles having the histochemical reactions of
muceopolysaccharides and the occurrence of large amounts of
mucopolysaccharides in certain types of fibrosarcoma would
appear 1o favour this cell type (42); on the other hand the mast
cell is known to store, if not to synthesize, heparin—a non-
acetylated sulphunc ester ofglucuronic actd—and Asboe-Hansen
{43) has put forward much evidence to suggest thatit is also the
source of the tissue polysaccharides. T believe
that the matter could perhaps be resolved as the result of a de-
tailed eytological study of the Sanarelli myxoma virus and the
mast cell reaction in scurvy, but it is interesting to consider that
notsovery long ago the function of the mast cell was completely
unknown and now 3t 15 credited with the formation of heparin,

ive tissue pol harides, and, in the light of
Riley and West’s (44} work, histamine as well.

“Tuanang from biosynthesis to metabolism, we have even less
information, There have been studies of collagen by MNeuberger
{29) using C* labelled glycine which would indicate that in
the growing animat, the amino-acd is taken up by the develop-
ing Sbres and to a large extent retained there; in the adult
anjmal very littde is taken up. This, together with swudies
an scorbutic collagen formation, would suggest that there is
very little Xatabohism but 2 constant anabolism (g5), but as
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Neuberger rightly points out, one must be very cautious in the
interpretation of isatope metabolic stndies. With regard to the
ground substance we are even more ignorant; there is indirect
evidence, to which I will refer in a minute, that there is depoly-
merization and polymerization of glycoproteins under suitable
stimuli, with release of glycoproteins into the blood and urine,
but further than that we cannot go.

Tue Funcrioxs or Connecrive Tissuz

So far T have tried to provide you with a picture of the nature of
connective tissuc and how it is formed. When we consider its
function we can look at it structurally, metaboheally and ia
terms of disordered function or pathology. Its mechanical func-
tion is generally accepted, though it inevitably leads us into
teleclogy. Sir IV Arcy Thompson (46) studied the adaptation of
the internal structure of bone to the stresses and strains to which
it is subject and it has been shown that the tensile strength of
bone is of the same order as cast iron; cartilage provides a tissue
which combines a certain amount of rigidity with considerable
flexibility and resilience, and Matthews (47) has recently sug-
gested that there 15 a higher ratio of mucopolysaccharide to
collagen in weight-bearing joints. Collagen has great tensile
strength with flexibility but negligible extensibihty and so in

d its, with 2 wini foss of power, muscular
contraction to the bones, and elsewhere maintams the shape of
organs, and in its Jooser forms ined with ground
forms an admirable flexible packing material. When loose colla-
gen is combined with elastica it provides a tissue with great
elasticity and resilience as'in bload vessels and the dermus.

A major function of connective tissue is the repar of physical
trauma after injury ar the restoration of tissue after inflamma-
tory reactions; however, new-formed collagenous tissue con-
wacts, and without elastic tissue will stretch under tensile
strain and much of the chronic diseases and dysfunctions of the
body are the result of this hepatic or renal failure duc to a
scarred hiver or bidney; cardiac failure due to mitral stenasis;
intestinal obstruction due to a scirrhous Faminoma, an aneur~
ysin of the aorta; the initial pathogenesis of these and many
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other conditions I could mention may be due to cellular dys-
function, but it is the collagen that strangles the organ or allows
it to burst.

However, we ofien ignore the metabolic function of connec-
tive tissue because we tend only to think of intraceliular meta-
bolism or general metabolism, but it should be realized that all
metabolic processes, if transmitted, are transmitted and there-
fore modified by connective tissue surrounded by cell surfaces
in which much of their energy is concentrated; conncctive tissue
has an intercommunicating system of protein fibrils whose
energy surface is immense and if we consider the speed of trans-
mission of drugs and metabolites and their control, we can gain
some inkling of jts importance in physiology and functional
pathology, and I would like to discuss this aspect for a few
minutes,

1t is well \nown that if we injectan animal with a dye suchas
trypan blue and examine the tissues in a few days, the dye will
chiefly be collected in the cells of the reticulo-endothelial
system, yet the animal becomes blue in a matter of minutes;
King (48) has shown that at this stage, the dye 1s not in cells but
is bound by connective tissue fibres all over the body, in colla-
gen, reticulin and especially elastica, and that it is not absorbed
into cells until 24 hours or more have elapsed; Barcroft (49)
made similar observations with regard to the Wharton’s jelly of
the umbilical cord and suggested that 1t nmght serve as a non-
vascular conducting path of metabohtes from the placenta to
the embryo and a simlar mechanism might apply in the nutri-
tion of cartilage and the cornea.

The ground substance is hydrophilic {50) and may store
water and electrolytes, and it is almost certamn that under
normal conditions there is no free fluid but the electrolytes
move through bound water (51), Opie and Rothbard (52) have
shown that connective tissue takes up water by hydration as
does gelatin and not by osmuosis as is the case of parenchymatous
tissue. The extensibility of connective tissue in the living organ-
ism depends on its content of water and when water content
rises extensibility increases (53). In relation ta the haemato-
Parenchymal barrier, the ground substance and fibrils are
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affected in antagonistic fashion by many chemical substances,
thereby enhancing the regulator action of this barrier (54).

The storage and release of calcium and other metals in bone
is generally accepted, but it is not always appreciated how rapid
the resorption and reformation of bony stroma can be; for in-
stance . N
culae (
reappl
SAY I te saserins wa sovamnny mmnppon 4 ) mcen am e R ,
can act directly on bone and the initial phase is a depolymeriza-
tion of ground substance of the bone with a rise of serum glyco-
proteins, the depolymerization results in a reduction of mineral
binding capacity and calcium and phosphate are liberated;
there is an increased excretion of glycoprotein in the urine and
on occasion mucoprotein phosphate carbonate casts are formed;
these experiments, in addition to clarifying many of the obscuri-
ties of bone resorption, may have some bearing on Butt’s (57)
claims that hyaluronidase is of value in preventing calculous
formation.

INFLUENCE oF HormONES

There is other evidence with regard to hormonal influence on
connective tissue, whether one considers endocrine disorders
which one may look on as caricatures of normal hormonal
balance, or experimental procedures. In thyroid deficiency, the
myxoedema is associated with a considerable increase of ground
substance which is metachromatic, indicating some degree of de-
polymerization and an ncrease of tissue mast cells and water
retention (58); all these effects are reversed on thyroid medica-
tion but it should be appreciated that there are certam forms of
nodular myxoedema in which there is no evidence of hypo-
thyroidism although the histology 1s 1dentical (59) and it may
well be that the water retention 1s not a primary effect of thyroid
deficiency but is consequent on the altered metabolism of
ground substance; furthermore it may be that the changes in
connective tissue in myxoedema may not be due to a deficiency
of thyroxin, but an excess of thyrotrophic pituitary hormone;
Ashoe-Hansen and others (60) have shown that both 1n malig-
nant exophthalmos and pretibial myxoedema, which is com-
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monly associated with 2 hyperthyroid state, similar tissue
changes are seen to those in hypothyroid myxoedema and this
can be induced i ally by o with patuitary
thyrotropic hormone; this raises the problem of focal reaction
of connective tissue to hormonal stimulation which is particu-
larly well seen in regard to the sex hormones.

The alterations in the stroma of the breast and uterus in
pregnancy are well known, and though the connective tissue
changes may be secondary to the epithelial or muscular
proliferations which are dwvectly hormonally stimulated, yet
there is experimental evidence that there is a direct effect aswell
(61); in regard to the uterus, Harkness (62) has shown that
there is an actual increase of collagen content during pregnancy
and this is reversible, returning almost to normal within a week
of parturition. Then there are the Lipschutz (63) type of experi-
ments in which fibromatosis occurs not only in the uterns, but
elsewhere in spayed animals treated with laxge doses of oestro-
gens. Elhott and 1 {64) did some experiments of this type on
ascorbic-deficient animals and found that the fibromatesisoccur-
red even though the animals died of scurvy; indeed they died
catlier than the untreated controls, which might suggest that
the hormonal induced fibrous proliferation utilized the himited
amount of residual ascosbic acid. Even more localized reactions
aze the changes in the symphysis pubis induced by the Juteoid
hormone relaxin (65) in which there is absorption of bone and
increase of ground substance, while in the ovary, a rhythmic re-
medelling of connective tissue assoctated with the maturation
of graafian follicles at each oestrus cyele (66) Analogous
changes, though more general in distribution, are the swelling
of the sexual skin 1n monkeys which makes the mandntl such a
colourful beast (67} and the testerone swelling of the cock’s
comb (68}, It would seem that cestrogens and testosterone ia-
duce synthesis of mucopolysaccharides and & their state
of hydration {6g), whereas gonadotrophuns induce depolymeriz-
ation with increased permeability (70), an effect analogous to
that of hyaluronidase

The chservation that there was impaired healing of wounds
in cases under cortisone therapy {71} sumulated work on the
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effect of adrenal cortical hormones on connective tissue, with
the consequence that there has been considerable confusion; it
was not recognized that there are marked differences in re-
sponse in different animal species (72) and that the guinea pig,
that most obliging of experimental animals, was unhappily ex-
tremely resistant to cortisone (73).

In general it may be said that the effects of cortisone on con~
nective tissue support the views expressed by Albright in 1942
(74), seven years before Hench and Kendal (75) introduced the
wonder-drug to clinical medicine, that is to say that its action is
antianabolic rather than katabolic. Thus we find that there is an
increase of free hydroxyproline (76), a failuve of incorporation
of sulphate into chondroitin sulphate (77), a failure of fibroblast
formation or proliferation, but where fibroblasts are present,
collagen and ground substances are normally laid down and
immature connective tissue becomes mature, Mast cells lose
their g les and appear degenerate {78) and this is even true
of mast cell tumours of dogs {7g). On the other hand, desoxy-
corticosterone (80) has an opposite effect with stimulation of
fibroplasia and mncrease of metachromatic ground substance,
while adrenalectomy, although not affecting collagen fibres or
their water absorption, yet the ground substance is unable to
retain water, allowing a shift in the balance of cellular and
extra-cellular compartments,

In considering the changes in water and electrolytes, the
question must remain open as to whether the hormones directly
modify this aspect of metabohsm, or induce changes in the
formation and degree of polymenzation of the mucopoly-
sacchanides and scleroproteins, with consequential changes in
bound water and electrolyte mobility of a purely physiochemi-
cal nature (82).

1t is logical now to consider the changes mn connective tissue
in ageing. Ageing has been defined as colloidal dehydration (83)
and this process is well seen in connective tissue, which in the
embryo has a very high water content and gradually drics up,
with increasing years; as this occurs the side chains of the poly-
peptides are drawn together with loss of physical response
and chemical actwvity; in the stable polymenized state there is
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an increased deposition of calcium, well seen in the aorta and in

ageing cartilage, and the condensation of the connective tissue
may be a factor in limiting the size of an organ (84), for if the
cellular environment becomes resistant to growth, the cells may
become confined and stop expansive growth, the reduction in
chemical reactivity of connective tissue will limit the transport
of metabolites to cells and remaoval of breakdown products, and
so there will be a slowing of cellular metabolism and the bio-
logical machine will run down. The morphological counterpart
to this hypothesis can be seen in the thickening basement mem~
branes of ageing organs.

PATHOLOGY OF CONNECTIVE TISSUE

I shall not deal with the congenital abnormalities of connective
tissue, conditions such as epidermolysis bullosa, Ehlers-Danlos
syndrome, elastosis dysplastica, fragilitas ossium, and so on,
though they are just as hkely to provide the clues to normal con-
nective tissue formation, as Garrod found in inborn metabolic
errors. Nor can I do more than touch on the pathology of
connective tissue, but there are one or two aspects of this to
which I would like to draw your attention.

Rrsponse TO INJURY AND INFEGTIONS

I have already mentioned the response to injury of connective
tissue, but it is well to realize that 1n a parenchymatous organ
such as the liver or kidney, one may have extensive cellular
damage, but provided the connective tissue matrix has not been

d, if cellular reg jon takes place, the organ will be
restored to normality both morphologically and functionally,
and furthermore even when there has been fibrosis and scarring,
this wall at least 1n part be resorbed. In relation to infections,
one considers principally the cellular and humoral reaction, but
the part that connective tissue plays should not be forgotten (85);
the polysacchande gel will, to some extent, immobilize micro-
organismns, and though this may be hydrolysed by hyaluronidase-
type enzymes formed by certain organisms, yet there s the
presence of the non-speafic hyaluronidase inhibitor which is
probably heparin (86), even though we may not accept the
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whole of Haas® concept of anti- and pro-invasins (87); next the
coarse collagen membranes may encourage the Jocalizanon of
an infective process, though this may be broken down by the
organism’s proteases, and lastly with resolution and new form-
ation of collagen, the infection may be isolated.

In the case of certain virus infections, such as influenza, the
entry of the virus into the cell is associated with the occurrence
of certain mucinases, probably having as their substrates, mucoi-
tin rather than chondroitin sulphate; neverthless, the muco-
protein viral inhibitor described in the urine by Tamm and
Horsfall, or something very like it, is present in connective tissue
and may well be a factor in the body’s viral defences (88).

In the normal immune response, antibodies will be present in
the ground substance to react with parenterally introduced
antigens, and it has been shown that the extravascular plasma
protein pool is about twice the mass of that in the circulation
(89). Hypersensitwvity is dependent on the reaction of antigen
with sessile antibody contained in or on cells and although we
have little or no knowledge as to the proximate biochemical
lesion that results, its effects on smooth muscle and capillary
permeability are familiar enough; the ground substance be-
comes oedematous and in addition to the cellular reaction,
there may be the development of fibrinoid change in the con-
nective tissue (go)—the homogeneous, highly refractle, band-like
material which histochemically would appear to be depolymer-
ized mucopolysacchatide, possibly associated with exudation of
fibrin. There is good evidence that there is a release of a hista-
mine-like substance which has been presumed to be derived
from the damaged cells. In the Yight of Riley and West's {44)
work, one must wonder about the interpretation of Stuart’s (91)
observation that in anaphylaxis there 15 a rupture of mast cells
with disappearance of the granules and that this change is mini-
mal when annhxstamme dmgs are given; on the other hand
S.n 1 1~. 1t causes a rapid in-
v . . > of metachromatic

el s el ec U Wi e wee, the whole problem

Ef the heparm-hlstamxm: mast cell story needs considerable
jnvestigation.
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Apact fram these specific pathological reactions of connective
tissue, we have the non-specific reaction—Eppinger’s serous
inflammation (54, 93), which I have recendy discussed else-
where (g4}, Beiefly this pastulates that, asa result of damage to
capxUmy endathetium, cell membranes or ground substance,
there is an accumulation of a protein-rich fluid in the connee~
tive tissue spaces and the consequent separation of the capillary
from the parenchyma impairs the transport of nutritive mater-
ials and cellular metabolites with a secondary disturbance of
cellutar function. This type of connective tissue change is severss
ible if the damaging agent is removed or is low In activity;

. however, if the serous exudation persists, there will be an
irreversible change in the ground substance with the formation
of scarring or hyaline change {g5), or amyloid deposition if
conditions are suitable; what these are is unknown, but it would
seem that some of the underlying factors are ascorbic acid
defi iated with a high globulin content of the ground
subxlancc, which may be antibody globulin or consequent on a
disrarbance of protein metabohsm {(g6).

One of the many problems in malignant disease is the

t of infiltration and the develop rather than the
transport of metastases; it is clearly the resultant of a reaction
between the neoplastic cells and the connective tissue stroma.
Coman (g7) has suggcsted that mabignant cells show a de-
creased adl and the presence of
an enzyme of the hyaluromdnsc type, although this has not been
confirmed and may well have been due to bactenal contamina-
tion; certainly neither he nor Simpson {g8) was able to show
any increased invasiveness if hyaluronidase was injected in the
region of a tumour. Turning to the stroma, Cramer (gg9) and
QO (100} have shown that in the pre-malignant phase of
experimental carcinog the ive tissue und
spcctacular changcs and these only occur if the substance used
is in fact carcinogenic, it is not a sxmplc reactive change to an
irntant, They found that there is a marked increase of mast
cells, increased elastic formation and a change 1n the collagen
fibres which are chiefly of the reticulin type, with a minimal

cellular reaction; when malignant change occurs, there are
"
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breaks in the elastica and disappearance of mast cells. Belling-
harg, Qrr and Woodhouse (so1) have shown by transplantation
experiments that it is the stroma which is the determining factor
in certain types of experimental carcinomata. The next stage in
malignancy, that of infiltration, has been studied by Gersh and
Catchpole (102) and Sylven (103). They have found that in a
rapidly-growing tumour there is marked depolymerization of
the ground substance with increased serum glycoproteins, and
the reverse is to be seen in slow-growing tumours where there is
evidence of a fibrous reaction. The contrast between a scirrhous
tissue reaction and the lack of tissuc reaction in an encephaloid
carcinoma is familiar 1o all, but the difficulty is that given these
morphological observations, one is uncertain how to interpret
them; is it post hoc or propter hoc? The answer may partially be
Ived by the introduction of more critical methods for
detecting depolymerization and proteolytic enzymes.

DussemmiaTep Lupes ERYTHEMATOSUS

Although there is much more that I would like to tell you of the
pathology of connective tissue—the significance of changes in
atherosclerosis and aortic medial necrosis where one has an
admirable example of depolymerization taking place in relation
to all the elements of connective tissue (104), and the natureand
possible mechamsm of the changes in the ill-named collagen
diseases (105), in conclusion I would like to say a few words
about di inate lupus eryth not so much from the
point of view of its special pathology, but because it is an ex-
ample of a disorder characterized by lesions in connective tissue
in which we are beginning to get some idea of pathogenesis.

Disseminate lupus is 2 rather uncommon disease (106),
chiefly seen in adult women, The patient presents a variety of
vague symptoms of which the most constant is irregular fever
with malaise and weakness; there will be attacks of swelling of
the joints and very frequently a rash, particularly on thc‘mﬂ!nr
region of the face which is red and scaly 1 shailnot dcscnl?c the
climical signs or laboratory findings, but ordinarily the discase
runs an irregular course with exacerbations and remissions over
months or years, and until recently was invariably fatal. At
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post-moriem the changes are often not very spectacular; there
will be the rash, cnlargcd fymph nadcs. the thickening of joints,
and some effusion in the serous cavities. The heart may show
non-bacterial vegetations.

Microscopically the constant lesion found in varying degree
throughout the connective tissue is that the ground substance is
aften metachromatic and collagen fibres aze separated and
blurred and stain the deep red colour characteristic of ‘fibrin.
0id® and an analogous appearance is found in the basement
membrane, particularly of the kidney, and there is often degea-
erative changes in the cells of the connective tissues with some
Iy mphocyiic increase (107). That was the position about four
years ago and it was suggested that the disease was due to some
infective agent or was allergic, whatever that might mean.
Thcn, in 1938 Hargrea\es {18}, in the Mayo Clinic, obsened
that in the marrow in this disease there was often clumping of
leucocytes and & which inclu~
sion bodi Hed fupus eryth or L.E. cells, It was
then found that it was possible to induce similar changes in
normal marrow cells by adding the serum from a patient with
the disease and the factor—the so-called L.E. factor—was
present in the globulin fraction and was antigenic and enly
occurred in this disease {10g); it was shown that the L.E. cell
was a neutrophil feucocyte or phage which had ingested
an aliered lymphoceyte or neutrophil leucocyte (110},

In the following year Klemperer {121} called attendon to a
lesion in the diseased organs which had been observed previ-
ously but not much attention had been paid to it. This was the
presence of clumps of hacmatoxylin staining bodies, in the heart
valves, in the ive dssue and in bloed vessels
which had been mnterpreted in the past as degenerate cells,
hlempcrcr bclxevcd that they were a more spenﬁc lesmn thau

the h and by §
that these bodies were denvcd from celt nuclel and consisted of
depolymerized desoxyribose nucleic acid and the mclusion
body in the LE cell was of 2 similar nature, he then went
forther and showed by morpbological and bistocheracal
studies that there was a relationship between the fbrinoad
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breaks in the elastica and disappearance of mast cells. Belling-
ham, Orr and Woodhouse (101) have shown by transplantation
experiments that it is the stroma which is the determining factor
in certain types of experimental carcinomata. The next stage in
malignancy, that of infiltration, has been studied by Gersh and
Catchpole (102) and Sylven (103). They have found thatin a
rapidly-growing tumour there is marked depolymerization of
the ground substance with increased serum glycoproteins, and
the reverse is to be seen in slow-growing tumours where there is
evidence of a fibrous reaction. The contrast between a scirthous
tissue reaction and the lack of tissue reaction in an encephaloid
carcinoma is familiar to all, but the difficulty is that given these
morphological observations, one is uncertain how to interpret
them; is it post foc or propter hoc? The answer may partially be
resolved by the introduction of more critical methods for
detecting depolymerization and proteolytic enzymes.

DissemivaTen Lupus EryTHEMATOSUS

Although there is much more that I would like to tell you of the
pathology of connective tissue—the significance of changes in
atherosclerosis and aortic medial necrosis where one has an
admirable example of depolymerization taking place in relation
to all the elements of connective tissue (104), and thenatureand
possible mechanism of the changes in the ill.named collagen
diseases (105), in conclusion I would like to say a few words
about disseminate lupus erythematosus, not so much from the
point of view of 1ts special pathology, but because it is an ex-
ample of a disorder characterized by lesions in connective tissue
in which we are beginning to get some idea of pathogenesis.

Disseminate lupus is a rather uncommon disease (106),
chiefly scen in adult women. The patient presents a variety of
vague symptoms of which the most canstant is tregular fever
with malaise and weakness, there will be attacks of swelling of
the joints and very frequently a rash, particularly on the malar
region of the face which is red and scaly. I sh:}ll not descnl?e the
linical signs or laboratory findings, but ardinarily .th.c disease
runs an irregular course with exacerbations and remissions over
months or years, and untl recently was invariably fatal. At
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material and the haematoxylin bodies and that the fibrinoid
consisted of a deposition in connective tissue of histones and
other protein residues derived from extreme depolymerization
of nuclear proteins, though this was not to say that fibrinoid
occurring in other conditions was of the same type {(112). Thus
it appeared that there was present in the serum of patients with
this disease a substance which was able to induce depolymeriza~
tion of nucleoproteins; then last year it was shown that the
*L.E. factor’ was an inactivator of the desoxyribose nuclease
inhibitor normally present in cells (113}, and that the factor re-
acts with the inhibitor and allows nucleoprotein depolymeriza-
tion by the desoxyritiose nuclease which is in the cytoplasm and
ordinarily plays a part in the controlled energy metabolism of
the cell (114). So there is evidence, not all proved, of an intrinsic
biochemical lesion in this obscure disease and it is easy to
understand that widespread nucleoprotein breakdown will have
dire consequences on the patient’s metabolism and general well
being. What is the origin of the L.E. factor we do not know but
this example serves to 1llustrate that a cellular disturbance can
induce changes in connective tissue and is a reaffirmation of
Virchow's dictum ‘omnis cellula e ceflula’.

In the controlled release of atomic energy, it is necessary to
have a substance, known as a moderator, which slows down and
to some extent controls the fast neutrons so that they are cap-
tured by the fisnonable material, and allows the chain reaction
to proceed. Korsshelt has described connective tissue as a tem-
poral document on which the life history of the organism is
indelibly inscribed; it is much more than that, it is the bio-
logical moderator of cellular energy.
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are found to occupational diseases including those due to the
inhalation of dust. Georgius Agricola (1494~1555) in his treatise
on mining aud metallurgy De Re Afetallica mentioned the dan-
gers and diseases to which miners and refiners were prone.
Paracelsus, a Swiss alchemist and physician {(1493-1541), wrote
concerning the diseases of miners and smelter-workers (1567).
Dimerbrock (1649) was perhaps the first to cut sections of a
stone-cutter’s lung, and he described how the organ was clogged
with fine stone dust. Ramazzini, known as the third Hippocrates
and the father of industrial medicine, described in his De
Morbus Artsficium Diatriba {Padua, 1700) many occupations and
the special hazards involved in each, including dust diseases
and their pulmonary lesions.
It is an interesting speculation as to whether prehistoric man
engaged in the breaking and shaping of flnts for arrowheads
and spearheads may have suffered from silicosis. In many pars
of England, particularly in the Eastern counties, there are ex-
tensive deposits of man-made flints fasmoned in the shape of
weapons and tools, whose production must have involved the
expenditure of considerable energy and the production of much
finely-divaded, free silica dust. It is certain, however, that in
later years the flint-knappers, who were extensively employed in
the musket trade, inhaled large quantities of finely-divided flint
dust and suffered from silicosis. But it was with the intro-
duction of industrial processes, handling large amounts of fling,
that the disease became a serious social problem Thomas Ben-
somn, of Newcastle~under-Lyme, was granted patents for the wet
grinding of flint 1 1726 and 1732 because it was found that
when powdered dry the process proved ‘very destructive of
mankind. Any person ever so healthful or strong working
that business cannot probably survive above two vears, occa-
sioned by the dust thrust into his body by the air he breathes,
which, being of 2 ponderous nature, fixes there so closely that it
is now very difficult to find persons which will engage in the
business, to the great obstruction and detnment of the said
trade,’ This powdered flint was used as a grinding powder and
for the facture of grind A Shefficld practitioner
(Knight, 1830) stated that ‘Grinders who use a dry grindstone
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of the lungs’, and implies both the inhalation of excessive
amounts of dust and the deposition of large quantities of
fine dust particles in the pulmonary tissue, Silicosis is a preumo-
coniosis duc to inhalation of finely powdered siliceous rock,
sand or flint. Workers who breathe dusty atmospheres contain-
ing fine particles of silica rock suffer from cough, rigidity of the
chest, shortness of breath, dysproea and emphysema,
Industries in which silicosis has been common are flint
breaking, mining, quarrying, grinding with silica abrasives,
potteries and refracteries, foundries, and so on. The lungs of
such workers become loaded with stone dust and the normal
alveolar tissue is largely replaced by fibrous scar tissue. This
scar tissue assumes the characteristic form of silicotic nodules
illustrated in Plate II, Fig. 1,® which is a section through the
lung of a stone-worker.

Pﬂz\mocomesxs {from the Greek) is 2 ‘dusty condition

History oF SiLicosss
The history of silicosis is of very ancient origin. Its existence was
recognized in the first descriptions we have of accupational dis-
eases made before the Christian era. Hippocrates (460-370 B.G.)
described symptoms in metal-diggers which compare well with
more¢ modern accounts of pneumaconiosis amongst miners.
Pliny’s (a.D. 23~79) description of a protective mask for miners
contains another carly reference to the harmfulness of dust in
the Jungs. In Galen's {a.p. 131-201) wriings many references
1 The plates referred ton this ecture will be found at the end of the book.
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whichmeans ‘tang fullofdust’. Hedescribed indetailtheanatomy
of dusty lungs; and Kussmaul gave the chemical proof of the
siticeous nature of the dusts in the lungs, Visconte {1870} in Italy
was the first 1o use the term ‘silicosis’ to denote the pathological
changes in the lung due to the inhalation of siliceous dust,
Detailed accounts of the progress of dust disease amongst
stone-cutters are to be found in the writings of Alison and Hugh
Miller {s86g). They obsesved that stone-drillers appeared ta
suffer more from the rapid onset of the disease than did other
miners, and the conviction gradually arose that it was only in
workers with hard stone that dust disease seriowsly affected
health, Workers in softer stonc seemed to suﬂ‘er less scvcrcly
from lung & and the pathologl
were not so gross {Plate 111, Fig. 2 and Plate 1V, F:g. 3). Thus
warkers with shale and clays of various sorts and w haematite
mines were not so fiequently or so early in life incapacitated
from work; and the fibrosis tm their lungs was less nodular and
more diffuse than that abserved in the lungs of flint, quartz-
and gramte-workers. These observations led to the theory that
not all dusts of different kinds of stone were equally pathogenic.
Early in the present century Haldone recognized that these must
be a difference between siliccous mineral dusts. Microscopically
the particles of all of them appeared to be hard and sharp, but
they were not equally destructive of health. Some stone dusts
even appeared to be antidatal to others.

Turowes oF SiLicoss

Mrchanical theory. Earty workers in the field thuught that dust
was harmiul because of its physical presence in the lungs; that
the sharpuess and hardness of its particles produced a sort of
microscopsc wounding or trauma of the delicate tissues. Hal
dane’s observation that the practice of stone-dusting m coal
mines to allay explosions had not increased the incidence of
lung disease, but appeared rather o lessen 11, ted to spme doubt
as to whether the physical presence of the dust itself could pro~
duce the pathological effect observed It aught be that some
dusts damaged the lungs becauwse they contamed a toxic
substance which was absent from other dusts.
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die at the age of 28-32 years’; and suggested that this sort of
work should be reserved for convicted eriminals.

In 1832 Thackrah studied the expectation of life of British
workers in various dusty trades. His most valuable conclusion
was that not all dust shortened life; workers in sandstone
quarries generally died before they reached forty years of age,
though there was hardly any lung disease among brick and lime
stone-workers, Thackrah was a great advocate of prevention.
He advised greater ventilation, face masks and wet processes of
working. He anticipated the modern practice of infusing the
working face in coal-mines with water: ‘Particles are laid as they
are formed, by the continuous oozing, dropping and splashing
of the insinuated water.” So that the medical man might not be
accused of interfering in matters which did not concern him, he
remarked, ‘If any object that the cure, not the cause or preven-
tion of disease, is the business of the medical practitioner, I
would reply that the scientific treatment of a malady requires a
knowledge of its nature, and the nature is but imperfectly
understood without a knowledge of the cause’.

The pathology of coal-miner’s pneumoconiosis was described
by Gregory (1831) and Marshall (1834); and Thomson drew
attention to the breathlessness, asthma and the black sputum
common to workers in coal-mines. In 1837 he accurately des-
cribed the pathological appearance of the hard, black lungs of
coal-muners, and was aware of the condition associated with
working in stone dust Peacock (1861) was probably the first
physician in Great Britain to distinguish between miner’s
phthisis and pulmonary tuberculosis; the view of current medi-
cal opinion being that mmer’s phthisis was caused by bad
hygiene rather than by dust In 1865 Greenhow studied the
pathological changes in the lungs he had collected from stone-
workers and described the gritty feeling of the lungs when they
were cut with a knife, and referred to the appearance of micro-
scopic drifts and deposits of sand in the lung tissue. From the
lungs of one worker he isolated about 30 g. of this so-called
sand; and he was perhaps the first to use polarized light to
demonstrate fine silica particles m the lungs of metal-grinders.
Zenker (1866) first introduced the term ‘p honiosis’
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quariz and other forms of silica such as flint would release sificic
acid (‘soluble sifica’} into solution; and the madern ‘solubility
theory of silicosis® supposes that it is this substance which
irritates the tissues of the Jungs. The response of the fung to the
constant release of silicic acid from the slowly dissalving par-
ticles is the development of fibrous tissue, and for this purpose
close contact of the particles with the tissue 3s important,

Mavrogosdata {1926) and Policard {1933) pointed out that
these slowly dissolving particles had a most peculiar effect on
fiving tissne. Cells poisoned by them did not tend to disintegrate
and disappear as do cells killed by other means; they became
‘mummified” and preserved in some way which may be roughly
analogaus to the preservation of eggs in waterglass.

SovumiLiTy oF SiLica

In his well-known monograph on silica and the silicates, Sosman
{r927) has said that from the standpoint of the industrial chem-
ist sifica is about the last thing on earth whickh would be
expected to be harmful to the rody Its snermess is a matter of
commaon knowledge, and in us crystalline forms such as quartz
it is usually thought of as being one of the least soluble of sub-
stances This current beliefin the insolubility of quartz does not,
hawever, stand the test of experiment. It is true that if s large
quarez pebble is kept in a vessel of water no silica can be demon-
strated 1o have passed into solution, butif the guartz be reduced
10 a very fine pawder and then suspended in water the presence
of significant amounts of silica in solution can be demonstrated.

Many of the older results recorded for the solubibty of guartz
in water are of ittle value because they were obtained at a time
when there wereno adeg means of separating the most finely
divided of the quartz particles from the solution, The fltrateson
which the measurements of solubility were made contamned sus-
pended particulate matter in addihon to the dissolved silica
MMaay carly results were therefore vnreliable and did not pro-
vide a proper measure of the dissolved sirca. Modern methods,
however, have removed these difficulties. By means of the ultra-
centrifuge and the ulrafilter it is possble to obtain true solu-

tions completely separated from the suspended solid matter {cf.
1
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Chemical theory. This reasoning led Gye and Purdy (1522) and
Gye and Kettle (1922) to advance their well-known chemical
theory of silicosis which proposed that silica dust was harmful in
the lungs not because it was hard and sharp, but because it was
toxic; and produced a soluble poisonous substance which irri-
tated the surrounding tissue and cells in which the particles
were engulfed. It was because the components, or some of the
components, of this dust were sufficiently soluble to release
some of this soluble silica (silicic acid) into the fluids of the en-
gulfing cells that these dusts were harmful; and other dusts were
harmless or less harmful because they did not contain compon-
ents which were capable of releasing as much, or any, silica into
solution.

Gardner’s experiments (1923} with carborundum showed it
to be non-silicosis-producing. Its particles were exceedingly
hard, sharp and abrasive, and yet they did not produce silicotic
nodules in the lungs of human beings or animals. On the
mechanical theory, carborundum should have produced 2
silicosis-like condition; but only a marked foreign body reaction
and diffuse fibrosis of the lungs was observed. Since then indus-
trial experience has confirmed that carborundum is not a
disease-producing dust in the sense that silica is. Kettle (1932}
showed that the same quartz particles which readily produced
silicosis in animals would no longer do so if they were first
coated with a thin layer of iron oxide which did not alter their
microscopic appearance or sharpness. By the precipitation of
ferric chloride with ammonia 1n the presence of powdered
quartz, he succeeded in getting iron hydroxide to precipitate on
the surface of the quartz particles, Despite their microscopic
similarity to the uncoated particles, they produced very little
effect in animals, whereas the uncoated particles would produce
massive fibrosis in the lungs of guinea-pigs in the course of a few
months. This seemed to indicate that covering quartz particles
would prevent them from producing silicosis. Quartz is a form
of pure silica, Evidently a deposit of iron on its surface had
rendered it innacuous. This confirmed the idea that the harm-
fulness of silica is related to the release of a toxic substance from
the surface of 1ts particles. Kettle postulated that finely ground
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degree of solution. Table 1 illustrates the degree of solution
which pure powdered quartz of different particle sizes may
undergo when it is shaken for long pedods with buffered
Ringer’s solution. The smallest fraction dissolved to the extent
of 14-8 mg./s00 ml., and in 20 weehs a total of 10 per cent of the
original solid matter had passed into solution.

Silica occurs in two forms in nature — free silica where the
mineral consists of pure 8i0,, and silicates, Quartz, tridymite,
cristobalite, Rint and epal are typical forms of free silica. These
dissolve to about the same extent to give 13-15 mg. SiQ, per
100 ml. of pH 7-¢~buffered Ringer’s solution, but the amount
dissolved is very definitely related to the size of the particles
(Table 2, King et al., 1933).

‘TanLe 2. Stlica solubility of funt dusts of different size

Siz¢ of particles .. <05¢ 05-Iu 1-2p 24 4-8p
mgSi0y100ml .. 136 134 131 89 51

Granite forms of rock are rich in free silica; and many metals
which are mined occur in close association with quartz. Other
rocks such as shale and slates and much country rock, which do
not scem to produce silicosis, consist mainly of silicates with
little free silica. The ‘silica solubility® of the silicates appears to
be almost uniformly much less than that of the free forms of
silica when the powdered minerals of similar particle size distri~
bution are tested, Felspar, Fuller’s earth, haolin, mica, olivine,
sexicite, talc, etc, and many natural mixtures of silicates in
various forms of rack, yield only about 1 mg of SiQ, into solu-
tion in 100 ml. Ringer’s solution and blood plasma. We shall see
later that a rough parallelism exists between the amount of
silica which vanons minerals yield into solution and their
apparent pathogenicity when introduced into the lungs of
animals,

Histovrocical CraracterisTics oF HuMaN Sinrcoss
Human silicosis presents a histological picture with very definite
characteristics, The small nodular foci of fibrous tissue assume
in a well-developed nodule a ‘ball-ofetwi in
which there is far more fibrous tissue than appenrs nccessary o
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King and McGeorge, 1938; Titus, 1937). The utilization of
chemical reactions in which only the truly dissolved silica will
react has furnished a further means of measuring the actuaf
amount of dissolved silica. The silico-molybdic acid procedure
of King (1928, 1939, 1947) and others has made it possible to
measure the chemically reactive silica and to gain a measure of
the amount of silica present in solution either as silicic acid or as
simple polymers of low molecular weight. The amount of silica
found in solution by this method, in the filtrate prepared froma
suspension of powdered quartz in buffered water and filtered
through the best finest-pored filter paper, and in the super-
natant of the same suspension after prolonged centrifuging at
3,000 L.p.m., is the same, and none of this solubie silica is lost
after prolonged centrifuging at much higher speeds, eg
20,000 r.p.m. Ultra- '
under high pressure «

the loss of a small an.ceu. oo ol cvovam ey e

seem to indicate that there is some polymerized silicic acid
present, but that it must be of fairly small dimensions and
capable of chemical reaction with molybdate.

Tasre 1 Dissolution of quartz of different particle sizes

(2% quartz shaken with Ringer’s solution (pH 7 4, 37°C.}; dissolved $104
deterrmuned by silico-molybdate method )

Size of Intal Fnal
quartz solubility solubility Total
parcles (mg. SO,  (afier 20 weel?  dissolved
[ per 100 ml) extraction) (as %,
<1 15 15 10
1-2 13 1 5
25 7 1 3

Thefiguresfor the solubility of finely powdered quartz in water
and Ringer’s solution buffered at pH 74 and in blood plasma
and ascitic fluid are of the order of 4~14 mg SiO,f100 ml and
differ with the particle size of the quartz used, with the amount
of suspended material, the temp ¢ and the length of time
the mixture is shaken. Small amounts of impurities in the
mineral dust (e.g. in quartz or flint) likewsse influence the
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Pure silicate dusts thus far tested have produced only very mild
reactions very similar to those obtained with powdered shale
(see below). Thus, kaolin was found to give only loose reticulin-
osis, as is shown in Plate VII, Fig. 9; and likewise felspar (Plate
V11, Fig. 10). Hornblende also produced a minimum of patho-
logical response (Plate VIII, Fig. 11).

Sericite or mica, despite its bad reputation (W. R. Jones,
1933), caused very little fibrosis. The mineral particles accumu-
lated in foci of dust cells, but without much reticulin formation
or any nodule production. There is seen only a focal accumula-
tion of dust and some thickening of the alveolar walls (Plate
VIIL Fig. 12).

Acid-treated sericite, in contrast with sericite which has been
exposed only to water and neutral salt solutions, furnishes a
dramatic contrast. Plate IX, Fig. 13 gives the picture of several
nodules produced by sericite which had been heated on the
water bath with dilute hydrochloric acid and washed well with
water. Although not so severe as quartz nodules, there has
nevertheless been a great increase in the pathogenicity of the
sericite due to the acid treatment. The solubility of this sericite
was also considerably increased over that of the original powder.

Mixed dusts of free silica and silicates give lesions in the lungs of
animals which are always intermediate between those obtained
by quartz on the one hand, and silicates on the other. If there be
a high proportion of free silica, silicotic nodules will result, as1n
the case of the high quartz-sandstone referred to above. But if
the silicates (mica, kaolin, felspar, etc.) predomnate, then the
tissue reaction is mild and like that produced by the silicates
themselves; and the activity of the contained free silica seems
to be suppressed. Such natural mixtures of minerals have been
tested in the form of the dusts from several sandstones, granites,
slates, shales. horneblende schist, porphyritic schist, etc.
Sandstone of high quartz content (71 per cent quartz, 22 per
cent mica, 2 per cent kaolin) produced nodules almost as severe

distnbution
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hold the dust content of the lesion. This great excess of reticulia
and collagen fibres in the fibrous tissue has been referred to by
Belt, Ferris and King (1940) as ‘redundant’ fibrosis. There is,
moreover, a definite pattern of dust distribution within the
silicotic nodule. A central core of densely packed mineral
particles is surrounded by an almost vacant zone which corres-
ponds to the densest of the whorled collagen fibres; and this
again is followed by a halo of dust corresponding to the peti-
phery of the nodule, These points are shown in Plate IV, Fig. 4
and Plate V, Fig. 5.

EXPERIMENTAL SiLicosts
It is possible to test the pathogenicity of mineral dusts in
animals; and the results so obtained agree on the whole with
industrial experience and the reputation which mineral dusts
have gained as to whether they produce silicosis or only mild
forms of pneumoconiosis.

Firee silica dusts. Quartz nodules can be produced 1n the fungs of
animals by the mtratracheal technique of Kettle and Hilton
(1932) or by the ¢ \
Wright, Ray and

of these ‘silicotic’

silicotic nodules and the dust distribution is very simitar (Plate
V, Fig. 6). But on microscopic examination with high-power
magnification certain differenices are seen. The haematoxylin-
cosin and the silver-stained sectionsshow that the nodule is much
less dense and well-organized than the human silicotic Iesion.
The fibres shown by silver impregnation are less dense and stair
black for reticulin rather than golden-brown for collagen, except
in the oldest lesions. The pattern of the fibres is, moreover, less
well-organized, and the ‘ball-of-twine’ appearance is not 50
apparent. In long-standing lesions in animals, however, the
appearance of the human silicotic nodule begins to be assumed;
and it is true to say that the older the animal silicotic lesion the
mare closely similar 1t is to the human (Plate VT, Figs. 7 and 8],
(For assessment of fibrosis see footnote 1)

3 The bass of the pathological gradings was as follows grade 1, loose renculin
fibnils w1th no collagen, gradgc 2, compact reuculin with or withaut some collagen,
grade 3, somewhat cellular, but made up mostly of colfagen, grade 4, completely
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Naturally-occurring kaolins, such as those represented in
shales, contain variable, sometimes large, amounts of free
silica, and yet these natural stone dusts have an exceedingly low
solubility. The amount of free silica represented in a sample of
stone dust would lead to much more solution of silicic acid if
suspended alone in the same volume of liquid. This fact has
been brought out in work by Whitehouse (1938}, by King and
Roman (1938) and by Bremner {1939). Admixtures of the stone
dust with powdered quartz or flint depress the solubility from
14 mg. of silica per 100 ml. for quartz alone down to about 1
mg. for the mixture.

‘Whether or not these depressions of solubility can serve as an
explanation of the depression of silicosis with mixtures of stone
dust and quartz cannot be stated for certain, but it seems very
probable, and at any rate they form a suggestive and interesting
parallel.

The material in the shale dust which depresses the silica
solubility of quartz 15, in fact, a small amount of aluminium or
aluninium hydroxide which goes into solution in the water to a
sufficient extent to deposit on the quartz particles, producing a
thin layer of aluminium hydroxide over their surface. Small
amounts of pure aluminium will similarly prevent finely pow-
dered quartzfrom going into solution. The powdered quartz and
flint which displayed silica solubilities of 14 or 15 mg. $10,/100
ml, now y\eld less ‘han 1 mg. $10, in solution Many prepara-
tions of al i oxide and aluminium hydroxide
have been tried, and they are nearly all effective in this respect.

The ‘prevention’ of silwosns. A preliminary account by Denny,
Robson and Irwan in 1937 of attempts to prevent experimental
silicosis with aluminium in rabbits aroused great interest, A
later communication in 1939 confirmed the results previously
reported. The admxture of very small quantities of aluminium
with quartz dust protected the lungs of rabbits from the fibrosis
which developed in five months in those exposed to quartz
alone In animals with a concentration of metallic aluminum
in the lung of 1 per cent no evidence of fibrosis was detected
up to a period of 17 months, whereas control rabbits showed
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as those obtained with pure quartz, Sandstone of low quartz
content (31 Per cent quartz, 51 per cent mica, 6 per cent kaolin)
produced a marked contrast. The smaller amount of quartz and
the larger amount of silicate resulted in a very much less severe
lesion with only a very mild fibrous response and few reticulin
fibrils, despite the presence of a very high concentration of
mineral dust (Plate X, Fig. 14). .

The shale dust (Plate X, Fig. 15) showed the same mild
fibrous reaction and the same paucity of reticuln fibrils, al-
though the concentration of dust within the lesion was excced-
ingly high. This shale dust consisted of 8 per cent quartz, 77 per
cent mica and g per cent kaolin.

Antidotal stone dust. Stone-dusting in coal-mines has been used for
along time in Great Britain to diminish the hazard of explosion.
At first it was feared that the introduction of this extra siliceous
material into the air of the mines would increase the risk of
silicosis, but industrial experience during many years led to the
belief that stone dusting, instead of increasing the prevalence of
the disease, actually diminished it. On the strength of this ex-
perience, Haldane (1917, 1931) advanced the theory that cer-
tain mineral silicates offset the action of quartz in its relation to
silicosis. Experimental work by Gardner (1938) on the effect of
mineral dusts on the lungs and other tissues of animals appeared
to indicate that many silicates modify and even retard the
action of free silica. Moreover, Belt and King (1945) found that
with natural shales and sandstones, the 10-30 per cent of con-
tained quartz, which would certainly produce silicosis if put
into the Jungs of animals by tself, failed todo so when in admix-

ture with the kaolin and sericite which were present (sec above).

Depression of silica solubdlity. As stated above most of the mineral
silicates are much Jess soluble in body fluids than are the free
forms of silica. Kaolin and mica are particularly insoluble. Ina
mixture of kaolin, mica and quartz powder suspended in a
liquid it might be expected that the amount of silicic acid
dissolved would be conditioned by the most active member of
the mixtore, and thatin the presence of an excess of the mixed
powder the solubility would approach that of quartz takenalone.
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dust clouds (Wright, 1950), have been successful in preventing
or retarding the production of silicosis in the lungs of rats given
aluminium and quartz to breathe, as compared with a like
group which rapidly developed silicosis in the lungs from
breathing quartz dust without the admixed aluminium.

Silica solubilities of the mixture of quartz and aluminium are
given in Table 3, where it will be seen that the dissolution of the
quartz powder in the Ringer's fluid was depressed almost to the
Iimit of chemical determination by the presence of aluminium.
‘The quartz failed to stain with aurine when treated with the dye
in ammonium acetate buffer, whereas the aluminium-treated
quartz stained a bright red which could not be removed by re-
peated washing, thus demonstrating the presence of a coating of
alumininm hydroxide on the surface of the particles.

TasLE 3, Sihica solubilities of quartz and quartz + alumunnim

Dussolved silica
(g $104/100ml )

Quartz + 2% aluminium powder 01
n  +05% ” ” 01
»  +01% » M 02
» +002% " 17
s +0% » » 140

Animals were killed at regular intervals in order to follow the
progress of the changes in the lungs produced by the inhaled
dust. Chemlcal analysis revealed that there was, on the average,

the same ation ofquartz duced in-
to thclungs of the animalsin each group, Analysis for alumimum
confirmed its presence in the lungs of the quartz + aluminium-
dusted animals and 1ts absence from the quartz group.

In the quartz-dusted rats there was no focal reticulinosis
found in the lungs during the first 180 days. There was some
thickening of a few alveolar walls and some doubtful increase of
the perivascular fibrous tissue. At 220 days there were a few
focal collections of dust-laden phagocytes which were traversed
by a delicate network of fine reticulin. In the hilar glands, how-
ever, foci of collagenous fibrosis were found. At 300 days, and
thereafter, typical experimental silicotic nodules occurred.
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well-developed fibrosis in six or seven months. The inactivation
of quartz takes place only when aluminium is closely associated
with it in the tissues; the thin impermeable layer of alumina on
the quartz particles completely protecting the tissues from any
toxic effect.

In experiments by Belt and King (1943) and King, Rogers
and Gilchrist {1945) powdered metallic aluminium mixed with
quartz failed to check the development of silicosis. This failure
to substantiate the claim of Denny, Robson and Irwin that sili-
cosis can be prevented with aluminium may have been due toa
loss of aluminium from solution in the lung, the quartz remain-
ing in the tissues to exert its fibrogenic effect. In the experi-
ments of Denny ef al., the animals breathed aluminium dust
daily, and there was therefore a constant renewal of the alumin-
jum in the lungs. In King’s experiments the aluminium was
given mixed with the quartz in a single dose by the intra-
tracheal route (Kettle and Hilton, 1932).

The following results are from experiments which are a
repetition of former work, but using aluminum hydroxide
{Gardner, Dworski and Delahant, 1944) instead of metallic
aluminium, and, in one experiment, a higher proportion of 1t,
relative to the quartz, in the hope that there would be sufficient
antidotal dust in the lung to remain during the life of the ani-
mal By this means the development of silicosis in rats was
greatly retarded. A mixture of go per cent powdered quartz
with 10 per cent powdered alumina produced only a slight
reticulinosis, while quartz alone produced massive silicosis with
numerous well-developed silicotic nodules. A parallel experi-
ment in which quartz containing 1 per cent of admixed alu-
mina was administered likewise produced only slight reticulin-
osis in ten months (Plate X1, Fig. 16 and Plate X1, Fig. 17).

It has been pointed out that aluminium can probably only
exert its preventive or inhibitive action on silicosis production if
it is constantly renewed in small amounts in the lungs, The only
type of experiment where this can be easily accomplished is one
where both quartz and alumimum are administered by daily
inhalation. The experiments of King, Wright, Ray and Harri-

son, with a new kind of cabinet and a new method of producing
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northern part of New York State. His colleague, Wright,
devised and applied very thorough tests of respiratory function
on the workers. Most of the men thought that their condition
had improved, but it could not be shown for certain that this
was the case. It was not possible to show any improvement on
their X-ray films, nor to show that they had any statistically
valid improvement of their respiratory function.

On the other hand, in many of the large plants where alumin-
ium is being used, the men all think they are much better. They
state that they can get their breath more casily, and whereas,
before treatment, they found it difficult to walk upsmils, they
now find that they can run up. This widespread conviction of

ive impr was in to the lack of any scien-
tific demonstration that in fact much i improvement, if any, had
been effected.

In Denver, Colorado, a well-controlled experiment was con-
ducted with men retired from the gold and copper mines.
Aluminijum hydroxide (instead of the metal) was used. Control
subjects breathed fresh axr through thc Same apparatus as was
used to admini: the . There was the
same subjecti hcrc, pp .ed by X-ray or
physiological cvxdcncc, as seen in other centres, The controls
were followed long enough to demonstrate that they also had
subjectively improved, and Berry (1948) has published results
which demonstrate that there was no valid evidence that
alumina had improved the condition of the men taking the
treatment over that of the controls.

There seems to be no doubt that silicosis can be prevented in
animals by rendering the causative agent insoluble in the lung
fluids, by coating the particles with alumunium. Simultaneous
inhalation of alumimum with quartz prevenis, or greatly re-
tards, the development of silicosis; and the administration of
aluminium subsequent to quartz has been claimed to arrest the
progress of silicosis. Alurmmum hydroxide, mixed with quartz,
prevents the quartz from producing fibrosis. When adminis-
tered to an ammal with developed silicotic lesions, aluminium
will retard their further development, and even cause some
regression {Denny, Robson and Irwin, 193g). On the other
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These consisted of collagen in the form of dense, rounded nod-
ules with a few fibroblastic nuclei but no dust cells. They be-
came larger and more numerous in the lungs of animals
surviving 1o 400 days {Plate X11, Fig. 18),

Rats dusted with quartz and aluminium showed no lesions
attributable to dust during the first 50 days. At about zoo days
there were a few foci of dust cell reaction; but most of them
were free from reticulin increase. Only in a few was there
enough reticulin to warrant calling them ‘nodules’; and these
were much less dense and only about half the size of the
nodules in the corresponding group of guartz-dusted rats, In
rats living 300~400 days the lesions were less numerous than in
the quartz-dusted rats, and they differed markedly both in size
and density {Plate X11, Fig. 1g). Al of them were less than 500p.
in diameter, whilst the nodules due to quartz ajone were almast
double this size. Morcaver, none of the nodules produced by
quartz plus aluminium became more than mildly coifagenous.
"The vast majority consisted only of a loosely woven tangle of fine
reticulin fibrils. The difference in the size of the nodules was
even more striking than the difference in the quality of fibrosis.
Micromcinerated sections showed that all the dust visible in
ordinary sections (haematoxylin and eosin and silver) was
siliceous; and that in individual nodules the concentration of
dust was as high in the quartz plus aluminium Jungs as in the
pure quartz lungs,

Here, then, was a preventive, if not a cure, for silicosis, In
Canada first and then in the U.S,A, aluminium has been tried
as a prophylactic for sificosis. These experiments were first
started at the McIntyre Mine, Ontario. Treatment of developed
silicotics was attempted first, and carcful medical, X-ray and
physiological examinations were made. Unfortunately, the tests
on’'a group of about 40 treated sihicotics, begun early in the
War, have not been repeated, as some of those responsible for
the tests went into the Army. Consequently, no convincing
answer has come from Canada as to whether the aluminium did
these men any good. X

Gardner, at Saranac Lake, conducted well-controlled experi-
ments on zinc-mi lead-miners and i kers in the
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The four pure silica modifications all had very sinular silica
salubilities (about 14 mg.fr00 mi) and size dlsmbuuons, and
were injected in equal of 50 mg. corresp to
about 1,000 cm.? of silica surface per rat. The resultant fibrosis
varied comldcrably.

Taste 4. Times for development of fibrosis with
dufferent forms of free silica

Minizmum tune (1n months) required

Form of slica 1@ Produce Gbross of grades 2-5

2 3 4 5
Fuscd silica 2 7 No further change
Quartz 2 3 8 9
Cristobalite 1 2 7 8
Trdymte 1 13 - 2

With fused silica there was no further progress beyond grade
3 within seven to fificen months, Quartz and cristobalite acted
similarly, Grade g lasted from two or three months up to about
seven or cight months and there was regular progression to
grade 5. The cristobalite acted perhaps slightly faster than the
quartz, as all grades were reached about a month earlier. The
tridymite effect was spectacular. Grade 2 was reached after
only one month, and grade 5 after two months. The fibrotic
masses continued to grow, until in rats killed after twelve
months there was hardly any normal lung tissue left (Fig. 21).

These results suggest that the crystal structure of pure silica
does influence the tissue reaction. Quartz, tridymute, cristobal~
ite, and fused silica are built up from silicon-oxygen tetrahedra
of equal size and shape. The tetrahedra share oxygen corners
only. Each silicon is surrounded by four oxygens and each
oxygen is bound to two silicons. The feature that varies is the
arrangement of the tetrahedra in space, and the bond angles
which two silicons make with the oxygen that is bound to both.
The tetrahedra can be packed tightly, as 1n quartz which has a
density of 2 65, or more loosely as in the other modifications
which vary in density from 2 2 for fused silica to 2-3 for cristo-
balite. The arrangement is regular with a three-dimensional
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hand, no convincing evidence has been seen that aluminium
will do the same in human silicosis. The most recent experi-
ment, conducted by the Medical Research Council in this
country, likewise appears to throw doubt on the usefulness of
aluminium therapy or prophylaxis in the silicosis of pottery-
workers (Kennedy, 1954). The solution of the silicosis problem
probably lies in the suppression of dangerous dust, not in the
introduction of other dust, even if that dust be antidotal.

CRrysTAL STRUGTURE OF MINERAL DusTs

v RErLATION TO Siricosis
Pure silica (SiO,) exists at room temperature in the four differ-
ent modifications: quartz, tridymite, cristobalite, and fused
silica. The first three are crystalline, but fused silica is a non-
crystalline solid, a glass. Tridymite, cristobalite, and fused silica
are metastable, but at room temperature they do not invert
within measurable time to the only thermodynamically stable
modification, quartz.

It can be regarded as proven that quartz can produce tissue
changes in the lungs of animals similar to those found in human
silicosis. It has also been thought that silica was unique in pro-
ducing such changes. Experiments with r- and /-quartz (King,
Rogers, Gilchnist, and Nagelschmidt, 1945) had shown that
there was no difference 1 the action of either of the optically
active forms from the effect of the racemic type.

Gardner (1938) injected rabbits by the ear vein with 1 2.
lots of the four different modifications of silica and found
progressive nodular fibrosis of the liver with quartz and fused
silica, but a more severe diffuse fibrosis with cristobalite and
a still more rapid reaction with tridymite which resulted in
the death of all his animals within three months or less. King,
Mohanty, Harrison and Nagelschmidt (19532) injected fuse
silica, quartz, cristobalite and tridymite (Plate XIII, Fig. 20) of

' . (<3.) into the

: and severity of

— . . The results are

best s;mmarized by listing the shortest time intervals required
ta produce the various grades of fibrosis.
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If, therefore, any silicate can produce fibrotic lesions in the
lungs of rats, felspar is the most likely to do it. Of the few
experiments with felspar described in the literature the most
recent one by Gardner (1938) showed no effect by intravenous
injection into rabbits or intra-abdominal injection into guinea-
pigs; and experiments by Mohanty e al. (1953) have shown that
the introduction of potash felspar causes only the minimum of
stage 1 fibrosis, even after seventeen months, although there was
little, if any, evidence of dust removal. Thus, felspar is not even
remotely as fibrogenic as quartz in this type of experiment.

S1ze oF Dust 14 RELATION TO PATHOGEMATY

‘The importance of the size of the dust particles concerned in the
production of silicosis has been widely appreciated, but the
relationship between particle size and intensity of tissue reaction
in man is complex. The size of the dust exerts a direct influence
upon the number of particles suspended 1 the air to be in-
haled, and on the penetrating power of the particles into the
lung (cf. Davies, 1952; Watson, 1953). Other factors, such as
distribution, weight, flocculation, and aggregation, and varia-
tion 1n the composition of dust in air, depend much on the size of
the particles In the last few years the attention of many workers
m this field has been drawn to investigating the range of sizes
capable of entering the lung, and the relation of particle size of a
particular dust to maximum pathogenicity In man it appears
that it 1s the dust below 5. which 1s important n the production
of lung disease. This field has been ably discussed by Hatch and
Hemeon (1948) who pont out the need for further research to de-
termine the relation between toxicity of quartz and particle size.

As it has been possible to produce definite silicosis in experi-
mental animals within a reasonably short period with free silica

been carried out by Gardner and Cummns (1933) and Teb-
bens, Schultz, and Drinker (1945) Gardner and Cummins used
intravenous mjection into rabbuts of quartz of diameter 1-3.
and 6-12., and also of aluminium oxide 1-3p. They found that
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periodicity in the three crystalline modifications, and it is 2
random arrangement in fused sifica. The crystal structures of
cristobalite and tridymite are known in their main featores but
not in precise detail (Fig. 20).

It is not possible to say why the different modifications act so
differently, and in particular what causes the very strong re-
action of the tridymite, A closer examination of a number of
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Fia. 21, Rates of development of fibrosis with dafferent forms of free silica.

tridymite samples may give further information. But erystal
structure alone cannot be the explanation of why some minerals
produce severe silicosis and others do not, because the non-
sxlxcosxs»producmg felspars are very similar to quartz in chemical
composition and crystal structure, Both are built up from threc-
dimenstonal networks of linked silicon-oxygen tetrahedra, and
replacement of one out of four silicons of guartz by aluminium,
accompanied by the mtroduction of one potassium or sodium to
balance the charge, leadsfrom the quartz to the felspar structure?

$18i,0, K,Al8i,0,

Quartz Orthoclase felspar
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actually being nsed up in the process, then surface also is the
deciding factor, Therelore, the graded flint samples between
<05 and By, were given to rats by intratracheal injection both
on the basis of equal weights {50 mg. per rat), aud also on the
basis of equal surfaces (700 cm.? per ratj.

With equal weights the fibrogenic activity increased consider~
ably with decreasing size. Whereas the largest fraction only gave
stage 2 fibrosis in nine months, the smallest one gave stage 5 in
five months, With equal the largest fraction went caly
to stage 3 and the smallest fraction to stage 4.

The main results can be sammarized as follows:

‘Tapre 5. Constant-amount senies {50 mg. fnt per rat)

Maxi- Mmunum tme
Fline Silica  Surface  mum  Reached (months}
size solubtity perrat  sage after 1o give stage
(¥} {mg)  {em®} of  months
100 ml} Fbrosie 2 3 4 5
4-8 51 170 2 9 9 - -~ -
4 89 350 3 10 5 10 -~ -
1-2 131 50 5 9 1 5 7 9
051 134 2000 5 7 1 2 3 7
<05 136 2,008 5 5 <t <t 1 5

There was a regular increase in activity as the particle size
deereased and the differences were large. The smaller the mean
size of Bint the faster or more advanced was the tissue reaction,
when equal weights were injected,

The same samples given on an equat surface basis gave more
homogeneous results when 700 cm.* of fhnt per rat gave different
fibrosis stages after the following number of months.

Tasre 6. Constant-surface series

Munmura ime {months}
Weghtof  Sihea solubdity 10 give fibrosis stage

Flnt size Gust PEr Al 3l CONSLABE ATER oo
) (mg} {mg /100 i) 3 4 3
4-8 199 41 8 - -

100 42 1 3 &

12 42 46 1 4 5
953 175 21 i 7 10
<05 8 41 1 10 -
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the fine quartz fraction produced hyaline fibrosis, mainly in the
tiver, whereas the coarse quartz only gave a forcign body type
reaction, The aluminium oxide did not produce any reaction,

Tebbens and his colleagues also used intravenous injection into
the ear veins of rabbits of suspensions of 400 mg. quartz of mean
sizes 3 3, 17, 1-0, and o 6u. diameter. These produced fibrosis in
various organs, particularly the liver and spleen, and the smallest
particles were much the most active. It was concluded that
Particles of 1 micron and under are the mast active and dangerous,
not only in their ability to remam suspended in the air, but even of
greater 1mportance is their activity once they gam entrance to the
deeper recesses and to the body and tissue,

Hatch and Kindsvatter (1947) made dust inhalation experi-
nients on guinea-pigs with quartz below o053, diameter, The
dusting period lasted from 4 to 20 weeks, and the authors
caleulated that up to 35 mg. per animal could have been re-
tained in the alveolar tissue. Lung sections were illustrated
showing fibrosis after 20 weeks, but no detailed pathological
description was given. Attention was drawn to the rapidity of
the lung changes, and it was claimed that g5 mg. per animal
was

Fr
men” B -
dusts of a wide range of particle size, the upper limit of which
should be less than 1op. About the lower limit little is known; it
is probably above o-002p. (cf King, 1947; Daleand King, r953)
and may be above 0-2z To carry out further investigations on
the relation of particle size to pathogencity, and with dusts
more accurately sized than those previously employed, King ¢f
al. (1953b) employed flint in several fractions covering the range
from below 0-5u to 8u equivalent diameter

The pathogenicity of silica dust is probably a function of the
total surface 1t exposes to the tissues. Two different mechanisms
may be invelved Solubility is certainly proportional to the sur-
face and if the fibrogenesis is related to *solubdity’ then a given
dust will act in proportion to its surface. But, if 1t is not the
dissolved siica but the surface iwself that acts, perhaps as a
catalyst promoting protein degeneration and fibrosis without
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dusts, King (1945, 10+ * 1 this hypo-
thesir « : found to be
" - vowsa be offered for this.
. ...; ut workers in pnewmoconiosis research
~wwepied the solublhty theory of silicosis, some authors
(Hcﬂ'eman, 1935, 1946; Policard, 1547; Briscoe, 5949; Weyl,
1950} attribute pathogenicity to the freshly fractured surfaces of
the silica particles. Thr.y suggest that ‘the patholegical pro
cess basically consists in hydration of the silica p.zrucic at the
expense of the cell protoplasm®, They are also of opxmon that
freshly fractured particles have greater biclogical activity than
old ones, and should be considered more pathogenic. Gardner
(1938) and King (1945) could not find any difference in patho~
genicity between freshly fractured quartz and quartz dust kept
in the laboratory for many years in a dry state. With regard to
the hydration of particles, Gardner {1938) conducted an experi-
ment using quartz dust, kept in sterile physiological saline for
several months, and found that it was as pathogenic a3 the dry
dust. King (1947) suggested that the hydration of the respir-
able dust particles occurs immediately they are produced, or,
at any rate, as soon as they enter the lung. Commenting on the
*“Freshly Fractured Surface Theory' of silicosis, Wright {1950}
has pointed out the need for further biological research to
elucidate the pathogenic properties of the quartz dusts; and in
recent German publications the contrast between the extremely
toxie actton of dissolved or colloidal silica as against the slow
fibrogenic action of solid quartz has been stressed {Jotten, 1951;
Holzapfel, 1g52).

King {1g47) found the app tubility of finely pawdered
quartz to decrease progressively from about 15 mg. dissolved
810, per 100 ml. to less than 1 mg. when the quartz was repeat-
edly extracted with weekly changcs of Ringer's solution of
PH 74 (of. Table 1); and in recent physiochemical studiey
Ritchie and Dempster (1952) have shown that quartz particles
obtained by gnnding conain a refatively highly soluble outer
layer which can be removed by repeated buffer extraction and
can be regenerated by grinding and m other ways. Under this
fayer is a relatively insoluble guartz core. This high-solubility
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Since the largest fraction only just reached stage g and the
smallest fraction stage 4, this series seemed to demonstrate that
there was an optimum fibrogenic size in the region of 1 to 2p.
under the experimental canditians. If the failure of the fraction
below a-5u. to produce stage 5 fibrosis can perhaps be explained
on the ground that the absolute amount was insufficient, there
is no simple explanation for the failure of the largest fraction to
go beyond stage 3 (Plate XIV, Fig. 22).

The sumbers of particles received by the animals in the
different groups were grossly different. In the constant-surface
cxperiment, despite the decreasing weight of dust used with
decreasing size, the numbers of particles greatly increased. The
rats receiving 199 mg. of ¢-By. flint got about 500 million
particles, those receiving 42 mg. of 1~2¢. got 10,000 million, and
those receiving the 8 mg. of the smallest size ( <o-5.) got
135,000 million, It might be contended that the largest-size
dust (4-8p.) failed to produce severe silicasts because of the
small number of particles (if 500 million can be cansidered
small), in spite of the large mass of dust, equal surface, and
equal ‘solubility’. But this can certainly not be claimed in
respect of the smallest size (<o'5u.) with which less-severe
fibrosis, and less of it, resulted than with the 1~2¢. dust, despite
there being enormously more particles, though less of weight
but the same surface area and the same ‘solubility’. As far as the
constant-surface experiments are concerned, therefore, it scems
Jjustified to conclude that the finest particles of flint dust were
less pathogenic than those in the 1~2q. range which appears 'm

'
o . . .
point to there being a range of maximally fibrogenic sizes.

“WeatheRED' Dusr
The importance of solubility of silica dust particles in causing
silicotic lestons and (issuc fibrosis has long been recognized and
it has often been d that the pathogenicity of a silica dust
would be directly proportional to s solubality. On the basis of
the findings from an extenstve study on solubility of different
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hypotheses of fuoride adsorption or defect luttice on the
basis of further experiments, and it is not impossible that sur
knowledge of the siticotic process may in this way be ad-
vanced.

Qur conceptions about sihica solubility and its relation to
fbrogenesis say requise modification, The previously found
good agreement hetween solubility in the test tube and fbrotic
effect in animals of pure quartz samples or rocks high in quarez,
was due to the fact that solubility is related 1o the surface area
of quartz per given weight, In mixture with aluminium or
aluminosilicates, also, reduced solubility and delayed fibro-
genesis go hand in hand. But it is now found that Jouv solubility
due to removal of the surface layer of quartz does not indicate
less fibrosis. The resultant fibrosis is equal or it may even be
higher. Despite the difficulties fuced by these new finding
however, a chemical theory of silicosis still appears 10 it more of
the known facts than does any other theory so far propounded.
The conditions chosen foc studying the ‘solubilities’ of siliceous
dusts are arbrrary, and cannot adequately reflect the slow
chronic leaching of mineral particles which goes on in the lungs.
The high-solability layer of the ‘weathered® guartz may be
restored 1 the lung, as it can be by grinding, or in the test tube
by chemical treatment. Differences in crystal structure may
imply differences in chemical as well as surface behaviour. Some
recent experiments indscate that the wutial rate of dissolution of
tridymite is faster than that of cnistobahte or quartz, which are
slower than fiused amorphous sihica; and their surfaces may have
different adsorption properties for cell consutuents, A working
hypothesis 15 useful, even though there may be difficultes in
interpreting ait the facts that come to light.

Acyte Toxiciry of Sica
Dale and King (1953) found that intravenous injections of 1-2
mg. colloidal siica caused rapid death 13 mice. Particulate
silica af respirable dimensions {0-1-5¢.), and other Qusts of sumi-
lar size, were tolerated in similar amount, although large doses
(30 mg ) caused death. The acutely toxic effect of colloidal
silica was not abolished by the addition of ab hydroxide,
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layer accounts for most of the silica ‘solubility’. It is helieved to
be similar to the classical Beilby layer. Independently, Nagek
schmidt ef ol (1952) found evidence for an amorphous surface
layer on fine quartz powders by quantitative determination of
quartz by X-ray diffraction methods, before and after etching
the powders with hydrofluoric acid.

Animal experiments were conducted by King ef al. (1953¢) to
test the pathological significance of these observations. Two sets
of quartz samples were prepared, (a) by repeated leaching with
Ringer's solution, and (8) by etching with hydrofluoric acid.
‘The untreated quartz samples served as controls.

Stripping with Ringer’s solution reduced the silica solubility
to 10 per cent of its original value, but had no effect on the
fibrosis, which reached stage 5 with sample and controls
equally in 5~6 months. Etching with hydrofivoric acid, how-
ever, greatly enhanced the fibrogenic reaction. M

‘These experiments were of a preliminary character and no

results with HF-extracted quartz where a sample with silica
solubility of 1-2 mg. $i0,/100 ml, acted faster than its control
with a solubility of 91 mg. In addition there was a specific effect
in the HF-extracted series which causes extremely rapid fibro-
genesis. It is possible that this specific effect was due to fuoride
or HF adsorbed on the surface of the quartz. The fact that

fluoride could not be d rated chemically may indi an
exchange of F’ for OH’ on the quartz surface, but this requires
further study. An alternative explanation of the additional

effect would be the following. as a result of the rapid etching
with HF, there was a defect lattice with a high lattice energy
and highly fibrogenic properties. Washing with saline or
electrodialysis caused a rearrangement of the surface of the
crystals to a more stable structure with less fibrogenic proper-
ties, It may be possible 10 decide between the alternative
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area than particulate silica of ‘respirable’ dimensions. But in the
absence of any knowledge of what ‘surface’ of silica particles
implies in the way of special properties, this scems to beg the
question. It may be that particles of silica, particularly those of
the crystalline varieties, have special surface properties which
may cause biological effects independent of any silicic acid that
may dissolve away from them. It could, for instance, be argued
that the prevention of silicosis by coating quartz particles with
aluminium can be explained in this way, although the preven~
tion of any silica going into solution, because of the coating
with aluminium, seems a more probable explanation.

It is interesting that substances which absorb strongly on
quartz dust, e.g. alumini dyes and p , have no effect
on the acute toxic properties of colloidal or 20 Angstrom
silica, as well as having none on quartz itself; although one of
them (aluminium) so markedly lessens the fibrogenic activity of
quartz.

PossisLE MECHANIsSM OF SiLicosss

Although these results have no direct bearing on silicesis they
do suggest a possible hanism of silicosis production. Fine
quartz particles release silicic acid into solution in a liquid or in
the liquid contents of a cell. Some of the silicic acid escapes into
the blood, and is carried away to be excreted; other silicic acid
molecules polymerize to colloidal dimensions, and become
fixed on the protoplasm of the cell. Colloidal silicic acid is a
protein precipitant (Rappaport and Reifer, 1937), and its ac«
tion in precipitating some of the protein of the engulfing cell
may be the cause of the typical fibrotic response which is always
caused by the presence of free silica particles in tissues. The
quartz particles, however, must be of fairly definite size range.
They must not be too small, like 20 Angstrom silica, or they
will preduce an acute toxic effect. If they are too big, no appre-
ciable dissolution will take place. The formation of silicotic
nodules is a slow chronic phenomenon. It appears that 1o
produce them silica particles must be small enough to liberate
slowly, and over a long time, soluble silica into solution from
their surfaces 1n sufficient amount to produce a chronic local
irritative effect; and must not be so small that they will quickly
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dyes, or protein; substances which are strongly adsorbed oa
silica of larger particle size.

The colloidal silica was more than 10 times as toxic as quartz
of larger dimensions. Quartz varying in size from 0-2 to 8p.
showed ne marked difference in toxicity, nor did any other of
the siliceous materials tried. Various quartzes, flint, kaolin,
aluminiums and coals, all of particle sizes from about o-1 to sop.,
appeared to be rather similar in the amounts of them reguired
to kill. There is, however, an apparent break between their re-
quired amounts and those of 20 Angstrom (0-002p.) silica and
colloidal silicic acid, With the big drop in size of particles, the
silica became very much more lethal; and it seemed probable
that the acutely toxic, ‘pharmacological’ effect of silica was a
matter of particle size and given only by suspended sifica of
colloidal dimensions. The much larger amounts of larger
particulate silica required to kill may well have contained some
collvidal matter in their suspensions (cf. Glelland, Cummung
and Ritchie, rg52).

It is apparent that not all foreign colloidal matter is toxic in
this way; collodal carbon (Indian mk), various colloidal dyes
and colloidally dispersed metals and oxides of metals can, asis
well known, be tolerated in large amounts. Thus, King and
Dolan (1933) injected 3 ml. per kilogram of Thorotrast {609
mg. thoriem dioxide) intravenously into rabbits without any
apparent effect, cither acute or chronic; and Indian ink has
been injected into mice in amounts of 0-2 ml. (equivalent to
22 mg. carbon) before signs of weakness appeared. Silica may
not be unique, but we do not know of any other substance
which is highly toxic only in the collordal state, while remaini
relatively very much less toxic at a larger size, and apparently
nonstoxic when adsorbed in a molecularly disperse state, as is
done constantly in large amounts by all herbjvorous animals
which ingest silica in ther food, absorb a lot of it, and promptly
excrete itin the urine (King and Stantial, 1933). The reverse s,
of course, quite common, e.g. dissolved arsenic is lethal, while
colloidal arsenic can be tolerated in considerable amount.

Tt could, of cousse, be argued that the phenomenon is entirely
due to surface area, i e. that colloidal silica has a much greater
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and completely dissolve and be either carried away or produce
only an acute local effect, which will lack the continuous stimu-
lus of constantly released colloidal silicic acid. It may be this
prolonged irritative, or stimulating, effect of constantly released
colloidal silica which is responsible for the formation of the
fibrous scar tissue of a silicotic nodule (cf. Jotten and Gartner,
1951 and Holt and Osborne, 1953, for recent similar ideas).

Belt (1939) described the structure of the silicotic nodule asa
core of densely packed fibres containing numerous doubly
refractive particles of silica, surrounded by a sheath of fibres
(ball-of-twine structure). Micro-incineration revealed a dense
halo of fine silica at the periphery, but a space almost vacant of
silica between the periphery of the fibrous sheath and the core
(cf. Fig. 5). This structure strongly suggests a diffusion, outward
from the central deposit of particles, of silicic acid, much of
which becomes fixed on protoplasmic constituents in a zone
slightly outside and surrounding the core, where micro-
incineration reveals it as a multitude of very fine amorphous
particles, easily seen in dark-field illumination, but not visible

) s - e o ¢ mere-es -
or colloidal silica.
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VIIX

The Principles of Ganglionic Block

W. D, M. PATON

of such 8 talk and to start by do:scnbmg bricfly some of the

1

IN this fecture T would Like to reverse the usual logical order

fof ol:' g i :zgents before

T v

discussing the | nn ar { principles i d in their use,
Forthe posmon is now somewhat as follows: it was first shown in
the laboratery that such drugs were suttable for ¢linical trial;
then these chinical tnals proved sufficiently promising to make it
worth carrying on with therapeunc investigations, and at the
same tune raised a number of new problems. As a resuit,
whereas two or three years ago the laboratory worker was asking
the clinician to try this or that sub: now it is the clini
who tamns to the faboratory worker for interpretation of his
results.

The mam uses of hexamethontum, which I shall take as the
prototype of ganglum blochng agents for the moment, have
been in the , in log y, and in the
reduction of bleeding at opﬁramm Thus, in a patient suffering from
hypertension, hus blood pressure may be greatly reduced, his
entarged heart get smaller, his pulmonary oedema regress, and
his vision, unpaired by retinal damage, mmprove. Similarly in
peptic uleer b homum produces a red of acd
secretion and a dcpmssmn of the exaggerated mouhty of the gut.
The third use mentioned is in some sways the most interesting, If
the blood pressure s reduced during a surgical operation toles cLs
of about 6o—70 mulh es systolse, bleeding can be
lessened Thus was donie 1t the past either by giving the pauent
a dehberate hagmorrbage, or by inducing spinal anaesthesia,
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The electrical activity accompanying a nerve impulse in the
preganglionic trunk causes, when it reaches the terminations of
the preganghionic nerve, a discharge of acetylcholine (Feldberg
and Gaddum, 1934). This impingces on the ganglion cell body,
which appears to be specifically diffc iated 5o that it resp

to this acetylcholine by a vigoraus electrical discharge. This is
sufficient, in turn, to exate a further impulse in the post-
ganglionic nerve trunk of the same type as that which, in the
preganghionic trunk, inidated the whole chain of events. In
sormal ransmission the eytle of events 1s complete in a fraction
of a second, and the electrical activity of the ganglion has com-
pletely subsided within 100-400 milliseconds {Eccles, 1935).
This is becanse acetylchohne, as soon as it has achweved its
excitation of the ganglion celt body, is then either destroyed by
the cholinesterase located at the preganglionic nerve terminals,
or diffases away from the site of action, to be rapidly diluted in
the surrounding tissue space.

Because the chain of tr i involves a chemical link at
thiy poin, it is vulnerable to a chemical attack. First we may
have sub 3 bearing a chemical rel tup 1o acetylcholi

sufficient to give them some affinity for the ganglion celt mem-
brane, but lacking the additional ability of actually iniuating
jon, Such compounds, it 1s bel d, then simply p
with acetylcholine far the ganglion cell receptors, thus rendering
acetylcholine less effecttve than usual If these compounds are
present wm sufficent concentraton they may reduce the effect of
acetylcholine below that requured to untiate impulses in the
postganglionuc trunk, so that ganghonic transmission fads, A
block of this kind, which 1s exerted by drugs such as d-tubo-
curarme, T.E.A. and hexamethomum, is termed a cam[f;{xlwt
black, and these drugs are compeitive blocking agents.

But anather type of black is also possible. A drug may actaally
be able to mimue acetylcholine completely but ta be unsuscep-
uble to the action of cholinesterases. In that case 1t excites the
ganglion for much Jonger than the fraction of a second involved
m normal and this is panied by a prol d
depolanization of the g:mghon cell membrane (Paton and Ptrry,
1953). With this p g/ ion of the p
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But both of these methods have considerable disadvantages, and
it has proved possible to achieve the same end by giving a dose
of hexamethonium and then tilting the patient so the blood may
accumulate in the lower part of his body. When this techmqueis
successful, very dry fields of operation can be obtained, which
make plastic surgery much easier and quicker, and neuro-
surgery a great deal simpler; sometimes, in fact, the use of con-
trolled hypotension may make possible operations otherwise
almost too hazardous to undertake.

But each of these uses has raised problems. In hypertension we
have the difficulties that oral dosage is relatively inefficient, that
patients vary enormously in their response, and that patients on
hexamethonium for a relatively prolonged period develop an
increasing resistance to its hypotensive action. Simularly in the
use of hexamethoni in gastro-int I disease, where 1t has
been used to depress the motility of the small intestine, it }:as

; o .
to duminish bleeding at operation raises the question of why it is
that a patient may have his pressure lowered so far without
suffering any ill-effects, and the additional practical question of
how to make it possible to achieve these reductions of blood
pressure more uniformly.

These are the sort of problems which arise, and others will no
doubt appear in the future; and it is with such questions in mind
that we must turn to consider the sort of knowledge needed to
be able to handle ganglion blacking agents with some hope of
success. This may be summarized briefly as knowledge about
(1) the properties of the transmussion process in autonomic
ganglia; (2) the properties inherent in quaternary salts; (3)
normal autonomic background tone and reflex activity; (4) the
reactions of the body to autonomic paralysis.

1. Tue MEecHANIsMs OF Gancrionic TRANsMissioN anp Brock
The autonomic gangha receive from the central nervous system
preganglionic trunks which enter the ganglia, and there synapse
with the cells from which the postganglionic trunks take origin.
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shown in animals and in man to synergize with hexamethonium
in producing ganglionic block (Mason and Pelmore, 1953). It
indicates a potentially valuable way of supplementing the
action of a competitive ganglion blocking drug.

Tasse 1. Types of Ganglonic Block

Prevention of
i acetylcholine
Characteristics Competm‘an‘ with b . :Zleas:lm
Release of
acetylcholine Normal Normal Depressed
Response to njected
acetylcholine Depressed Depressed Present
Initsal action Block Stunulation Block
Examples d-tub Acetylcholi Local 1
T.E A. {tetra- T.M.A. (tetra- Calaum
ethyl- methyl- deficiency
ammonium)  ammomum)
Hexametho-~
mum {C 6) Botulinum toxin
Nicotine (2nd  Nicotine (1st
phase) phase)

Ganglion blocking agents of the competitive type are at pre-
sent the most widely used. Those acting by depolarization are
not very serviceable chnically because of the imtial stunulation
which they produce; this means, for instance, that before being
able to lower the blood pressure with a drug like nicotine, a
phase of strong autonomic excitation, with a rise of blood
pressure and release of adrenaline, would have to be undergone.
Among the competitive blocking agents hexamethonium has so

* far proved most generally suitable and most of this review will
refer to information gained with this substance i the clinical
studies which it has made possible. But many other substances
have been prepared, progeny still very ike their parent in
appearance, but sometimes more active and longer lasing, (No
doubt hexamethonum will in due course be completely super-
seded; but the lessons learnt with it are likely to be of general
application ) Another competitive ganglion blocking agent 1s
tetracthylammonium, with which mterest in ganglon blocking
agents in recent years was first aroused (Acheson and Moe,
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nerve trunk, there results finally a condition where acetylcholine
still impinges on the ganglion cell membrane normally, but this
is already maximally excited, cannot be further excited, and
transmission fails. A block of this sort by nicotine or acetyl-
choline itself, which is always associated with an initial stimu-
lant effect, may be termed depolarization block.

j—.

500 MSEC

1 AFTER NICOTINE

GANGLION DEPOLARIZATION

NORMAL A AFTER Cp

Fic. 1. Diagram of normal ganglion action potential and action potential
{a) after nmicotine, (b) after hexamerhonium, With nicotine the ganghon
depolanized, as though a normal excitation had persisted, with hexa-
methonium the ganghon 1s not depolanzed.

A third type of intervention with ganglionic transmission may
arise in a different way. It is known that some substances, in-
cluding thellocal anaesthetic procaing and its stable analogue
procaine amide, can interfere with the release of acetylcholine
from the preganglionic nerve terminals (Harvey, 1939; Paton
and Thompson, 1953). Thus 1s not associated with any chemical
resemblance of procamne to acetylcholine, and the ‘pharmaco-
logical lesion’ is of a different kind to the others already men-
tioned; 1t may be attributed to a particular susceptibility to
Jocal anacsthetics on the part of the delicate nerve (crmmfﬂs‘
A development of particular mterest 3’: the clinical combination
of procaine amide with hexamethonium. The former has been
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‘TApLE 2. The Structural Formulae of some Ganglion Blocking Agents

Acetyleholine
CH,
CH,—N-~CH,~CH, PO—(!}—CH.
8 &
Tetracthylammontum
CH,—CH N /CH,—CH,

N
7N
CH~CH, “CH,~CH,
Hexamethonsum
1, CH,

!
CH,—N—~CH;~CH¢~CH—CH,—CH,—CH—N—CH,
CH, CH,
M@ B 1863
cH, CH,
CH,—! r—cu,—cu,—cu,—cu,—cu,—cm— —CH,
CH, cal,
Ciba 9295 (Pcndmmndc)

l

CH (—N—~CH,~CH—N—CH,—CH _\!—cu, 2Br.

Gty 3 il
Roche: 3-0484
cH, 1-11 cH,
CH.—A\L—CH;—CH.-S—-(‘T—CH ~=N—-CH,
H, cH, .
M@ B 1950
cu,

Gt —O—c .—cn,:rcu,

M & B2050

CHy—CH, CH,—CH,

\, Ve
'N—CH,—CH—CH,—CH,—CH,—CH,~N

H—CH, CH,
i, o,

L
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1945~6); it still has a place in investigation for its transience of
action. But, as we shall see, its action is complicated in some
degree, which detracts distinctly from its value.

The use of hexamethonium is not in practice, however, com-
pletely straightforward. This is not because the drug itself pro-
duces irregular effects when given under standard conditions to
a particular autonomic ganglion; on the contrary, perfectly
consistent results can be obtained in animals with almost any of
these drugs. It arises because autonomic activity in man is a
rather more subtle affair than was suspected. The first two com-
plications are that ganglia differ in their sensitivity to competi-
tive block; and that the intensity of the block is related to the
frequency of excitation of the ganglia.

(1) Selectivity and Maximality of Block. It has in fact been known
for many years that ganglia differ in their susceptibility to
paralysis, whether by nicotine, d-tubocuratine or {more recently)
hexamethonium. Indeed difference in sensitivity may oceur
between the different ganglion cells within one particuler
ganglion, e.g. the superior cervical ganglion. Here cells supply-
ing the nictitating membrane seem to be resistant compared to

sensitivity of a ganglion directly, and 1t cannot be assumed that
a given dosc adequate to block one particular system would also
prove sufficient to block another. Some capriciousness in the
incidence of block 1s already clear in man, For instance, para-
lysis of accommodation only occurs in a proportion of subjects.
Some subjects develop a paralysis of the light reflex without
cffect on the reacuon to dation—a phar logical
Argyll-Robertson pupil. Similarly paralysis of the bladder, or
constipation, may be absent or trivial, despite the appearance
of considerable reduction in blood pressure or postural bypo-
tension.

Related to this is the observation that it is rarely possible to
produce complete gang block through the body. In
particular some of the vasomotor ganglia in animals appcar t0
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so effectively protects the central nervous system from quater-
nary salts. If this were the case, the surgical and pharmaco-
logical inaccessibility would spring from the same cause—that
the ganglion cells concerned still bore too close a relationship
(anatomically or structurally) to the central nervous mass from
which they derived.

(i) Fatigahility. One of the notable features of paralysis by
ganglion blocking agents is the increased case of fatigue of trans-
mission which ensues. This may be shown in vanous ways.

BEFORE HEXAMETHONIUM AFTER HEXAMETHONIUM

=

F16.3 Record of of the cat’s b excited by
l of the pi ic cervical symp ic trunk at 10 shocks per
second for one minute Before b h and after k

showang onset of *fatigue’.

First, the block may be greater as the rate of excitation of the
ganglion ncreases Second the effect of a given dose of hexame-
thonium becomes greater, the longer excitation has been estab-
lished. One may see the onset of fatigue from the earfiest
moment of a period of exatation (Fig. 3). The response of the
effector organ (in this case the nictutating membrane) starts
quite vigorously but then wanes within a few moments until
quite 2 considerable degree of block has occurred. A similar
phenomenon has been observed in man After a moderate dose
ofh honi and in an individual in which this prod

some interference with accommodation, the subject frequently
notices that during recovery from the effects of the drug he can
read successfully for half a minute or a minute, and then finds
hus vision beconung blurred again. A brief rest from the effort of
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be very resistant to complete paralysis. This probably means
that in man complete blockade will be difficult to achieve,
although no doubt in particular individuals certain autonomic
functions can be completely suppressed. In clinical experience it
has been found that, at any rate in the lower limb, hexame
thonjum will produce as great an increase in blood flow as will
a block of the autonomic pathways with local anesthetics. On
the other hand it has proved very difficult to suppress entirely
such vascular reflexes as the ‘cold pressor response’s

SYMPATHETIC
GANGLION CHAIN

SPINAL
NERVE ™

ACCESSORY
CANGLION CELL
IN GREY RAMUS
COMMUNICANS

Fio 2. Diagram and accessory ganghonic synapse in grey ramus com-
i G Iimes show il trunks, dotted lines the

posigangliontc trunks,

There 15 an interesting analogy here with the failure of surgical
sympathectomy to be complete, This has been shown to be due
to the existence of a considerable number of sympathetic gang-
lion cells outside the main paravertebral trunks (Boyd nr{d
Monro, 1949); they are found, for instance, in the rami, and in
the spinal nerves, positions often maccessible to the surgeon.
Fig. 2 Mustrates a typical situaton, where the preganglionic
trunk synapses in a grey ramus, and the postganglionic tr}mk
dodges back (as if antcipating surgical assault) into the spinal
nerve. There may be more than a superficial analogy here.
These accessory ganglion cells might be regarded as being still
incompletely extruded from the central nervous system, a.nd
could stll be partly enclosed by the blood-brain barrier which
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accommodation enables him again to see, for a short time, with
clarity.

This enhanced fatigability of the partially blocked ganglion
may be important clinically. For it follows that the ganglion
subjected to the most intense autonomic drive may be also the
ganglion mast readily blocked by the drug. Thus in neurogenic
hypertension or in peptic ulcer, the abnormal drive on the
ganglia concerned may be preferentially weakened before other,
normal, functions are interfered with, This would cxplain how,
occasionally, very small doses (1~5 mgms.) of hexamethonium
may, when first administered to a hypertensive patient, produce
avery considerable fall in blood pressure.

2. THE PROPERTIES OF QUATERNARY SALTS
(i) Other Pharmacological Actions. Besides being transmitter at the
ganglionic synapse acetylcholine mediates two other trans-
missions at least: the peripheral parasympathetic transmission
and tr ission across the neuro lar junction. Further,
enzymes capable of destroying it at a very high rate are widely
distributed at important points throughout the body. Most sub-
stances bearing a pharmacological relationship to acetylcholine
at any one of these various points also have traces of a relation-
ship at the other sites. One may thus construct a sort of spectrum
of the activity of the drug. At each site it may imitate acetyl
choline or ize it, or antagonize the yme which
destroys acetylcholine. Thus quite 2 diverse range of actions in
mimicking, blocking, or preserving the natural transmutter at
the various synapses have to be considered. In addition, smce
these compounds are nitrogenous bases they are hable to possess
other actions, such as that of histamine release. A spectrum of
this kind has been constructed for d-tubocurarine (Fig. 44) to
illustrate the point. It will be seen that it posscsses detectable
activity at all the synapses mentioned, as well as some anti-
cholinesterase action and the power of bistamine release. Neofine
(Fig. 4b) is likewise farrly complex. With ttlmelh)'lammamuvm
(Fig. 4¢) also, although it is considerably better than these in
the selectivity of its action, there are several additional effects
at other sites. The fourth spectrum represented is that of
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hexamethonium (Fig. 44) and illustrates its relative pharmaco-
logical cleanness (Paton and Zaimis, 1952).

The significance of a spectrum such as this lies in the use made
of such drugs. It does not matter if a drug has, for instance,
some atropine-like action as well as a ganglion paralysing
action, if its use is to be mainly in the treatment of peptic ulcer;
but investigations with such a drug will always be difficult to
interpret and will throw little more light on what is happening,
than can investigations using a mixture of atropine and hexa-
methonium. In a similar way, the ability of tetracthylam-
monium sometimes to elicit asecretion of adrenaline ornoradren-
aline, has complicated the interpretation of the results obtamned
with it and led possibly to some mistaken conclusions, Again, an
awareness that all these actions are liable to occur in agents able
to block ganglia, allows more careful scrutiny of the pharmaco-
logical background to such drugs before they are applied t0
man. Finally—a scientific point—the properties of a drug give
information about the receptor structure at which it acts: each
can be regarded as a sort of garment, whose design gives one a
clue to the structure it clothes. Nicotine could be compared to
one of those shapeless objects that people knit in railway trains
—one has a grave doubt whether it is a baby’s vest, or a sea-
man’s stocking, But hexamethonium is more like a glove, en-
abling one to say that it goes on something with five fingers (or
rather that it fits on to something about 7 A wide). In our
poverty-stricken state, where everyone talks about receptor
structures but no one has seen one, we must be grateful even for
these smail clues about their nature.

(ii) The Pharmacodynanucs of Quaternary Salts. The relationship
of ganglion blocking agents to acetylcholne shows itself in
another way. In order for a drug to be able to antagonize
acetylcholine at the ganglionic synapse, it is necessary for it to be
chenucally related to acetylcholine. This implies that it must be
a very strong base. This in turn entails that it shall penctrate
cell membranes very shightly. This means that a drug such as
hexamethonium has to lead a predominantly extra-cellular
existence. It follows that it is only slowly absorbed from the
intestine since there is here a complete cellular barrier between
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YT

Is, and having eliminated all the variables of distribu-
tion and excretion, the response of the organism to a ganglion
blocking drug is widely different from one individual to an-
other, What other factors are at work? Two at lcast may be
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the lumen of the intestine and the blaod stream. When absorbed
it is distributed roughly in the extra-cellular space (Morrison
and Paton, 1953}, While present in the blood stream it pene-
trates anly very stightly across the celt barrier of the choroid
plexus and appears only in traces in the cerebral spinal fluid
(Fig. 5) (Paton, unpublished). It penetrates only slightly into
the aqueous humor and into the red cells, Finally it is excreted
only by glomernlar filtration, and like inufin can neither
traverse the renal tubules outwards by being secreted nar yet
inwards by being re-absorbed.

The effects of a dose of hexamethoninm therefore are deter
mined by, amongst other factors, its absorption fram the intes-
tine, by the volume of the extra-cellular fluid and by the
glomerular filtration rate of the subject cancerned. Because
intestinal absorption is poor and {even worse) esratic, paren-
teral adminustration is now the rule. As the drug is climinated
almost exclusively by the kidney, prolonged actions are obtained
in patients with seriously impaired kidney function.

Ar Analysis of Variations ia Senseezily. From what has been said,
it might be expected that if one took a single test {say the effect
of hexamethonium on the standing systolic blood pressure), ina
normal subject, then the results might vary according to the
distribution of the drug in the body, but that they would relate
pretty well with the plasma concentrations. A recent investi-
gation was made of this pomnt {(Morrison and Paton, 1933), in
which effects of subcutaneous injections of hexamethonium 08
the standing systolic blood pressure were compared with the
concentration in the plasma (assayed by bislagical means).

Tt was found that subjects did mdeed vary considerably both
in the rate of absorption from the subcutaneous site, ia the
volume of distri bution of the drug, and 1n its excretion. But these
factors did not account for all the differences by any means, and
considerable differences between individual responses were
obtained even when the effects were plotted against the plasma
concentrations. It turned out, in fact, that they differed as much
as eightfold 1 the size of the cardiovascular response (o a given
plasma hexamethonium level. .

Thus, cven when using a single autonomic function, i normal
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under which there is undoubtedly a vigorous activity in these
pathways. Among these conditions will be many reflexes, of
which a number of vascular reflexes are known to be consider-
ably affected by hexamethonium. For instance, if one mahes a
violent expiration against a resistance—the so-called Valsalva
manceuvre—when it is over there is quite a considerable rise in
blood pressure, often called an ‘over-shoot’; hexamethonium
greatly reduces it. Another vascular reaction is that to haemorr-
hage, which is normally followed by a compensatory peripheral
vasoconstriction such that a pint of blood can be withdrawn
without producing more than a trivial fall of blood pressure.
In the presence of hexamethonium, which prevents much of this
response, the effects of haemorrhage on the blood pressure be~
come much greater (Fig. 6) (Freis et al., 1951); and the circu~
latory system almost behaves like a simple elastic tube in which
the pressure falls as fluid 15 withdrawn from it and rises again
when 1t is restored. This is an important observation because
bleeding may be more dangerous in a patient treated with
hexamethonium than in the normal.

A third reflex of great practical importance is the postural
tefiex (Fig. 7). Normally when a subject stands, the blood
pressure does mot fall very much and sometimes even rises
slightly. To bring this about, iderable vascul. djust:
ments are necessary; the blood flow diminishes to almost all
organs except to the head; the cardiac output diminishes and
the venous filling pressure fails. After hexamethonium this fairly
wide vasoconstriction no longer takes place, or to a much
reduced degree. The cardiac output is dinunished on standing
about as much as in the normal. Hence the arterial pressure
must go down. This postural reaction to hexamethonium, due
to interference by the drug with normal postural tone, is of
primary importance. Its mechanism 1s not completely under-
stood, and we do not know how far it arises simply because peri-
pheral artenolar constriction can no {onger oceur, or how far it
1s due to the accumulation of blood in the legs or abdomen, or
elsewhere. We know that the blood pressure can be raised again
hy exercise, by stamimg»nmmng, or by abdominal compres-
sion. The reaction is exploited deliberately in the treatment of
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envisaged; variations in background autonomic tone, and vari-
ations in the response to partial sutonomie paralysis,

3. Auronomc Tons
The effect of a ganglion blocking agent, if this is its only signi-
ficant action, is enurely indirect. When there is no natural
activity traversing the autonomic pathways, then block of the
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FiG. 6, Effect of withdmawing 500 cc. blood 1n successive steps, and then
replacing 1t, on the blond pressure of 3 supine buman subject after injection
of 50 mgm. hexamethontum mtravenously, The fall of blood pressure 13
roughly proportional ta the amount of blood removed, and the loss of only
100 ce. s sufficient to lower the pressure sgmficandy, (From Fres of o
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ganglionic transmission in that pathway will not produce any
physiological effect. For instance, in an ammal whose nervous
systesa has been completely destroyed, s that there is no langer
any autonomic outflow, the admunistration of hexamethonium
has no acton at all. Our knowledge of normal topic activity
therefore becomes very smportant. Dr. Feldberg? describesin his
paper the sort of pathways that exist and some of the conditions

# See “The Physiology of th Nervous Systens’, pages 343~ below.
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under which there is undoubtedly a vigorous activity in these
pathways. Among these conditions will be many reflexes, of
which a number of vascular reflexes are known ta be consider-
ably affected by I honium. For i if one makes a
violent expiration against a resistance—the so-called Valsalva
manceuvre—when it is over there is quite a considerable rise in
blood pressure, often called an ‘over-shoot’; hexamethonium
greatly reduces it. Another vascular reaction is that to haemorr-
hage, which is normally followed by a compensatory peripheral
vasoconstriction such that a pint of blood can be withdrawn
without producing more than a trivial fall of blood pressure.
In the presence of hexamethonium, which prevents much of this
response, the cffects of haemorrhage on the blood pressure be~
come much greater {Fig. 6} (Freis ¢! al., 1951); and the circu-
latory system almost behaves like a simple elastic tube in which
the pressure falls as fluid is withdrawn from it and rises again
when it is restored. This is an important observation because
bleeding may be more dangerous in a patient treated with
hexamethonium than in the normal.

A third reflex of great practical importance 15 the postural
reflex (Fig. 7). Normally when a subject stands, the blood
pressure does not fall very much and sometimes even rises
slightly. To bning this about, considerable vascular re-adjust-
ments are necessary; the blood flow diminishes to almost all
organs except to the head; the cardiac output diminishes and
the venous filling pressure falls. After hexamethonium thus fairly
wide vasoconstriction no longer takes place, or to a much
reduced degree, The cardiac output is dimunished on standing
about as much as in the normal. Hence the arterial pressure
must go down. This postural reaction to hexamethonurn, due
to interference by the drug with normal postural tone, is of
primary importance. Its mechanism is not completely under-
stood, and we do not know how far it arises simply because peri-
pheral arteriolar constriction can no longer occur, or how far it
is due to the accumulation of blood in the legs or abdomen, or
elsewhere. We know that the blood pressure can be raised again
by exercise, by d unmng, or by abdominal pres-
sion. The reaction is exploited deliberately in the treatment of
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hypertension and incontrolted hypotension in anacsthesia; butit
represents a complication in other th ic uses such as the
treatment of peptic ulcer.
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¥ro. 7. Dragram of the effect of change of posture on the blood pressure
before {a and c} and after (b and d) hexamethonum.

But in all these cases there are obvious stmuli at work
{raised intrapvimonary pressure, haemarrhage, posture), and
it is relatively casy ta relate. the action of the drug to the reflexes
involved. It is a rather different matter to assess how far uader
normal undisturbed conditions there 15 a continuous autonomic
tone. For instance, in an audience sitting listening to a speaker,
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how far are the viscera or the skin or the heart-rate being
influenced by autonomic impulses of various kinds? We know
the paths are there, but are they being used? One of the uses of
hexamethonium may be, perhaps, that it will tell us a good deal
about these paths. To illustrate the sort of information that it
should be possible to obtain, I have compiled a list of actions
which have already been described in patients receiving hexa-
methonjum (Table 3). One can infer from these observations
that there is for instance a steady neurogenic lubrication of the
mucous surfaces (i.e. the conjunctiva, the nose and the mouth,
and throat), and of the skin and scalp. They illustrate, too, how
the normal vasoconstrictor tone of the shin must be an important
sluice damming back heat within the body; and they bring to
light a tone in the COn_]unCllVﬂl vessels not commonly recognized.
The He h Man. To ize what I have said
about the background autonomic tone, I would hke to be
frivolous for a moment and to bring together all the actions
described, supposing them all exerted in one individual, an
entirely hypothetical individual, whom we could call the ‘hexa-
methonium man’. He is a pink-complexioned person, except
when he has stood in a queue for some time, when he may get
pale and faint. His handshake is warm and dry. He is a placid
and relaxed companion; he may laugh, but he can’t cry because
the tears cannot come. Your rudest story will not make hum blush
and the most unpleasant circumstances will fail to make him
turn pale. His wife will testify that his collars and socks stay very
clean and sweet. He wears corsets and may, if you meet hlm
out, t roke
vascul
Xegs] R
moisten his dry mouth and throat. He is rather long-sighted and
easily blinded by bnght light. The redness of his eye-balls may
suggest irregular habits and in fact his head 1s rather weak. But
he always behaves like a genteman and never belches nor
hiccups He tends to get cold and keeps well wrapped up. But
his health is good; he does not have chilblamns and those
diseases of modern civifization, hypertension and peptic ulcer
pass hum by. He 1s thin because his appetite 1s modest; he never
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feels hunger pains and his stomach never rumbles. He gets
rather constipated so that his intake of liquid paraffin is high,
As old age comes on frequency, precipitancy and strangury
will not worry him, but he will suffer from retention of urine
and impotence. One is uncertain how he will end, but perhaps,
if hie is not careful, by eating less and loss and getting colder and
colder, he will sink into a symptomless, hypoglycaemic coma
and (like the universe) die a sort of entropy death.

Taste 3, Effects of Henamethomutn in Man: 1

S16% oR SymPTOM AuTtonoyuic PATHWAY BLOCKED

Sympathetsc supply (adrenergic)
Injection of conjunctivag o conjunctival vessels
Flushung of skin and capilfary pulsation  to arterioles of shin

Ruse in skin temperature
Rise inskin blood flow
Ruse in limb blood flow (leg arm)

Reduction of cold pressor response

Relief of causalgra
Sensitization to msulin

Dryscalpanddryshin
Reduction of reflex sweating.

» »

» »

to skin and muscle vessels and
verns (7]

to arterioles and veins (?) of shin,
muscle and viscera

» »
to retinal vessels

toarteriales of shin

to arterioles of affected region
to adrenal medulla

Sympathetse supply {cholinergic)
to sweat glands
» »

This is a caricature, but it was worth perpetrating to empha-
size the point that it is crucial to know what our background
autonomic tone is; and that it is already possible to glean a good
%t of information about it from clinical reports already avail-
able.

4. Reacmions o GangLionie Brock
A final element in the complexity of the responsc to ganglonic
block must be considered. If one fancuonally removes a farge
art of the autonomic nervous system, 1t is only to be expcctgd
that some sort of reaction, 1n an attempt to compgnsa(c for it,
will take place. 1t was menuoned earher thatin patients treated
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for hypertension, a tolerance to hexamethonium steadily deve-
lops. It never secms to become absolute, and usually falls in
blood pressure can still be obtained if a big enough dose is
given. The tolerance passes away again if the treatment is
stopped and can be re-established if treatment is resumed. The
question arises whether this is due to a gencralized gangliomc
tolerance or whether it is something specific to the blood
pressure. There is definite evidence that so far as certain para-

Taste 3. Effects of Hexamethonium in Man. II

S16N OR SympTOM AvroNoMic PATIIWAY Brockep

Pasasympathetic supply (chohnergic)
Paralysis of ocular accommodation and

reaction to light Ciliary ganglion
Dryness of eyes Sphenopalatine ganglon
Dryness of mouth and nose Ouc ganghion and chorda tym-
pani
Dryness of lacynx Vagal gangha—in larynx
Tachycardia Vagal ganglia—in heart
Diminished motility of stomach and
smallntestine Enteric gangha

Constipation » »
Tleus » ”»
Diminished secretion of gastnic juices

spontancous » »

nocturnal » ”

in response to msulin " "
Depression of bladder reflexcs Pelvic nerve gangha
Impotence

6o »

sympathetic ganglia are concerned, this tolerance either does
not develop or develops much more slowly (Morrison, 1953).
In a group of patients in whom the dose of hexamethonium has
had to be stcadhly increased in order to produce a roughly con-
stant effect on the blood pressure, the incidence of paralysis of
accommodation, of the bladder, and of the intestine steadily
nses. It 15 possible that there is a slight accommodation of this
sort affecting all gangha, but it is certain that such accommoda-
tion is not the whole story. It is necessary to look elsewhere for
an explanation, and so far none is yet available.

A more usual reaction to a fall in blood pressure is, of course,
an increased activity of certain autonomic pathways. It is worth



160 W. D. M. PATON

BEFORE AFTER
HEXAMETHONIUM HEXAMETHONIUM

a ﬁl{c

_

1
4 MINUTES

7 k excited
Fxc 8. Ru:ords ol‘ of the cals cmb e
(a and ¢) and al 20 (b and d) shocks per mcond bcfore and after hexas

e oT B "
total postgang! tobe



THE PRINCIPLES OF GANGLIONIC RLOCK 161

making a distinction here between what can be referred to
briefly but loosely as ‘recruitment’ and ‘acceleration’. One
could envisage an intensification of autonomic activity in two
ways, eit
inactive,
already Eornervnr menle o enn .
the cat’s nictitating mcmbmnc excxtcd du—ough the cervical
sympathetic with the superiar cervical ganglion as a relay station
between the two. In Fig. 8 is reproduced a rather crude recruit-
ment obtained by i g the stimulus strength to the nerve
fibre in four steps. In the normal preparation this brings succes-
sive increases in activity of the nictitating membrane. On the
other side of the figure the same thing has been done after hexa-
methonium. As one would expect, although the ganglia rapudly
fatigues, nevertheless the recruitment of successive fibres does
actually confer some benefit. So that it may be said that in the
presence of ganglionic block by hexamethonium a successful
reaction could take place by recruitment, provided that the
block was not 5o intense as to paralyse completely these newly
activated synapses as well, or so intense that they fatigued
rapidly to insignificant levels, when the reaction would cnly be a
trapsient one.

But the second kind of response, by acceleration, is rather a
different story. In Fig g are the results of two experiments on a
ganglion that is partially paralysed. At the top are the contrac-
tions which the ganglia will normally produce to excitations of
one, ten and twenty shocks a second. When the ganglion is
partially paralysed, an acceleration of rate of discharge from one
a second to ten a second does i fact produce some increase in
the contraction height. But the acceleration from ten a second
to twenty a second actually weakens the final contraction We
have therefore a situation in which the benefit obtained by
increasing the rate of autonomic discharge is rather severely
limited, Of course there is a similar ‘ceiling’ in normal ganglia
where you can produce fatigue by sumulating at very high fre-
quencies The charactenstic effect of hexamethonium is not the
establishing of a ceiling but of bnnging it down to compara-
tively low levels of stimulation rate.

»
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One important application of this may be when the reaction
involves the release of adrenaline. Under normal conditions the
autononuc activation of the adrenals appears to be negligible. It
follows that, when activity is initiated, the preganglionic dis-
charge rate is likely to be quite Jow, still well below its ‘ceiling’,
and thus resistant to hexamethonium. Thus the apparently
paradoxical situation could readily arise in which a vigorous
adrenal discharge could take place in the presence of ganglionic
block by hexamethonium sufficiently intense to lower the blood
pressure cnough to excite the adrenal response. Dr. Morrison
and Dr. Enderby tell me that they have quite often observed
responses to hexamethonmum which they were strongly tempted
to believe were of this kind. One may compare this with what
might be expected from the general vasoconstrictor fibres in a
case of hypertension. One must assume that in this patient, sup-
posing him to be of the neurogenic type, there is a considerable
activity i the vasoconstrictor fibres already. Ifin such a patient
the blood pressure is lowered by hexamethonium, reaction to
this by increasing the rate of autonomic discharge will hayc
little effect, or may even lead to a more intense paralysis {as in
Fig. g). )

These are rather theoretical considerations. But with care it
might be possible to use them to lluminate clinical practice. In
general, one might expect that those reactions to the effects of
ganglionic block which are fresh and are not normally active
will be more successful than reactions involving intensification
of actsvities habitually in play.

ConcrLusion
The general trend of the argument has been to multiply reasons
for the variation of the actions of hexamethonium m man;
reasons such as differences in sensitivity of various ganglia, in

) 9 iy : o T
list and lends weight to the occasional climcal complaint that
such drugs are unreliable in action. Yet, under standan.i cond}-
tion in anaesthetized amimals, they are extremely consistentint
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Fio 9. Records of con-
traction of the cat’s nictis
taung membrane exated
by sumulation of the pre.
ganghonic cervical sym.-
pathetic trunk at 1, 10 or
20 shocks per second
{denoted by continuous,
broken and dotted hines
fespectively). Above are
the responses to these
rates of stimul for
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sponses abtained after
hexamethonium,
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response, although the
change from 1/sccond to
10fsecond 10 {a) does so,
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from d 1o 20/
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One important application of this may be when the reaction
involves the release of adrenaline. Under normat conditions the
autonomic activation of the adrenals appears to be negligible, It
follows that, when activity is initiated, the preganglionic dis-
charge rate is likely to be quite low, still well below its ‘ceiling’,
and thus resistant to hexamethonium. Thus the apparentdy
paradoxical situation could readily arise in which a vigorous
adrenal discharge could take place in the presence of ganglionic
block by hexamethonium sufficiently intense to lower the blood
pressure enough to excite the adrenal response. Dr. Morrison
and Dr. Enderby tell me that they have quite often observed
responses to hexamethonium which they were strongly tempted
to believe were of this kind. One may compare this with what
might be expected from the general vasoconstrictor fibres in 2
case of hypertension. One must assume that in this patient, sup-
posing him to be of the neurogenic type, there is a considerable
activity in the vasoconstrictor fibres already. If in such a patient
the blood pressure is lowered by hexamethonium, reaction to
this by increasing the rate of autonomic discharge will have
little effect, or may even lead to a more intense paralysis (as in
Fig. g). ;

These are rather theoretical considerations. But with care it
might be possible to use them to illuminate clinical practice. In
general, one might expect that those reactions to the effects of
ganglionic block which are fresh and are not normally active
will be more successful than reactions mnvolving intensification
of activities habitually in play.

ConcLusion
The general trend of the argument has been to multiply reasons
for the vanation of the actions of hexamethonium in man;
reasons such as differences in sensitivity of various ganglia, in
absorption, distribution and excretion of the drug, in the cxis
tence of autonomic tone and in 1ts intensity, and in the reactions
to ganghonic block which may take place. It makes a formidable
list and lends weight to the occasional chinical complaint tha't
such drugs are unrehable 1n action. Yet, under standard cond.l-
tion in anaesthetized ammals, they are extremely consistent in
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Cholinesterases and Anti-Cholinesterases
R. H. 5. THOMPSON

uE mechanism by which acetylcholine is enzymically
l destroyed inside the body is a process which in recent
years has acquired special importance owing to advances
made in a number of different branches of biology. In the field
of toxicology, for example, the introduction of the anti-cholin-
esterase insecticides, which on account of their high toxicity to
man are now presenting us with a pmblem in industrial medi-
cme, and the related so-called nerve-gases serve to stress the
importance of an und: ding of choli action and of
the effects of its inhibition. In liver disease and in malnutrition
it has been shown that the level of the serum cholinesterase is
diminished, while in the field of anaesthetics certain of the new
muscle relaxants present us with the special problems of the
p{operdes of acetylchohine and cholinesterase at the motor end-
Pplates.

The problem of the kinetics of the chohnesterase group of
enzymes, and of thewr inhibition by the various anti-cholin-
esterases, has recently been reviewed (Whittaker, 1g51; Nach-
mansohn and Wilson, 1951). It is proposed 1n this article to deal

tion by anti-choli [ ds, and Iasﬂy to ize
what evidence we have concerning the physiologtcal function of
this group of enzymes,
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their behaviour. But if one considers the situation in man, it is
perhaps not very surprising that such variation exists. The auto-
nomic nervous system pervades the whole body; it carries all the
play of emotions and nervous influences into their visceral ex-
pression; and everyone differs in these as much as in their
physical structure. The issue might therefore be put in a differ-
ent wayj; that there is, in our present wealth of somewhat uncon-
trollable responses and of unanswered questions, a really rich
field for greatly increasing our knowledge of normal and patho-
logical autonomic function.
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Rudney, 1943). At about the same time Nachmansohn and
Rothenberg {1945) classified the cholinesterases inta two corres-
ponding types which they called ‘specific’ and ‘non-specific’
cholinesterase respectively.

Just as selective substrates were discovered for these types of
esterase, so selective inhibitors soon began to be described.
Although there is now a large sertes of such compounds the best
knmm and most exhnusm cly studxed inhibitor of pseudo-

} {DFP), whose
action was ﬁxst dcscnbed by Adnan, Feldberg and Kilby
{1047); pcrca.mc {Zeller and Bissegger {1943)} and the syn-
thetic pmsugmmc analoguc A’u683 (xhc dsmcthy!carbamatc
of 2 lu ide)
studied by Haukms and Gun ter { 1946) were also early described
as selective inhibitors of this enzyme. Caffeine {Zeller and
Bissegger, 1943}, bis-B-chloroethyl-N-methylamine, or ‘nitro-
gen mustard’ (Thompson, 1947; Adams and Thompson, 1948),
and another prostig } Nni2go, N-p-chk
N-methylcarbamate of m-hyd ~phenyl-tr cthyl
bromide (Hawkins and Mendel, 1g4g), were among the first
selectve inhibitors of true choli to be described.

‘The selectivity of most of these compounds for one enzyme or
the other is only refatnve, and in most cases higher concentra-
tions of the inhnbitor produce a significant inhubtton of the
other type of cholinesterase also. But by the use of selective sub-
strates and inhibriors it is possible to classify the cholinesterase
activity of most mammakan tissues into one or other of Mendel's
£wo main types.

Mendeb's classification has not, however, escaped criticism,
particularly by Nachmansohn., While much of thus criticism is
concerned largely with nomenclature, more recent work has
shown that the critena by which Mende! appears to have
ongmally defined his two types of cholinesterase are not m every
case fulfilled, and that, judged by these criteria, there would
seem to be more than two types of cholinesterase. For example,
m 1946 Mazur and Bodansky demonstrated that mouse brain
can hydrolyse tnacetin more rapidly than acetylcholine and
that thus hydrolysis of triacetin is hughly sensitive to intubition

¥
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THE CLASSIFICATION OF THE CHOLINESTERASE GROUP OF
EnzyMEs
The cholinesterases are distinguished from the other esterases
present in animal tissues by their property of splitting choline
esters more rapidly than non-choline esters. It was soon realized,
however, that there is more than one type of cholinesterase.
Alles and Hawes in 1940 showed that the cholinesterase in
human erythrocytes differs from that in human serum with
regard to the speed with which acetylcholine is split at varying
substrate concentrations, the enzyme in red cells being much
more active at low concentrations of acetylcholine (i.e. the
Michaelis constant is small). They also showed that the cholin-
esterasesin these two tissues differed in their substrate specificities,
acetyl-B-methylcholine being hydrolysed only by the erythro-
cyte cholinesterase. Further evidence for the existence of at
least two different types of mammalian cholinesterase came
from the work of Glick (1941), Richter and Croft (1942), ‘"}d
Zeller and Bissegger (1943). Mendel and his colleagues in
Toronto next proposed a general classification of the cholin-
esterases into two main types which they termed ‘true’ and
‘pseudo’ cholinesterase. The term ‘true’ cholinesterase was given
to the enzyme present in the erythrocytes of many species and in
the nervous system; this enzyme was at that time thought to be
active only against choline esters and to be partially inhibited by
high concentrations of acetylcholine. The term ‘pseudo’ cho-
linesterase, on the other hand, was applied to the enzymes
present in serum and pancreas which hydrolyse both cholne
and non-choline esters, although splitting the former moreé
rapidly than the latter, and which follow the usual Michaclis
relationship in showing maximal activity at high acetylcholine
concentrations (Mendel and Rudney, 1943a). These workers
also employed ‘selective’ substrates for differentiating belw'cen
the two types of cholinesterase by using acetyl-g-methylcholine,
which, as indicated above, is readily hydrolysed by the tru¢
enzyme but not by the pseudo-cholinesterase, and bCI.IZUY}'
chohine which is hydrolysed by the latter enzyme but is not
attacked by the truc cholinesterase (Mendel, Mundell and
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of rat heart, which according to its sensitivity to sc!ccme inhi-
bitors 1s a pseudo-choli hydrolyses p feholi
maore rapidly than either acetyl or butyrylchabne

1t would seem in fact that the choli of lian
tissues comprise a group of related enzymes in 5o far as their
substrate specificity is concerned, and that on this criterion
alone itis not possible to divide thern inta anly two groups.

Allowing for these differences in substr:.ne specificity, how-
ever, the choli of tissues would seem to
fall into two main groups as regards their sensuivity to inhibitors
and as regards the physiological effects of their inhibition wr zivo.
Mendel’s classification into true and pseudo-cholinesterases is
still, in the author’s view, perhaps the most satisfactory, in that
less is implied in ths termunology than m the other proposed
nomenclatures, and what is implied is largely physiological;
thus, while there Is considerable evidence that the true cholin-
esterase present in nervous tissue and in skeletal muscle is con-
cerned with inactivating acetylcholine, since signs referable to
acetylchohne accumulation develop when this enzyme 15 in-
hibited, the case for relating the pseudo-cholnesterase to
acetylchaline destruction, particularly in connection with inner-
vated structures, is much less secure. Although, as Nachman-
sohn has ponted out, there are obvious objections to the use of
the prefix ‘pseudo’ in this conpection, it is a valuable reminder
of our present state of uncertainty as to the physiological role
played by this enzyme, and 15, by virtue of s drawbacks, clearly
only a temporary designation.

Tae DisTRIseTION oF GHOLINESTERASES $¥ VERTEBRATE Tissurs
A knowledge of the distnbution of true and pseudo-cholin.
esterases in thedifferent tissues of the body isdesirable before one
can hope 10 arrive at any over-ali conclusions as to therr func-
tons. Although there are stll many gaps to be filled an, we now
have, for certain animal species, fatrly detailed mformation as
to therr occurrence and locahization

As regards the cholinesterases in blood, the types present vary
somewhat from species to species. In general the erythrocytes
contain true cholinesterase, although Augustinsson {1948} has
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by anti-cholinesterases, even though mouse brain had been
fcgarded as containing only true cholinesterase which, accord-
ing to the criteria then existing, should be active only against
csters of cholinc. In the same year Bodansky (1946) also showed
that the true cholinesterase in human erythrocytes, which had
been freed from the non-specific esterase, could nevertheless still
hydrolyse triacetin. It is now also clear that the idea of “selec-
tive” substrates for the differentiation of the different types of
enzymes is only relative, and that the enzymes present in the
tissues of different animal species vary widely in their behaviour
towards these substrates. Thus, Levine and Suran (1g50) have
reported that the cholinesterase in swine serum is inactive
towards both acetyl-8-methylcholine and benzaylcholine, while
Earl and Thompson {1g52a) have shown that the cholinesterase
of chicken plasma hydrolyses both of these so-called selective
substrates.

In an attempt to classify the cholinesterases more exactly in
terms of their substrate specificity, Adams and Whittaker (1949)
studied in a systematic way the effect of variations in the struc-
ture and configuration of the substrate. They showed that both
true and pseudo-cholinesterases are ‘unspecific’ in that they
both hydrolyse non-choline esters, aithough, as Whittaber
{1951) has pointed out, there is a marked preference in the case
of both enzymes for these aliphatic substrates which approach
most closely the configurations of choline esters. The idea that
pseudo-cholinesterases are less specific than true cholinesterases
receives thercfore no support from these specificity studics.
Therr findings with esters containing different acyl groups did,
however, suggest an underlying difference between these two
enzyme types, in that the true cholinesterases studied by them
showed optimal activity against acetates {e.g acetylcholine),
whereas butyrates {e.g. butyrylcholine) were hydrolysed most
rapidly by the pseudo-cholinesterases; they therefore proposcq
the names ‘aceto-cholinesterase’ and ‘butyro-cholinesterase
respectively for the two types. Unfortunately, further work with
cholinesterases from a wider range of animal sources shows that
this classification also is not generally applicable; for example,
Ord and Thompson (1g51) have shown that the cholinesterase
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(Thompson and Whittaker, 1944), butits activity in the presence
of selective substrates had not been studied.

From these vesults it would appear that, by contrast with
brain, skeletal muscle and the adrenals, those tissues in the rat
which receive only post-ganglionic autonomic innervation con-
tain either a very significant amount of, or a prepanderance of,

Tanes 1. Relative actinties of Teue 2ad Pscudo-chalia-
esterases in Rat Tissues
{Acetyl-d-methy lehaline and benzoylchaline as substrater)

Actwvity 10 presence of selective
Tissue substrate, expressed as % of rate
of acetyleholine hydrolysis

True Pseuds
Bramhra 73 []
Diaphragmn 54 0
Quadniceps feroris 69 ki
Adrenal gland 3% 2
Sromach 20 24
Laver 20 23
Lung 21 25
Salvary gland 33 31
Heastventncle 9 29
Heartaurcle 9 3
Intestimal muscle 18 44
Intestinal mucasa 7 50
Hardersan gland 6 52
Skan 9 25

the pseudo-chobmesterase. In thus species therefore 3t is wmerest-
ing to note that those ussues in whuch acetylcholine exerts a
nicotine-like action (i.e. sn which 1t is concerned with trans-
mission to another neurone of to a strrated muscle cell) chiefly
contzin the true chalinesterase, while those 1n which 1t exests a
muscanne-hke action contamn a relatively large awmount of
pseudo-chol Whether this app laton 18 of
hysiological significance, | , {s not yet known, and more
work is needed in other specics before any final conclusion can
Bedrawn
At about the same tme Koelle {1950) studied the distribution
of chohinesterases m the cat, using a histochemical approach; he
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reported that fowl red corpuscles do not show any cholin-
esterase activity. Human and horse serum contain chiefly pseudo-
cholinesterase, although the sera of certain other species (for
example, the guinea-pig and the rat) contain both types, In the
red cells the cholinesterase appears to be bound to the cell
membrane, and can be precipitated with it.

Apart from work on these enzymes in blood, the first fact to
emerge as regards the other tissues of the body was that the pre-
dominant cholinesterase of the brain resembles that in the
erythrocytes (Mendel and Rudney, 1943a; Nachmansohn and
Rothenberg, 1945), and may therefore be classified as a true
cholinesterase. In 1944 Langemann showed that human skeletal
muscle contains only this latter type. Gradually, however, evi-
dence accumulated showing that pseudo-cholinesterases were
also widespread in different tissues, for example, in dog pan-
creas (Mendel and Mundell, 1943), human ovary (Langemann,
1944), peripheral nerve fibres and gangiia of the cat (SaW)l'er

Ter o v . DERPAEE I

survey of the distributton of cholinesterase types in rat tissues,
using selective substrates, summation expenments and selective
inhibitors to identify the enzymes. They found significant
amounts of pscudo-cholinesterase in all the tissues studied ex-
cept diaphragm. It appeared from their work (Table 1) that
rat tissues could be classified into three groups depending on the
relative amounts of true and pseudo-cholinesterase present:

Group A. Tissues containing largely or entirely true cholin-
esterase {brain, skeletal muscle and the adrenal glands).

Group B. Tissues containing both enzymes in amounts such
that acetyl-g-methylcholine and benzoylcholine are hydrolysed
at about the same rate (stomach, liver, lung and salivary gland).

Group C. Tissues containing chiefly pseudo-cholinesterase
(heart, intestinal muscle and mucosa, Harderian gland and
shin}. .
The pseudo-cholinesterase contents of heart (both auricle
and ventricle) and intestine were strikingly high. The presence
of an active cholinesterase in skin had been described carlier
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after it was reported from a number of sources that whole brain
preparations can in fact hydrolyse benzoylcholine, although ata

tain areas benzoylcholine is hydrolysed relatively rapidly. Ord

Taste 2, Ditnbution of Cholinesterases in Grey and
White Matter of Cerebrum

(Acetyl-p-methylcholine and butyrylcholine as substrates)

Activity in presence of selective

Species substrates, expressed as % of rate
of acetylcholine hydrolysis
Grey matier True Pseudo
[uman 53 43
Rabhit 81 24
Rat 5 32 -
Guinea-pig 62 23
Cat 98 5
Dog 59 65
Whate matter
Human 19 206
Rabbut 31 17
Rat 37 50
Guinea-pig 22 266
Cat 23 194
Dog 46 181
and Thompson (1952) have ined this benzoylcholine-

hydrolysing ability of the brain in more detail, using both
benzoyl and butyrylcholine (Nachmansohn and Rothenberg,
1945; Adams, 1949) as substrates, and comparing also the sensi-
twvity of the hydrolysis of different choline esters to inhibition by
a number of selective inhibitors. All the areas of the human
brain which were studied were found to contain a pseudo-
cholinesterase. Whereas the basal ganglia, cerebellum,
thalamus and cerebral cortical grey matter contained cluefly the
true cholimesterase, the subcortical white matter exibited con-
siderably more pseudo-cholinesterase activity than true. This
was also found to be so in the cerebral white matter from a
number of animal species (Table 2).
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was mainly concerned with the localization of these enzymesin
the nervous system, but he found that in the cat the liver con-
tains almost exclusively the pseudo-cholinesterase, and iu the
ileum, although as in the rat both types are present, pscudo-
cholinesterase predominates in the longitudinal muscle layer
and in the muscularis mucosae.

Although the pharmacological actions of acetylcholine on
blood vessels have been extensively studied, the cholinesterasc
activity of isolated arteries has only recently been examined.
A study of a number of different rabbit and human arteries and
of the aorta of the rabbit, rat and guinea-pig showed, however,
that they are relatively rich i cholinesterase, which, in the
species so far examined, has in each case been a pseudo-
cholinesterase (Thompson and Tickner, 1953); the aorta in
particular is rich in this enzyme; in the case of the rat, for
example, butyrylcholine is hydrolysed at a rate of about
20,000 pl.CO,/g./hr., the highest rate which we have so far
found in any tissue,

DisTRIBUTION OF CHOLINESTERASES IN THE NERvOUS SYSTEM
In view of the role of acetylcholine in transmission processes,
and the part played by the different cholinesterases in acetyl-
choline metabolism, the distribution and localization of !_hﬂsc
enzymes in the central and peripheral nervous systems 18 of
particular importance.

Nachmansohn, to whorm we are perhaps mainly indebted for
our present knowledge of the role of cholinesterases in nerve
conduction and transmussion, was the first to compare ’UR
abulity of different areas of the brain to hydrolyse acetylcholine,
and to demonstrate that the grey matter of the brain is more
active in this respect than the white (Nachmansohn, 1939)-
Mendel and Rudney (1943b) examined the brains of a number
of vertebrate species, and concluded that brain contains only the
true cholinesterase and no pseudo-cholinesterase; Nachm_ansohn
and Rothenberg (1944) also concluded that brain contains only
the ‘specific’ cholinesterase. Oa the other hand, both types of
enzyme were found to be present in peripheral nerve (Bocl),
1945; Sawyer and Hollinshead, 1945; Sawyer, 1946), and soon
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Agure Avp Crrowe Erreers or ANTi-Crouinesterases
The potent and relatively specific intubitors of cholinesterase
that have been introduced since the last war have provided us
with valuable toals for studying the properties of these enzymes
both  titro and in tive. Amongst the best known of these new
organo-phosphorus anti-choli are difsopropyl fluoro-
phosphonate {DF P} ond tetra-cthyl pyrophosphate (TEPP).

The acute effects produced by the injection of these com~
pounds inta animals are all compatible with the view that they
are due ta an accumulation of acetylcholine in the tissues sesulte
ing from inhibition of cholinesterase activity. These effects have
been described in detail in a number of publications, and it is
not proposed to Jist them here.

Mare recently, however, it has been found that certain of the
anti-cholinesterates can cause chranic demyelinating lesions in
the nervous system. The compound that has been most exten-
sively studicd from this point of view is tri-orthg-cresy} phosphate.
Medscal interest in this substance was first aroused when it was
shown to be the causative agent of an outbreak of motor newsitis
in the United States (Smith and Elvove, rggo; Smith, Elvove
and Frazier, 1930). The histopathology of the paralysis, both in
man and experimental animals, has been described by Smith
and Lillie {1931}, who found evidence of demyelination both in
the pertpheral nerves and in the white matter of the spinal cord,
together with degenerative changes in the antenor horn cells.
Bloch {1941), who first showed that tr-orthe-cresyl phosphate
{TOCP) is ap whibitor of cholinestesase, suggested that the
paralysis mught be due to accummulation of excessive amounts of
acetyicholine at the motor end-plates, resulting from nhibition
of the true cholinesterase at that site.

However, in a brief report Mende! and Rudney (1544) stated
that although the serum cholinesterase of the rat 1s Jowered by
thes pound, the true choli ase 15 unaffected. As most
workers have found that paralysis and demyehination do not
accur i the rat following the administration of TOCP, Earl and
Thompson (1g52a) studied the m wtre action of TOCP on
esterases from human and hen (issues [both sensttive specics);
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These findings suggest that pscudo-cholinesterase in the cen
tral nervous system is associated particularly with the myelin-
ated fibre tracts. From their work on dog brain Burgen and
Chipman (1951) have also concluded that in this species the
fibre tracts have in general a high benzoylcholine-hydrolysing
activity.

Tt is of interest in this connection to note that Koclle (1951),
using a histochemical method, has reported the presence of
pscudo~cholinesterase i the glial cells of sensory and autonomic
ganglia and also in the Schwann cells of myelinated neres. In
confirmation of these results Thompson and Webster {1952)
have recently examined a number of gliomas by the standard
Warburg techmque; each of these tumours was found to be rich
in pscudo-cholinesterase. The only oligodendroglioma in the
series contained a higher activity {2845 pl.CO,fg./br., with
butyrylcholine as substrate) than any other area of the human
nervous system so far studied, while giving a value of only
120 p.CO,fg.fhr. for true cholinesterase (acetyl-B-methyk
choline as substrate).

Boell and Nachmansobn (1940) have studied the Jocalization
of cholinesterase 1 the nerve fibre, using the giant fibres of the
squid, and have found it to be present almost entirely in the
sheath, the extruded axoplasm showing a verylowlevel ofacuvity-

From this work on the distribution of cholinesterase types two
facts stand out clearly:

(1) that pseudo-cholinesterase is very widely distributed
throughout the body, including both the central and peripheral
nervous systems;

(2) that the srue cholinesterase, although mainly restricted 0
nerve and muscle, is not confined to these tissues. Not anly do
the red blood cells of many species contain it, but also a number
of other tissues. It might be thought that the relatively fow lesel
of true cholinesterase in these other ussues is evidence of (}}C
association of this enzyme with the few nerve fibres present in
1hese tssues, Tt must be bered, b , that in addition
to the erythrocytes, perfused blood-free placenta, a tissuc that i
usually regarded as being nerve-free, contains mainly the tra¢
enzyme (Ord and Thompson, 1950b).
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resulting in demyelination, it would be expected that poisoning
with other selective inhibitors of this enzyme should also lead to
loss of myelin and paralysis, and this has now been shawn to be
the case for two other anti-cholinesterases. Bidstrup and Hunter

about two weeks after exposure to the. poxson which was said to
resembile clinically that following poisoning by TOCP. Further,
Barnes and Denz (1953) have succeeded m producing demye-
lination and paralysis in hens both by this compound and by
DFP; they found it necessary to atropinize their hens in order to
prevent undue disturbance from acetylcholine accumulation,
and so allow the birds to survive and show the late development
of paralysis, Apart from a report of the production of late
paralysis in two dogs following the repeated administration of
DFP (Koel]c and Gllman, xg46a) the development of these

gical ch in d with DFP does not
seem to have been previously descnbed This may have been
because the poisoned animals died from the effects of acetyl-
choline accumulation in the early stages of the intoxication,
before sufficient time had elapsed for these late effects to appear,
while in the case of the survivors the dose of the poison may have
been too small to allow them to develop.

Poisoning with certain other inhibitors of pseudo-cholin-
esterase has, however, failed to produce demyelination (Barmes
and Denz, 1952; Thompson and Webster, 1952), so that if
inactivation of thus enzyme is playing any causative role in the
development of the demyehnation it would seem that it cannot
be the only factor. It is possible that TOCP and these other
demyelinating compounds may have some other action, and
that pseudo-cholinesterase inlubition is merely inadental. But,
as regards TOCP, inhibition of pseudo-cholinesterase and tri-
butynnase (Hotunger and Bloch, 1943) are the only bio-
chemical effects which have so far been described. Further,
Earl, Thompson and Webster (1953) have shown that brain
tributyrinase 1s very much less sensitive to inhibition by TOCP
than is pseudo-cholinesterase, while glucose and pyruvate

N
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they found that concentrations of TOCP, which caused almost
complete inhibition of the pseudo-cholinesterase in the cere-
brum, spinal cord, sciatic nerve and serum, produced orly a
negligible anhibition of the true cholinesterase of nerve tissue,
striated muscle or erythrocytes (Table 3).

‘Taste 3. Inhibition of Human Cholinesterases by Tri-
ortho-cresyl Phosphate

34 Inlobition produced by
50 100 200 800
«g. TOGP{3ml.
Pseudo-cholinesterase
Serum 55 713 93 —
Cerebrum 65 81 91 —
Spinal card 55 61 T4 —
Saatic nerve 81 92 29 -
True cholinesterase
Erythrocytes 7 4 7 4
Cerebrum 4 9 8 -
Spanal cord —- 2 1 2
Strated muscle 3 8 10 1

The levels of true and pseudo-cholinesterase of the brain a‘nd
spinal cord of hens killed at varying intervals after poisoning
with TOCP were next compared with those of normal bu’d‘s
(Ear! and Thompson, 1952b); the pseudo-cholinesterase acti-
vity was found to be markedly lowered as early as one day after
poisoning and to remain at a low level for at least ten days; b\'“
again, under these i ywo conditions, the true cholinesterase in
these tissues was hardly affected. .

These results do not therefore support Bloch’s explanation of
the mechanism underlying the paralysis, inasmuch as muscle
cholinesterase does not seem to be seriously affected by TOCP.
But since, as already pointed out, pseudo-cholinesterase is pre-
dominantly associated with the white matter of the C.N.S., and
since in human peripheral nerves it is present in significantly
greater amounts than the true (Thompson and Webster, 1952)s
it 1s possible that it may be concerned with some aspect of meta-
bolism connected with myelin formation and turnover.

Ifinhibition of this enzyme in nerve tissue is to be regarded as
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that dogs remain symptom-free even when the pseudo-cholin-
esterase in the pancreas and the superior eervical ganglia is
inhibited to the extent of 8o-ga per cent. From these obscrva-
tions it has been concluded by some workers that pseudo-
cholinesterase does not play any important part in the destruc-
tion of acetylcholine released during the normal transmission
pracesses inside the body.

The effects produced by nerve section have also bcen inter-
preted as min g the si of pseud
wsynaplic transmission. Thus, Sawyer :md Hollimshead ( 1945)
have reported that pre-ganghonse nerve section results in a pro~
found Ial} in the lesel of true cholinesterase m the superior
cervical ganglion of the cat, while causing relatively little effect
on the level of the pseudo-cholinesterase, Sawyer (1946} has
also shown that m the Wallerian degeneration thas follows
section of the gumea-pxg scumc nesve, pseudo-cholinesterase
activity is ! reduction of the
true eneyme occurs, On the other hand, ©t has recently been
found that when the nerves o the rabbi's ear are sectioned
there is a marhed fall in \he psendo-tholinesterase activity of the
ear arteries, resul plete or almost complete absence
of activity by about 28 days after the nerve section {Arnun,
Grant, Thompson and Tickner, 1953).

Mure decistve evidence suggesting a relation between pseudo-
cholinesterase activity and cell function has heen obtained by
Koelfe, Koelle and Friedenwald {(1950); using the cat’s ileum
they have shown that concentrations of DYP t00 low to couse
any appreciable nhib of the true chol but capa.blc
of reducing the pseudo-chal activity suk i
cause 39 increase m tone and also increased amplitude of \he
contrachions of the wolated organ; from these observauens they
have suggesied that pseudo-chohmesterase may act by supple-
mentng the m:non of the 1rue enzyme m catalysmg the hydro-
ysis of end ly iberated acetylch

In thss connccmm it is of interest to recall that Feldberg
and Lin (1950} have claimed that the spontancous release of

Ichohne by the i ine 18 an ple of acetylcholine
metabohsm oflargely non-nervousongin, and have demonstrated
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oxidation by brain, amine oxidase, trypsin, lecithinase andcepha-
linase are all unaffected even by high concentrations of TOCP.
Hottinger and Bloch (1943) had earlier shown that serum alka-
line phosphatase and pancreatic lipase are also insensitive.

FHYSIOLOG]CAL FuNcTIONS OF THE CHOLINESTERASES
The evidence, obtained both from distributiqn studies in the
nervous system and in muscle and from observations on the
effects of anti-cholmesterases, is strongly in favour of the view
that the true cholinesterase is concerned with the inactivation of
physiologically released acetylcholine at motor end-plates and
at synapses, both peripheral and central. When the actwity of
this enzyme is prevented, signs attributable to acetylcholine
accumulation in the tissues develop. The true cholinesterase of
the central nervous system must, however, be inhibited to a
very considerable extent before any effect can be observed in
the living animal (Mazur and Bodansky, 1946; Koelle and
Gilman, 1946b; Nachmansohn and Feld, 1947). Since more than
8o per cent inhibition must be brought about before sigas are
apparent, it would seem that there 1s normally present an ample
margin of cholinesterase activity in the central nervous system.

Nachmansohn and his colleagues (sec Nachmansohn and
Wilson, 1951) have put forward the theory that acetylcholine is
involved not only in synaptic transmission but also in the con-
duction of the nerve impulse along the nerve fibre. True cholin-
esterase is certainly present in the nerve as well as at nerve end-
ings, and they have suggested that its function in the nerve fibre
is essentially the same as that at the nerve-ending. This theory
has, however, been criticized, and it is not possible here to
review the arguments for and aganstit.

The position with regard to the part played by the pseudo-
cholinesterases 1n phystological processes 1s obscure. It has been
repeatedly shown both in ammals and in man that the serum
cholinesterase can be almost completely inactivated by DFP
without the development of any significant symptoms (Mazur
and Bodansky, 1946). Hawkins and Gunter (1946) have found
the same absence of signs of acetylcholine accumulation after
inkibition of the serum enzyme by Nu683; they have also stated
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that the choline acetylase activity of this organ is not dependent
on the presence of nerve fibres, the highest activity in any part
of the wall being present in glandularis mucosae, Ord and
Thompson {1950a) found that the level of pseudo-cholinesterase
in intestine muscle and mucosa is very high, and Feldberg
(1950) has suggested that this largely non-nervous acetylcholine
metabolism of the intestine may be responsible for stimulating
both the spontancous contractions of the gut wall and the
secretion of the succus entericus. Although we have no proof as
yet, it secms possible that such a ‘local hormone’ conception
(see Burn, 1950) of the role of acetylcholine might represent2
widely distributed non-nervous mechanism for the stimulation
of cells, and that pseudo-cholinesterase might in certain situ-
ations be the hydrolysing enzyme concerned with this local
function.
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The Metabolism of the Adrenocortical
Hormones

G. F. MARRIAN

INTRODUGTION

INcE the discovery by Hench, Kendall and their co-
Sworkcm (1949) of the remarkable effects of cortisone in the

treatment of rheumatoid arthritis and certain related
diseases there has been such a spate of lectures on the adreno-
corticaf hormones that 1 almost feel that another lecture on this
topic should be prefaced by an apology! ‘The only excuse [ can
offer for what I am about to do is that the particular aspect of
this topic which I am going to talk about—the biochemistry of
the adrenocortical hormones—is one which I still find to be
absorbingly interesting myself—in spite of all the lectures I have
heard during the past few years.

1 must begin by reminding you briefy of a few facts concern-
ing the physiological roles of the adrenocorticat hormones and
their chemical nature.

Bilateral adrenalectomy is wsually fatal in experimental
ammals within one to two weeks, but before death certain
characteristic metabolic abnormalities may be observed, On the
one hand there are marked disturbances in the urinary excre-
tion of certain electrolytes. The excretion of Na* and Cris
greatly increased, and thus results in a decreased concentration
of these fons in the blood plasma and extracellular fluids, and
consequently there is a decrease 1n the volumes of both the latter.
‘The excretion of K* s, in contrast, diminished; and this leads to
an increase in the K* content of the plasma and extracellular
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fluids, and secondarily an increase in K+ in the cells. On the
other hand there are marked disturbances in carbohydrate
metabolism. The capacity of the liver to store glycogen is im-
paired, the rate of gluconeogenesis from protein is decreased,
and also, perhaps, the rate of carbohydrate utilization in the
tissues is increased,
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Bralogreally Active Steroids Isolated from the Adrenal Cortex

The lives of adrenalectomized animals may be prolonged and
these abnormalities in saft and carbohydrate metabofism cor-
rected by the daily administration of suitably prepared extracts
of adrenocortical tissue. If excessive amaunts of such extracts are
administered, even to normal animals, metabolic abnormalities
of the opposite nature may be mduccd-»x e, decreased excretion
of Na* and Ci-, and d excretion of K, i d gluco-
;xeogenesls from protein, and increased glycogen storage in the
ver.

Six different pure steroids have been isolated from adrenal
extracts each of which is active in respect to salt excretion and/or
carbohydrate metabolism,

Of these DOC is by far the most active in its effect upon salt




184 G. F. MARRIAN

excretion, while hydracortisone and cortisone have the greatest
effect upon carbohydrate metabolism. The two types of physio-
logical activity displayed by these steroids—towards salt excre-
tion on the one hand, and towards carbohydrate metaholism on
the other, can conveniently be called ‘mineralocorticoid’ and
‘glucocorticoid” activities respectively,

This is not the whole story of the active compounds in the
adrenal cortex. Many years ago it was shown that a high pro-
portion of the total activity of a crude adrenal extract remainsin
the amorphous fraction after as complete removal as possible of
the crystalline steroids. This unknown active factor in the amor-
phous fraction was shown to be more potent as a mineralo-
corticoid than as a glucocorticoid, and to be much less stable
than any of the six active crystalline steroids. Because of its
instability, perhaps, it stubbornly resisted all attempts made to
isolate it in a pure crystalline form. Recently, however, very
important preliminary work has been carried out in two fabora-
tories in London which suggests that we will soon know what the
active material in the amorphous fraction is composed of, At the
National Institute for Medical Rescarch, Bush (1952) has exam-
ined preparations of the amorphous fraction by paper chromaio-
graphic methods and has detected the presence of three sub-
stances in it which are probably steroids and which are probably
more highly oxygenated than even ¢ortisone or hydrocortisone.
One of these has been tested for glucocorticoid activity using the
cold-exposure test of Selye and Schenker (1938}, and has been
found to be very potent, ) "
carred out at the Middles . .
their co-workers (1952). -woe iy popee —omem oy .
methods they have detected a new steroid in adrenal extracts
which is twenty-five times more active as a mineralocorticoid
even than DOC, and like the unknown active principle in lh.C
amorphous fraction it is rather unstable. Curiously enough it
does not appear to contain the «f unsaturated ketonic grouping
possessed by the other active adrenocortical steroids. Whether

1 Later work by these authors indicates that thus new compound, 70w known a5
dleetrorortin, may after all be a A% -3-ketone, and may be even mote acuve a8 &
suneralocorticoid than was ongunally believed.
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this new mineralocorticoid is identical with Bush’s new gluco-
corticoid is not clear yet.

Aprenocornicat. Horsonss v Broon
The fact that a number af different physialogically active steraids
have been isolated from extracts of the adrenal gland does not
by itself, Justify us in labellmg them ‘adrenccartical hormones'.

Ah is a p! logically active sub secreted by an
endocnm: gland into the blnnd and accordingly we should only
apply the term *hormone’ to an active adrenocortical steroid if
it has been isolated from or detected in blood.

The question of which of the vanous active adrenocortical
steroids can strictly be regarded as hormones is not one which is
merely of Interest to those concerned with terminology. On the
contrary it is of very real physmlog;cal importance in cmmccnon
with the specul but most g theortes developed in
recent years by Selye of Montreal on the role of the adrenal
cortex in the aetiology of the so-called *diseases of adaptation’.
Selye {1949, b) has suggested that an umportant aettological
factor in such diseases is an abnormal adaptive response of the
adrenal cortex to prolonged stress, resulting in an alteration m
the normal balance between mineralo- and glucocorucods in
the secretion of the glands. In 1949 when this theory was ad~
vanced in its completed form there was no evidence to suggest
that diseases of adaptation were preceded or accompanicd by
any al jon w the make-up of the ad tical secretion;
in fact at that time nothing was known conceraing the nature of
the active adrenocortical steroids secreted by the gland into the
blood. Ny ily, therefore, this i g theory had to be
Jjudged, not as an actual contribution to knmdsdge, but rather
©n its merits as a stmulus to further research.

Dunng the past two years the prablem of the chemical nature
of the active adrenacortical steroids i in blood has been ntensively
studied in several different lab with UCCes
Nelson, Samuels and their co-workers (1950, x95l) at Salt Lake
Chty, using orthodox chemical isolatron methads and paper
chromatography, have shown with certainty the presence of
corticasterone and hydrocortisone n the adrenal-vein blood of
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dogs. They also belicve they have detceted hydrocortisone in the
peripherafblood of human subjects. Bush (1952) hasalsodetected
corticosierone and hydrocortisone in the adrenal-vein blood of
dogs, and also thesame new glucocorticoid which he had detected
in gland extracts; while Grundy, Simpson and their co-worhers
(r952), also working with blood from the adrenal vein of dogs,
have detected their new highly active mineralocorticoid.

All this is an excellent beginning, but I think it is no more
than a beginning, It is not improbable, in my opinion, that
when better methods have been developed for extracting biood
and for fractionating the extracts, the presence of other active
adrenocortical steroids may be detected; and it may be possible
to elaborate methods for the quantitative determination of these
steroids in the peripheral blood of human subjects so that Selye’s
theory can be put to direct experimental test.

Tie BIoGENESIS OF Tik ADRENGCORTIGAL HORMONES

The adrenal cortex does not contain any very considerable
reserve stock of its own hormones, but its capacity for syn-
thesizing these hormones rapidly is remarkable. Thus Vogt
(1947, 1951), in experiments in which she determined the gluco-
corticoid content of the adrenal-vein blood of dogs, has sh_oml
that the output of the gland per minute is nearly ten times
greater than the amount of glucocorticoid present in the gland
itselfat any one time.

The precursor of the adrenocortical hormones which is stored
in the glands and which can be rapidly converted into these
hormones is cholesterol, and the evidence leading to this con-
clusion is briefly as follows.

Sayers, Long and their co-workers (1944, 1946) showed nearly
ten years ago that the administration to experimental animals o
the adrenocorticotrophic hormone of the anterior lobe of the
pituitary (ACTH) is followed by a marked fall in the amount of
chalesterol in the adrenal glands, and a marked increasc in the
amount of glycogen stored in the liver. It was reasonable to
assume from these findings that on stimulation by ACTH the
adrenal glands had factured gl ticoids from choles-
terol in increased amounts and secreted them.
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More direat cvidcncc {or the formation of adrenocortical hor~

mones from cholesterol has been ob d in recent years by
Hechter, Pincus and khcu' co-workers {1951, 1952) at the
Warcester Foundation in M t These workers per~

fused xsolaced beef adrcnal glands with bloed to wh.xch had been
added cholesterol taggcd at pcsixion 3 with radioactive 1C.
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Suggested Roule for the Formation of the Adrenccorticat
Hermones from Chotesterof

Using chromatographic methads they were able to show the
presence in the adrenal effluent of corticosterone and hiydro-
cortisone both of “hxch were found to contam significant

of’ Their expert would seem to pro-
vide cl t proof that chol I can be degraded i the
glands to the adrenocortical hormones, but they do not exclude
the ibility that like chol 1 itself these hermones may

also be synthesized in the glands directly from 2-carbon frag-
ments,

The same group of workers have also been carrying out ex-
periments perfusing a variety of different sterods through iso-
lated adrenal glands in order to gain some insight mto possible
intermediate stages in the degradation of cholesterol to the
hormones.
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Their findings are compatible with the idea that the side-
chain of cholesterol b oxidized away to give pregneno-
lone; that the latter is then further oxidized to progesterone,
which then undergoes hydroxylation at position 21 to give DOC,
at positions 21, 17 and 11 to give hydrocortisone, or at positions
21 and 11 to give corticosterone, The hormones with ketonic
groups at C-11 were also found in their perfusates in much
smaller amounts than the corresponding ri-hydroxy com-
pounds, and accordingly they suggest that the latter are the
primary products while the 11-keto compounds are secondary
ones formed by the oxidation of these.

By carrying out perfusion experiments both with and without
added ACTH the Worcester Foundation group have attempted
to find out at which stage in the series of reactions ACTH acts.
Their present view is that it stimulates the degradation of
cholesterol to pregnenolone or progesterone, and probably plays
no part in the subsequent hydroxylations. There is, however, 2
serious difficulty about accepting this view unreservedly as they
themselves realize. There is good reason to believe that pro-
gesterone is formed in the corpus luteum from cholesterol and
that pregnenolone is an intermediary in this process. If ACTH
stimulates the formation of pregnenolone and progesterone from
cholesterol in the adrenal, why does it not also act like luteo-
trophin in stimulating progesterone secretion by the corpus
Iuteum? This is not an unsuperable difficulty, but it seems to be
avery real one,

During the past two years much has been learned about the
enzyme systemsin the adrenal cortex responsible for the hydroxy-
lation at C-11. This system appears to be located in the mito-
chondria (Sweat, 1951} and washed preparations of adrgnﬂ'
cortical mitochondria will effect 11-hydroxylations of various
steroids with considerable efficiency in the presence of the right
co-factors. Mg ions are necessary for the system and also fuma-
rate or some other component of the tricarboxylic acid (:)’Cl.e
such as malate. Apparently the ri-hydroxylation system i
coupled in some way with the tricarboxylic acid cycle. i

One of the most interesting of all the biochemical problemsin
connection with the adrenal cortex—an unsolved problem, 1§
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that of the rale of ascorbic acid in the biogenesis of the adreno-
cortical hormones,

It has been known for over twenty years that large amounts of
ascarbic acid are concentrated in the adrenal cortex, and Sayers,
Long and their co-workers (1944, 1946) in their work on the
effect of ACTH on the adrenal cholesterol obsexved that the fall
in adrenal cholesterol was preceded by a marked fall in the
adrenal ascorbic acid. The effect of ACTH in causing a rapid
fall in adrenal ascorbic acid has, of course, been amply con-
firmed since, and it forms the basis for the well-known Sayers
method for the dardization of AGTH preparations,

Since ACTH administration causes a fall in adrenal ascorbic
acid and cholesterol and an increased secretion of adrenocortical
hormones, it was thought at first by many that ascorbic acid
smight be a necessary part of the oxidation system which converts
cholesterol to the hormones. The evidence, most of which is
indirect, on whether ascorbic acid is necessary for the biogenesits
of the adrenocorgeal hormones is conflicting, boweves. ALl this
evidence cannot be discussed in detail now, butsome of 1t must be,
sinceithas recently givenmise tosome very il peculation.

Before 1 go on to discuss this evidence ¥ must digress at some
Jength o say something about the stercids of adrenocortical
origin which are excreted in the urine. These are of various
types and they may be classified as follows according to the kind
of side chain which they have at C-17.

L CHOH Unchansed ad . "
hydrovortsene and perhaps others Alo partial

‘i‘“ reuction produts of these 31 which the o@ ua-
saturated hetone grouping in rng A has been fully

#Hos QR roarty reduced.

PN
i QH,0H Asabove, but with the C-20 ketone group reduced

oH
é. Hor OH
A~

Steroids of these types on oxidation with perivdic acid yield
fortna\de‘nydcfmm theterminal —CH,OH of the side chan, and
their amounts in urinary extracts can be roughly determined by
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oxidation of extracts with periodic acid and colorimetric deter-
mination of the formaldehyde evolved.

The methods for the quantitative determination of such
‘formaldchydogenic’ steroids in urine are very far from satis-
factory, but bad though they are, there is ample evidence that
they provide a rough means of assessing the secretory activity of

the adrenal glands.
1ii, and iv. X
CH, CH, Formed from the adrenocortical
i hormones by complete reduction
C=0 and CHOH at G-21. Alsa perhaps secreted as
such by the adrenals.
C..HorOH C...Hor OH
N VAN
v. o The 17-ketosteroids. [n men the unnary 17-keto-
steroids are partly derived from the adrenaf cortex
and partly from the testes. In women they are
wholly denved from the adrenal cortex.

The adrenocortical 17-ketosteroids probably originate by the
metabolic oxidation of the side chain of the 17-hydroxycortico-

steroids CH,OH

and may also be secreted as such by the glands.

The methods for the quantitative determination of the 17-
ketosteroids m urine are fairly reliable and they provide a good
means of assessing the secretory activity of the adrenal gland.

We can now return to consider the problem of the role of
ascorbic acid in the biogenesis of the adrenocortical steroids.

Using guinea-pigs, which are the only animals other than
primates which cannot synthesize their own ascorbic acid, Nadel
and Schneider (1952a, b) have recently attempted to find out
whether ascorbic acid is or is not necessary for the biogenfsls of
the adrenocortical steroids, by following the daily excretion of
formaldehydogeme steroids while the animals were fed on an
ascorbic acid-free diet. Their findings were surprisin_g, because
after about 20-25 days on the diet, when the animals had
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developed marked symptoms of scurvy, the daily excretion of
fomnldchydogcmc substances had signtficantly increased. This
increase wa.saﬁ\cfc’.d one, and therefore although the method
for d g formaidehydogenic steroids is admittedly bad,
these is no doubr that this inerase is yeal, Fusthermore Nadcl
and Schneider showed that the additional formaldeliydogenic
substances excreted had the properties of hydrocortisone,

At about the same time Clayton and Prunty {1951), also using
guinea-pigs, showed that the 17-ketosteroid excretion greatly
increased after prolonged feeding an an ascorbic acid-free diet.

There are now, therefore, two independent pieces of fawly
direct evidence indicating that when the adrenal glands are
depleted of ascorbic acid their secrctory activity ss not, as one
might have nnucxpatcd decreased, but on the contrary very
markedly inereased. 1t is relevant here to recall that it has been
!mown l‘or many years that in scurvy the adrenal cholestem! is

ished in amount ajthough the glands th fues
enlarge; and accordingly 1t might almost be supposed that the
role of ascorbic acid in the adrenal cortex is not to aid in the
formation of the adrenocortival hormones from cholesterel, but
xather to put 2 brake on this process yn order to prevent it pro-
ceeding too rapidly. This interesting specalation was recently
put forward by a colleague of mine at Edinburgh, Dr. Peter
Meiklejohn, and ¥ would hike to carry it a stage further by sug-
gesting that concervably the role of ACTH might be to combine
with or inactivate in some way the adrenal ascorbic acid, thus
lowing the breakd of chol 1 10 adr ical hor-
mones ta proceed more rapidly.

Recent Proress a4 THE QUANTITATIVE DETERMINATION OF
THE URINARY ADRENGCORTICAL STEROMDS

In the whole of clinical chemistry there is 5o problem more
urgently in need of solution than that of devising really satis-
factory methods for the quantitative determunation in urine of
adrenocortical steroids other than the x7~kcmstemids. Time
will 510t pernnt me to discuss thus problem in any detail, but 1
want 1o concluda by referring briefly to two recent contributions
sn this field which I behieve may be tmportant.
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The greater part of the adrenocortical steroids in urine are
present not in the free state, but conjugated with glucuronic
acid, and perhaps also with sulphuric acid. As a necessary pre-
liminary to the extraction of these steroids from urine and their
subsequent determination the conj have to be hydrolysed
and this is where the chief difficulty lies, since it is known thata
considerable fraction of the biologically active and formalde-
hydogenic steroids in urine becomes destroyed if the usual pro-
cedure for the hydrolysis of steroid conjugates—boiling the.
urine with acid—is employed. Many workers have in the past
attempted to avoid this destruction by hydrolysing the conju-
gates with acid at room temperature. This is a most inefficient
procedure, however. A better method of hydrolysing these con-
jugates is by incubating the urine with preparations of the
enzyme p-glucuronidase—an enzyme specific for the hydrolysis
of p-glucuronides. The optimum conditions for the enzymi
hydrolysis have not yet been fully worked out, however, andm
any case it is doubtful if this method could be readily adapted to
the needs of the routine clinical chemical laboratory.

Brooks and Norymberski (1952) have recently found t!\at all
G,; 17-hydroxyadrenocortical steroids yield 17-ketosteroids on
oxidation with sodium bismuthate

CH,OH CH,0H
C=0 or (fH~0H or or
c. .on "¢ on
VAN
CH,
| Na bismuthate
CHOH _— o
ol - 1
C..0H /c\
. 17-ketosteroids

and they have successfully applied this reaction to the determind-
tion of such steroids in urine. The oxidation 1s carried outon the
untreated urine, and the 17-ketosteroid conjugates thus formed
are then hydrolysed in the usual way by boiling with acd. In
this way they avoid the difficulty of destruction of the Ca
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steroids by hot acid, On another sample of urine an ordinary
determination of the 17-ketosteroids is carried out, and the
differencein the two valuesgives themafigurefor the r7-hydroxy-
steroids—i.e. what they term the *17-ketogenic steroids’. This
is an ingenious way around the hydrolysis difficulty, and the
methed should be a useful one for routine purposes.

Another useful method has recently been devised by Tomp-
sett. He has found that whereas cortisone is rapidly destroyed by
hot acid, DOC is comparatively stable; and on the basis of this
finding has worked out a method employing hot-acid hydrolysis
for the determination in urine of the acid-stable ‘DOC-like’
formaldehydogenic steroids. This method has yielded interesting
tesults when used as an experimental tool by Stewart, Robson
and Tompsett {1952). Applying the procedure to the urine of
human subjects they have recorded normal values of ‘DOC-like’
substances of about 5 mg, per 24 hours, and they have found the
values to be very greatly increased when the subjects were put
on a salt-free diet. Evidently the ‘DOC-Iike’ substances they are
determining are steroids spearfically related to salt metabolism,
and this work provides fresh evadence that the adrenal cortex
does secrete specific mincralocorticoids.

Unpublished work carried out recently by Mrs. Eileen
Michie and myself on a whole seres of different C,, adreno-
cortical steroids, including cortisone, hydrocestisone, DOC,
and Reichstein’s *S, indicates gquite clearly that instability to
kot acid depends upon the presence of a 17-hydroxyl group: the
17-deoxy compounds appear to be reasonably stable to hot acid.
It may be assumed therefore that Tompsett’s method specifi-
cally detesmines sterords which hike DOC are 17-deoxy ones.

These two new methods, in which the difficulty over the hydro-
lysis of conjugates in urne 1s not overcome, but dodged, have
provided us with simple proceduresfor the determinationin urine
of all C,, 17-hydroxysteroids on the one hand, and for the
formaldehydogentc 1 7-deoxy stexoids on the other.t

? Since wnting the abos £ the present authors (Marrsan and Atberden, 1g53) have
provided evidence to snditate that the hot acid-stable formaldehydogerue sub-
stances of Tompsett are artefacts formed from 17-hydroxysterods rather than
17-deonysterords as the latter believed

o



194 G. F. MARRIAN

REFERENCES

Brooxs, C. J. W. and NorvMpersn, J. K. (1952). Chem. & Ind. 80,

Busu, J. E. (1952), Bichem., 7. 50,370,

Cravron, B, E. and Prunty, F. T. G. (1951). Brit. med. F. 36,92, 7

Grunny, H. M. and Siveson, 8. A. (1952). Nature, 169, 795-

Grunpy, H. M., Supson, S. A., Tarr, J. F. and Woobroro, M. (1952).
Acta Endocrinol. 11, 199.

HecHTER, O., ZAFFAROM, A., JacosseN, R. P., Levy, H., Jeasoz, R. W,
SCHENKER, V. and Pineus, G. (1951). Rec, Prog. Horm. Res. 6,215.

Heentzr, O. M, (1952). ‘Adrenal Cortex’, Trans, Third Conf. of, Josiah
Macy Foundauon, New York, p. 1135,

Henen, P. 8., Kennatr, E, C., Stocums, N, H. and Porcey, H.F. (1949
Proc. Mayo Clin. 24, 181.

MaRrRiAN, G. F. and ATuENDEN, S, M. (1953). Acta Endocnnol. 13, 265.

MeikeEjony, A, P, Personal communication.

NapEL, E. M. and Scunemzr, J. J. (1952a). Fed. Proc. 11,263,

Nabez, E. M. and S J.J. (1952b)}. Endoctinol. 51, 5.

Nerson, D, H., Retan, H, and Samvers, L. T. (1950). Saence, 111, 578

Netsow, D, H , Sawvers, L, T., Wirtarosox, D. and Tvies, B H. (1950
F. chn. Endocrinol. 11, 1021,

Netson, D. H , Samuets, L. T. and Rescu, H. (1951). Proc. 20d Clin. ACTH
Conf. 1, 49.

SavERs, G., SAYERS, M. A, Fry, E. G., Wartz, A, and Loxo, C. N.B-
(1944)- Yale § Biol Med. 16,361,

SavERs, G., SAYERS, M. A., Lewss, H. L. and Loxg, C. N. H. (1944). P
Soc. Exp. Biol Med. 55, 238.

Savums, G., Savess, M. A, Luaxc, T-Y. and Loxa, C. N. H. (1946). End-
crinol. 38, 1.

Sevve, H. and SCHENKER, V. (1938). Proc. Soc. Exp Brol. Med. 38,518

Sevve, H. (19493). Brit med. J., 1, 1129,

Sevve, H. (1949b). Practitioner, 163, 393. "

Stewart, C P., Romson, J. S. and Tomesert, S, L. (1g52)- 11° Congres
Internat de Brochem., Resumés des Commumeations, p. 138.

Sweart, M. L. (1951). J. Amer Chem Soc. 73, 4056.

Ta, ]. F., Siupson, 3 A. and Grunpy, H. M. (1952) Lancet, 1, 122

TompseTT, S. L Personal communtcation.

Voor, M. (1947). F- Endocrinol 5, Ivu.

Voot, M. (1951}. J Physiol. 113, 129,




X1

Biochemical Genetics

A. NEUBERGER

of natural science; 1t is rather a bmdcrland with il

defined bound where the icist and biochemist
meet. However, the frequent wse of the termy emphasizes the
importance of biochemical techniques to the modem geneticist
and the value of a genetical approach to the biochemist, It is
hoped ta illustrate both these aspects in the present lectuse.

In the classical phase of the development of geaetics a purely
formal theory was developed by Mendel and no definste assump-
tions wete either made or required about the physical or chemi-
cal nature of hereditary factors or genes. These genes, which
may be defined as the irreducible units or *quanta’ of inheri-
tance, were during the early development of genetics purely
mental coneepts. In the second or eytological phase of geneticy
it was reabized that genes must be associated with certain strue-
tures 1n the cell nucleus and soon convinang :vidcnce was pro-

oncuzuwnL GENETICS 15 not an independent branch

duced that these hereditary units are ined mainly or ex-
c!usx\ ely n the chmmcsumcs. However, even chromosomes are,
lex structures, ining a variety of

compounds such as pmtcms, nucteic acid and other substances.
It 15 2 reasonable supposition that not alf these substances are
closely connected with the action of genes and 3t ean be postue
lated that differences iz gene action will be reflected s cherical
differences 1n molecular structure of the genes. In thas third and
eontemparary phase an attempt is being made 10 define the
chemical nature of genes more closely and to establish by
chernical and physical methods how the gene controls those
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characteristics of living systems, the inheritance of which is the
subject of investigation by the geneticist.

The study of gene action has produced another point of con-
tact between the biochemist and geneticist, The latter used to
examine the inheritance of such characters as eye colour or
flower pigments, using purely descriptive terms. This method
has often given satisfactory results, whilst in other cases the com-
plexity of the phenomenon has defied analysis by an exclusively
descriptive or morphological approach. More recently it was
realized that pigment changes, for example, must be due to the
occurrence of well-defined chemical reactions, and a study of
these chemical changes has led to the working hypothesis that
genes control, in an, as yet, unspecified manner, a particular
step in a biochemical reaction chain. This approach has been
particularly fruitful in microbial genetics, but it has also been
responsible for many interesting advances mn our knowledge of
the genetics of higher forms of life.

The biochemist mainly interested in metabolic or even
nutritional phenomena has in turn also benefited from his con-
tact with genetics. In the first place, he has learned to realize
that the potential capacity of an organism to perform certain
chemcal reactions is primarily determined by genetic fa.ctori-
Changes 1 environment may bring about a great increase in the
production of certain enzymes (‘enzyme adaptation’) bUt‘DﬂlY
within the framework of the genetically determined potential o}'
the spectes. Thus the
essential amino-acids ¢
mined by genetic factor.. v . .. . .
the biochemust with very useful tools for studying metabolic
mechanisms. Thus, as will be discussed later, the investigation of
naturally occurring mutations i man has helped us towards 2
better understanding of the metabolism of aromatic amiBo-
acids, and the study of artificially produced mutations 1
Drosophila and particularly in the fungus Neurospora has openc
up new lines of research in the metabolism of a great vartety of
compounds.
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ALCAPTONURIA

The carly history of biochemical genetics is closely linked with
the initial stages of development of general genetics in this
country, and is particularly associated with the name of a
clinician, 8ir Archibald Garrod. Garrod, whe at that time was
on the staff of St. Bastholomew's Hospital and akso on that of
Great Qrmond Street, bccamc much interested, about 18g8, in
a rare metabolic ab Y, ia. In this condstion a
urine is excreted which has strong reducing properties and turns
black on standing in air. The substance respensible for this
behaviour, homogentisic acid, had been isolated, analysed and
characterized by Wolkow and Baumann (1891) as hydro-
quinone acetic acid. Garrod produced evidence that, although
diagnosis may not have been made untl adolescence, the con-
dition in his and other cases was probably present from birth,
He also emphasized in a paper which he gave in 18gg the fact
that alcaptonuria frequently occurred i several members of 2
famxly, usually brothers and sisters, an observation already made
in 1886 by another English physician, Kurk {see Garrod, 18gg).
Tt was also noted that the parents ave usually apparently normal.
In 2 second paper (xgoza), Garrod drew attention to another

the high frequency of first-cousin marriages
amongs: parents of a)cap:onuncs as compared with the fre-
quency of first-cousin unions in the general population. At that
ume Mendel’s discoveries, which had first been announced in
1863, were still unknown m Great Bntaw, although they had
come to the notice of Conumental biologists through the almost
simultaneous pubkcation 1 1900 of three papers by de Viies,
Correns and Tschermak respectively. However, Wilham Bate-
som, fater Professor at Cambridge, reabized the mmportance of
the rediscovery of Mendel's principles and in 1902, 10 a report
which he made (with Miss E. R. Saunders) to the Evolution
Committee of the Royal Socrety, pointed out that Garvod's
findings can be readily explained by Mendel’s work. He sug-
gested that aleaptonuria was due to the action of a rare, abnor-
mal gene which in the heterozygous form produced no apparent
symprams Thus each of the apparently normal parents carried
one normal and one mutant gene and 25 per cent of thewr off
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characteristics of living systems, the inheritance of which is the
subject of investigation by the geneticist.

The study of gene action has produced another point of con-
tact between the biochemist and geneticist. The latter used to
examine the inheritance of such characters as eye colour or
flower pigments, using purely descriptive terms. This method
has often given satisfactory results, whilst in other cases the com-
plexity of the phenomenon has defied analysis by an exclusively
descriptive or morphological approach. More recently it was
realized that pigment changes, for example, must be due to the
occurrence of well-defined chemical reactions, and a study of
these chemical changes has led to the working hypothes:s that
genes control, in an, as yet, unspecified manner, 2 particular
step in a biochemical reaction chain. This approach has been
particularly fruitful in microbial genetics, but it has also been
responsible for many interesting advances in our knowledge of
the genetics of higher forms of life.

The biochemist mainly interested in metabolic or even
nutnitional phenomena has in turn also benefited from his con-
tact with genetics. In the first place, he has learned to realize
that the potential capacity of an organism to perform certain
'

within the framework of the gcn\etica'lly determined p’otenual ulf

Lo R . .
the biochemist with very useful tools for studying metgbohc
mechanisms. Thus, as will be discussed later, the investigation of
naturally occurring mutations tn man has helped us towards &
better understanding of the metabolism of aromatc amino-
acids, and the study of artificially produced mutations m
Drosophila and particularly m the fungus Neurospora has opened
up new lines of research 1 the metabolism of a great vanety of

compounds.
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feeding a variety of such compounds it should be possible to
establish a reaction sequence which should appear reasonable
on biochemical grounds. This has been done, and as a result of
many investigations it has been possible to suggest the bllowing
pathway (Fig. 1). In the first step phenylalanine is converted to
tyrosine; the latter is then de-aminated 10 a keto acid. The next,
also omdative, step is, chemically speaking, pecubar: it conssts
of the probably sinltaneous introduction of a second hydroxyl

;TH o SooH CH COOH
0% e = O™

by

PHENTLALANING TYROSINE

_9“00—«,:0 caon ~,>

acis 28 ACID

cul €0 - CaoH
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o', Aen, coan 7 . e

HOMOGENTIZEC ACTID
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group in the benzene ring and a mugration of the side chain toan
adjacent position n the ning. This is {ollowed by decarboxyla-
tion to homogentisic acid. All these seactions which were
originally postulated mainly on the basis of results obtawned with
alcaptonurics, have been amply confirmed by recent work using:
either isotopes or isolated enzyme systems. Thus the concept that
alcaptonuna represents a genetic block has been proved. It fol-
lows {rom this sdea that the gene involved acts i some way on
the enzyme lysing the further bol

acd, by «onuroling either the formation of the cnzyme or the
activity of the enzyme 10 some manner, a3 yet unspectfied. This
general wdea 1 mmplicit in many of Sir Archibald Garrod’s
writngs and constitutes probably his mast outstanding contri-
bution to biological thought, However, the full significance of
this concept was not realized untif after his death.
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spring should show the signs of aleaptonuria. As Garrod pointed
out later, the figure actually found is of this order. It is also
obvious that, at least with a rare reccssive gene, the influence of
guinity on the ifestation of the genetic abnormality
should be very marked. Garrod, in a paper in The Lancet which
appeared later in 1902 (1go2b}, fully accepted this interpreta-
tion and elaborated the wider implications of this d
tion of the effects of gene action on metabolism.

1 am giving some promincnce to alcaptonuria, partly because
research into this condition is so closely associated with the
foundation of biochemical genetics. But in addition, out of work
on alcaptonuria some concepts of wider application have dese-
loped which have become of increasing importance with the
passing of years, It was shown by Wolkow and Baumann (1891)
that homogentisic acid arises from phenylalanine and tyrosme,
and good evidence has been produced by many workers that,
when cither of these amino-acids is given in the diet, a completc
or almost complete conversion to homogentisic acid takes place
in the alcaptonuric, There are two possible explanations for the
occurrence of homogentisic acid in alcaptonuric urine. It may
be assumed that the breakdown of tyrosine or of the correspond-
ing keto acid to homog acid is a completely new reaction
which does not occur in normal individuals; this indeed was the
opwmnion expressed by Dakin (1g11) and Grutcerink and van det
Bergh (1907). The alternative view, adopted by Garrod, in kis
Croonian lectures given in 1908 and published later (rgog) 252
book, is that homogentisic acid is a normal product of inter-
mediate metabolism and one which can be further broken down
by normal individuals, but not by alcaptonurics. According 1
this interpretation, alcaptonuna represents a genetic block in a
normal biochemical reaction sequence. The concept was sup-
pdrted by two main lines of evidence. It is a necessary corollary
of the concept of the genetic block that normal individuals should
be able to metabolize homogentisic acid without difficuity and
this indeed is the case. Moreover, ail substances posmlated as
intermed: '
give rise
alcaptom . .




BIOGHEMICAL GENETICS 201

phenylalanine in the blood and in tissue fluids leads to toxic
effects, particularly in the brain, and this is indeed not unhkely
since an abnormally high intake in the diet of other amino-acids
such as methionine or glycine has been shown to be deleterious.
Alternatively, secondary products of the metabolism, such as
phenylacetic acid, may be responsible for the toxic symptoms
observed, especially if these substances have been present in the
body already during intrauterine life. A third possibility is that
the enzyme responsible for the conversion of phenylalanine to
tyrosine also catalyses the hydroxylation of an unknown sub-
stance to a product necessary for the normal function of certain
cortical centres,
AMINO-ACIDURIAS

Cystinuria is a condition that has been known for a long time.
As the name indicates, one of its important features is the excre-
tion of relatively large amounts of cystine. The presence of con-
siderable amounts of this very insoluble amino-acid in the urine
may give rise to renal calculi in predisposed subjects. It is of
interest that such a calculus was the source from which cystine—
hence its name—was first isolated 1n 1810 by Wollaston, a dis-
tinguished chemist who, though trained as a physician, made
outstanding contributions to the chemistry of metals of the
platinum group and thereby acquired a large fortune. It was
not until 18gg that cystine was shown to be formed by hydrolysis
of proteins.

The biochemistry of cystinuna 1s somewhat more complicated
than that of the conditions discussed so far. Garrod in his Inborn
Errors of Metabolism already pointed out that there 1s strong evi-
dence that the cystinuric can burn the sulphur of cystine to
sulphate; thus, if there is 2 metabolic block, 1t is not complete.
Moreover, substances other than cystine are excreted in exces-
sive amounts in the unne. Udransky and Baumann (188g)
demonstrated the presence 1n urine of cystinunics of two dia-
mines, putrescine and cadaverine which can be denved from
ornithine and lysine respectively. These findings have been con-
firmed by some workers, although many other nvestigators
looked for these diamines in vain. Butin 1912 Ackermann and
Kutscher 1solated lysine as jts monohydrochloride from the
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PHENYLKETONURIA
Another genetically determined abnormality which is caused by
a genctic block at a weil-defined stage in a biochemical reaction
sequence was discovered by the Norwegian scientist, Folling
(1934). He found that urines of certain mentally deficient
patients gave an intense colour with ferric chioride. He traced
the substance respousible for this reaction and identified it as
phenylpyruvic acid, the keto acid corresponding to phenylala-

with the excretion of the keto acid in the urine. It is known that
almost all amino-acids are in metabolic equilibrium with the
corresponding heto acids mainly through a transamination re-
action with glutamic acid or a-ketoglutarate, It is reasonable to
suppose that this reversible amination and de-amination be-
tween phenylalanine and phenylpyruvic acid occurs normally
in phenylkctonurics, but that the irreversible oxidation to tyro-
sine, the first step in the reaction sequence discussed above
(Fig. 1), is blocked. These individuals metabolize tyrosine nor-
mally, as would be expected on this basis. The substance present
in blood in excess 15 mainly the amino-acid which is filtered
through the glomeruli, but is reabsorbed by the tubules. How-
ever, a small amount of phenylalanine gets oxidized to the heto
acid and this acid is not reabsorbed, at least not to the same extent
as the amino-acid, and is therefore excreted in the urine, Another,
extremely rare, metabolic abnormality concerning aromatic
amino-acids 18 tyrosinosis, which has only been observed once
by Miss Grace Medes (1g32). In this conditron the further oxida-
tion of tyrosine or the corresponding ketoacid to 2 : 5-dihydroxy-
phenylpyruvic acid is apparently blocked.

One complicating feature of phenylketonuria 1s its invariable
association with a condition of high-grade mental deficiency.
The avatlable facts suggest that both the mental defect and the
metabolic ‘error’ are due to the action of the same recessive gene
and these multiple or ‘pleiotropic’ effects of the gene are some-
what difficult to explain. It is possible that the high level of
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are present in plasma—the quantities varying normally be-
tween about 0+3 and 4-0 mg. per 100 m}. The quantities excreted
in the urine of normal man are small, and values (per day)} may
Le between 10 and 25 mg. for different free amino-acids. It is
clear that only a small proportion of the amino-acids filtered by
the glomeruli ultimately appears in the urine and it can be
calculated that g5 to gg per cent of the plasma amino-acids are
normally reabsorbed by the tubules. No exact measurements
relevant to this problem have been reported, but it would
appear that in all cases of cystinuria, reabsorption of cystine still
occurs. Thus with a constant plasma level of 0-8 mg. of cystine
per 100 ml and an amount of plasma filtered through the
glomeruli of about 200 lL/day, the total amount of cystine
filtered per day is 1+6 g. The daily cystine excretion of cystinurics
vares between about o 4 and 12 g. It would appear therefore
that in cystinuria reabsorptian of cystine is only parﬁally re-
duced and the same is Iikely to apply to lysine and arginine. The

ion of increased of cystine and of lysine and
arginine suggests that these three amino-acids are reabsorbed by
the same hanism and that this 1 is not concerned

with the reabsorption of other amino-acids. The detailed bio-
chemical reactions involved in tubular reabsorption in general
are unknown, but it is certamn that such reabsorption is coupled
with an energy-yielding reaction which is presumably catalysed
by enzymes. It1s thus probable that the action of the gene under
consideration 1s on the enzyme or enzymes associated with the
transfer of these three amino-acids across a tubular cell surface
and that in cystinuna the activity of such enzymes is decreased
resulung in less efficient reabsorption,

It is not possible to deal 1n detail with other ammo-acxdunas
such as those d with h !
(Wilson’s disease) or the rather complex Fancom syndrome. In
these conditions, particularly in the Fanconi syndrome, the ex-
cesstve anuno-acid excretion in the urine is also of renal origin,
but in contrast to cystinuna, the urinary levels of all amino-
acids are abnormally ugh. These conditions are clinically com-
plex and defy at present a complete biochemical interpretation.

Before we leave ‘inborn errors of metabolism’, I should like to
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urine of a cystinuric and later Hoppe-Seyler (1933) obtained
relatively large amounts of another derivative of this amino-
acid. Yeh et of, (1 947) using microbiological methods reported
the presence of excessive amounts of cystine, arginine and Iysine
in th'c urine of eystinurics. More recently Dent and Rose {1951)
in this country, and Stein (1g51) in the United States, applying
modern chromatographic techniques due to Martin and Synge,
showvcd that the urine of cystinurics contains, apart from cystine,
relatively large amounts of lysine invariably and, somewhat
irregularly, of arginine; other amino-acids were found to be

NK |? NH; = %g )
&t ()~ COOH 50, N (CHI N,
Arginine Tetramethylenediaming
(putrescine}

~CO;
HiN—~{CH;);—CH(NH)~COOH ——— HeN~—(CH3)s—NH;
Lysine Pentamethylenediamine
cadaverine]

Fic. 2.

present in normal concentrations. It is thus possible that the two
diamines found occasionally in urines of cystinurics arise from

s egmg = e e
a number of amino- and diamino-acids in common’. 3
It is somewhat unhkely, in view of the structural dissimilarity
between cystine and lysine, that cystinuria should consist of the
type of metabolic block encountered, for example, in alcapto-
nuria. It occurred, independently, to various workers @ fﬂj’
years ago (sec particularly Dent, 1949) that this condition
more readily explained if it 1s assumed to be essentially renal in
nature. This was proved conclusively by Fowler, Harris ax{d
Warren (1952) who showed that the concentration of cystiae it
the blood of cystinurics was normal. The high concentration 12
the urine cannot therefore be due to a metabolic disturbance
in the usual sense, but must be caused by some derangement 0!

kidney function. ) .
Almost all the amino-acids obtained by hydrolysis of proteins
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is oxidized by an enzy plex to formylkynurenine, a re-
action first demonstrated by Knox and Mehler (1g50). In the
second step the formyl group is removed by another specific
enzyme present in mamimals in the liver, The resulting kynure-
nine is then hiydroxylated to give hydroxykynurenine which is
split to 3-hydroxyanthranilic acid by an enzyme containing
pyridoxal phosphate as a coenzyme. The mechanism by which
the latter is converted to nicotinic acid is still uncertain.

€O CH, CH COOH
. - 2
iITu} ot 00 s v
"y

L1 HR RO
TRYPTOPHAN FORMYLIYHRURERINE

S o cnacnvcooﬁ 3 <o CH, CH COOH
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It is impossible within the scope of the present lecture to pro-
duce detailed evidence for this chain of reactions, and I shall
have to restrict myself to the results obtained with NMeuwrospora.
Beadle and Tatum {for the earlier work, see review by Beadle,
1945 had been producing since 1942, by X-ray treatment or
less frequentdy by irradiaton with ultrasviolet light, a sesses of
‘nutnitional” mutants of Neuraspora which have become particu~
larly mreresting to the biochemist. The wild type of Newespara is
very madest in its growth requirements and does not need a
supply of aither nicotinic acid or fryptophan in its medium.
However, after X-ray treatment several strains were obtained
which did not grow on o simple medium, but required nicotinic
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say something about the formal genetics of these conditions.
Phenylketonuria is definitely homozygous, i.e. it is due to the
operation of a recessive gene, and so are most cases of alcap-
tonuria, There are, however, a few reports in the literature,
albeit not well documented with respect to biochemical findings,
suggesting that another genetic type of alcaptonuria exists which
is due to the operation of a dominant gene. Cystinuria has
generally been considered to be caused by a recessive gene, but
according to a recent paper by Dent and Harnis (1951) ths
seems less certain, It is possible that cystinuria is a heterozygous
condition with incomplete manifestation or that genetically two
types of cystinuria exist. The genetical, climcal and biochemical
analysis of the Fanconi syndrome and allied conditions is more
complex and this syndrome is most likely to represent a hetero-
geneous mixture of various deficiencies of renal reabsorption.

TryprOPHAN MEeTABOLISM
A field of biochemistry in which the application of genetic tech-
niques together with more conventional biochemical methods
has produced striking advances is the metabolism of tryptophan-
1t has been known since its discovery by Hopkins and Cole more
than fifty years ago that tryptophan is an essential constituent of
the diet for mammals and it was generally assumed that it was
mainly or exclusively required as a building stone of proteins.
In 1945 Elvehjem and his colleagues in Wisconsin showed ﬂ"lﬁt
tryptophan had a second and an important nutnitional function
which consisted in being a precursor of nicotinic acid. The rather
complicated chemical reactions which bring about this conver-
sion have been clucidated by the use of a great variety of
methods, but the application of mutant strains of the bread
mould Neurospora crassa has played a most valuable part. These
investigations are important in two respects. In the first place
they have demonstrated m nterplay between two groups of
essential dietary constituents, viz. amino-acids and at least two
vitamns, pyridoxin and nicottme acid. Secondly, they have
shown that the metabohc pathway of tryptophan is on the whole
sinular in mammals, msects, moulds and bacteria. The main
series of reactions is shown in Fig. 3. In the first step tryptophan
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substitutionof a normal gene by ity mutant alleleisassoctated with
the apparent failure of a definite chemical reaction to take place
and frequently with the accumulation of a substance which
occurs immediately before the *blocked’ step in a sequence of
reactions, There is the further important point that, at least with
nutritional mutants, substances which are put in the postutated
reaction scheme before the *blocked” step, are not utilized, whilst
substances which are placed after the ‘genetic block' are active.
These findings led Beadle in 1945 to put forward the hypothesis
that there is a unique correspondence between genes and ¢n-
zymes. He assumed that each gene acted specificaily on one
enzyme and that a loss of a gene necessanly leads to the loss of
the corresponding enzyme. This stimulating and attractive
hypathesis has been interpreted in various ways and it has even
been suggested that gents themselves are enzymes; but this
seens most improbable. More frequently it has been d
that enzymes are direct gene products, leaving thequestion apen
as to how enzyme synthesis is governed by the specific gene.
Anyhow, this hypathesis 1 its orginal form can no longer be
maintained, although 1t has been useful 1n interpreting so many
observations in biochenucal genetics,

¥t has been known for some time that mutant strains of Neuro-
spora could be produced which responded etther 1o tryptophan
or nicotinie aad. If o gevetic block is complete and if the
reaction sequence discussed above is correct, sach strams should
not exst. In order to explain these surpristng findings, Bonner
2nd his colleagues {see Bonner, 1g51) have carried out extensive
investigations using N as tracer. Thewr results have cleacly
shown that reactions which are apparently blocked, as shown by
fack of growth, can sull take place 1n the mutant strain to a
limited extent. Thus, mutants which are apparently blocked m
the synthes:s of tryptophan, can grow if sufficent mcotinie acid
iy supplied. These cannot synthesize enough tryptoph
to caver both the requirement for the amino-acid uself and for
wmicotime acid aswell Theobservation that certain strams respond
to either tryptophan or nicoumic acid is thus explamed. This
phenomenon of a quantitative rather than 2 qualitative effect of
genes on enzyme and which bas been termed ‘Yeakage’ indicates
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acid or one of its precursors. The results of a systematic analysis
of the nutritional requirements of these mutant strains werc
compatible with the hypothesis that each of these mutations
consisted of the loss of the capacity to carry out one particular
step in the reaction chain (see review of Mitchell, 1950). Thus
one strain for which the nicotinic acid requirement could be
replaced by tryptophan grew well on kynurenine, hydroxy-
kynurenine and hydroxyanthranilic acid. Another strainlabelled
N-3 was found to be unable to use kynurenine but could use
hydroxyanthranitic acid. Culture filtrates from this strain were
found to support the growth of another mutant, N-4. The active
substance accumulated by N-3 was isolated and identificd 25
N-acetyl kynurenine. N-3 obviously cannot hydroxylate kynure-
nine and accumulates the latter as acetyl derivative. Similarly
another stram, N-2, accumulated hydroxyanthranilic acid and
is presumably unable to carry out the further reactions leading
to nicotinic acid. .

Another example of gene action of tryptophan metabolism i
provided by the work of Kuhn and Butenandt, which has been
recently reviewed (Butenandt, 1952). In the wild race of Drost-
phila melanogaster and of Ephesta kuhniella (flour-moth) the eyes
are dark in colour and this colour is produced by the accumula-
tion of certain substances called omnochromes. Three different
genes at least are concerned in the formation of these pigments.
In one mutant strain, normal eye colour is obtained, if kynure-
nine is supplied and it scems certain that the ability is lost 0
convert tryptophan to kynurenine, But there is a a second gene
which intervenes at a later stage and controls the conversion of
kynurenine to hydroxykynurenine. The latter is further chang}d
10 another unknown product which is linked to a protein carner
and gives rise to the actual pigment. At least one gene is associ-
ated with this last stage. In this example genetic analysis t0-
gether with the use of biochemical methods has, at Ieast partly,
elucidated the mechanism of pigment formation.

‘ThE INTERRELATIONSUIP BETWEEN GENES AND ENZYMES
In alcaptonuna and phenylketonuria, 1n the examples given
of mutations in Neurospora and msects and many other €ases,
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of the mutant protein differs from that of the normal, leading
to a change of solubility which in turn is responsible for the
morphological changes. This 1mporlam finding indicates that
genes may have a direct effect on pmlem synthesis.

In conclusion it appears that there is close connection between
genes and the production and activity of certain protemns, parti-
cularly enzymes. The simple hypothesis that each gene controls
the production of one enzyme and conversely that the formation
of each specific protein or enzyme is catalysed by a special gene
is probably too simple. Many genes may act in this way, but the
available evidence suggests that in other cases gene action may
be more indirect. Only a combined attack using both chemical
and genetic methods is likely to produce further progress in this
interesting and important field.

Tue CuemicaL NATURE OF THE GENE

As already mentioned, convi logical evid was ob-
tained many years ago mdxcatmg that only chromosomes are
concerned with the transmission of Mendelian characters. This
soon suggested that the deoxynbonucleic acids (DNA) or
deoxyribonucleic acid-protein complexes, both of which are
found only in the nucleus and not in the cytoplasm, might be
identical with genes or form an important part of a more
claborate gene structure. Until recently, the relatively few ex-
perimental observations bearing on this point were somewhat
overshadowed by an extensive speculative literature. However,
in the last decade two important discoveries were made which
greatly strengthen the hypothesis that genes are structures con-
tamning DNA and that the latter largely determines the speci-
ficity of the gene.

Griffith (1928) had shown that non-encapsulated pneumo-
cocci could be made to synthesize a capsule of certain type
under the mnfluence of some substance in the capsulated pneu-
mococci. The change produced was permanent, ¢ tt was trans-
mtted to the descendants of the transformed orgamsms. In
1944, Avery, Macleod and McCardmy reported that this material
was a deoxyribonucleic acid and in 1945 Bowvin ef al reported

smular findings for certain strains of E. colt. The preparations of
b4
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that genes, whilst influencing or controlling enzymic reactions,
do not necessarily determine presence or absence of an enzyme.
Another observation is also relevant to this problem. Wagner
(1949) has described a mutant strain of Neurospera which is in-
capable of synthesizing pantothenic acid from @-alanine and
a-hydroxy f-dimethyl y-butyrolactone (pantoyllactone) (Fig. 4).
This reaction can be performed by the wild strain, It was found,
however, that extracts of both types of strain were capable of *

o
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promoting the synthesis of the vitamin from the two fragments.
In this instance the mutant gene definitely did not inhibit the
formation of the y in questi but p d it from
being active in zivo. The question as to how this gene affects the
action of this enzyme is sull open.

One of the most striking effects of gene action on molccul:n:

Lite womtacasasn s = aaws vaetms ] Neeasesavas avamnse mmisooh

amongst negroes. The anaemia which 15 quite severe occurs in
the homozygous condition whilst in the heterozygous state ﬂje
sickling trait is found. It was observed that the hacmoglobin it
the sickle-cell anaemia patients differs in isoelectric point and
solubulity but not in amino-acid composiion from narr'mlI
haemoglobin. It appears that the configuration or conformation
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The opinion is widely held dxat nbonuclcm acid, which is
found maialy in the cytopl fically cc d with
protein synthesis. If we accept thc hypolhcszs, discussed in the
earlier part of this lecture, that genes control the formation of
specific enzymes and if we also subscribe to the concept that
genes are dcmtynbcnuckxc acids or DVA-complcxes, 1t would
follow that DNA too is involved in protein synthesis. No direct
or conthusive evidence of the sole of either type of niucleic acid in
the formation of protens is yet available. Further progress in
dus ﬁcld is hkely to arise from the combination of chemical and

3 1 techniques; in the ime we may give way, within
reasom, to the temptation to speculate on these important topics,
largely in the hope that such speculations may stimulate the
design of further, conclusive, experiments.
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DNA used contained only minute amounts of protein and the
activity of the material was destroyed by the enxyme deoxy-
ribonuclease, There can therefore be little doubt that the action
of the extracts was due to the nucleic acid itself. More recently
Hotchkiss (1951) reported that resistance to penicillin in pnen-
mococci could also be transferred to non-sensitive strains by the
appropriate DNA-fractions, It is thus clear that a mutation can
be produced by a specific nucleic acid.

A unique correlation between quantity of chromosomal
material and amount of DNA per cell has recently been demon-
strated with the aid of a variety of analytical techniques. It was
first shown by Boivin, Vendrely and Vendrely (1948) that fora
particular species the amount of DNA per diploid cell was con-
stant, independent of the source of the tissue and twice that
found for the haploid sperm or egg. These findings have beea
confirmed and extended by many workers (see e.g. Mirsky and
Ris, 1949; Davidson and Leslie, 1950; Vendrely and Vendrely,
1949; Schrader and Leuchtenberger, 1950). Differences of DNA
content per cell between different species and phyla are some-
times quite large, but the values for the same species are rela-
tvely constant. Apparent deviations are largely explained by
the fact that many cells such as those of the mammalian liver are
polynucleate or that many nucle1 are polyploid, i.e. the pumber
of chromosomes per nucleus exceeds the diploid value, In other
cases such as the salivary glands of Drosophila each chromosome
is composed of a large number of threads or chromonemata
(‘polyteny’); but even so the correlation between DNA content
and number of chromosome threads appears to be maintau_lrd
(Kurnick and Herskowitz, 1952). This quantitative correlation
greatly strengthens the hypothesis that DNA 1s uniquely associ-
ated with gene action. It would be premature and possibly even
wrong to assume that the speaificity of genes is in all cases €0-
tirely due to deoxyribonucleic acid. But the facts so far esta}?-
lished suggest a umque role of DNA in gene action and specx;'
ficity; they also require a great complexity in !hc.slrucmrc o
DNA and particularly a variability m its composition or mntra-
molecular linkages. This concept is in accord with our more
recent knowledge of the chemistry of nucleic acids.
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Chromatography in the Study of
Amino-Acid Metabolism

C. E. DENT

 this lecture [ propose to deal first with amino-acid meta.

holism briefly and in a general manner. I shall lumit this to

information that has been obtained by an older but il
valuable method of analysis, namely for total x-amino-nitrogen.
This method gives one figure only representing all the aminos
acids added together. It tells us nothing of the level of individual
amino-acids in the fuid analysed I shall then describe very
briefly three of the new chromatographic metheds that have
been introduced in the last few years and which enable us for the
first tame to detect, wolate and determine guantitatively the
individual ammo-acids present in crude biological fuids Fin-
ally, I shall desenibe how these new methods hase been applied
to one small problem of practical and theoretical interest,
namely, 1o the excrenon of amino-acids in theunne.

Avvo-Acin MeTasouss

Fig. 1 summarizes the information obtained by ammmutmgm
assays concermng the fate of ami ds in the

orgamsm. It 1s 10 be noted that the main source of amine-~
nitrogen 1s m the form of dictary protemn. In the gut thus protein
18 broken down into its constituent 20 or so amuno-acids, The
enzymes which do this act with most remarkable speed and
efficiency, breaking down the protem piece by piece. The
gut wall appears to be impermeable to all but traces of the
more complex pepude fragments, so that most if not al} of the
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much faster than it can be absorbed. It is because this digestive
mechanism is so efficient even in severe disease states that there
is rarcly any advantage in feeding proteins in pre-digested
(hydrolysate) forms. Perhaps the most interesting mechanism is
that by which the cells take up amino-nitrogen from the sur-
rounding tissue ﬂuxds. ‘Thisis an active process reg umng energy,
for the amino-nitrogen is ¢ 5-10 times in the cell
presumably to facilitate protein synthesis and other amino-acid
reactions, Two further processes are also shown in Fig. 1. The
first is 2 small leak of amino-nitrogen from the blood into the
urine. It {5 so small, only comprising 1-2 per cent of the daily
intake of amino-acids, that I have shown the arrow as a dotted
tine. The sccond process is an important one that involves only
the pregnant female. It concerns the transplacental passage of
amino-nitrogen from the maternal blood into the foetus. This is
quantitatively interesting since the placenta appears to be able
to ‘pump’® amino-nitrogen from the mother into the foctus so
that foesal systemic blood has always a higher concentration
than maternal, In the human the foetal-maternal ratio is about
1'5~2°0, in guinea-pigs it is fivefold.

‘This brief scheme already can be related to certain matters of
clinical importance. In severe p ic fibrosis the p. ly
enzymes are lessened in amount and inefficient protein absorp-
tion may occur. A similar state of protein deficiency can occur in
severe diarrhoea, the malabsorption being due to the protein
and 1ts hydrolytic products passing too rapidly through the smail
intestine, In hver discase the liver cells cannot take up and
metabalize the amino-acids normally, in cancerous growth they
appear 1o do it too well. In toxaemia of pregnancy there is
some evidence that the pk i ami id pump is imparred
Finaily there are certain rare diseases (I shall say more of this
soon) characterized by an excessive loss of anuno-acids into the
urnne owing to the presence of a mall‘unctioning kidney. T must
stress however the grave ersars of assuming that the amino-
nitrogen ﬁgurc allows us to speculate far along these hines. It
does not. based on ami rogen deter
all assume that the amino-acid mixture compnscs all the com-
mon ids in fairly proportions, so that a
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absorptian into the portal blood is in the form of free amina-acids.
From here the amino-nitragen reaches the liver where some s
taken up by the cells while some passes through into the sys-
temic blood to reach the other tissues. When absorbed futo the
fiver and tissuc cells the amino-acids enter into the various

AR% + Amino-ogids Uwr Ccht Urea,
EF+ Extracatuiar thsue Tiuid Provsla Gucou e
{CF «Intracelulor tusve fuid f
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Tizaue Proteins

Fic. 1 Metabol i trogen in the mal, This
has been obtained by assays for total w.amino-mirogen.

reversible reactions concerning the formation of protein cone
stituents, In some sites however they are wreversibly meta-
bolized, the nitrogen forming urea and the carbon and hydrogen
atoms bieing burat eventually to carbon dioxide and water. Our
amino-nitrogen analyses tell us mare about the intereshng
detaile. Dunng a heavy protein meal the blood level, normally
about 4 mg per cent, rises only to about 6-8 mg per cent s0
cfficient are the tissue cells, especially t}'xose ot'. the liver, at re~
moving extra amino-nitrogen from the circulating plasma. The
gut contains ar higher concentrations, digesting the protein
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50 even if these small quantities of each amino-acid are present
together with relatively large quantities of many other com-
monly occurring substances (salts, protein, urea, glucose, etc.);
it must at the same time give a roughly quantitative estimate of
the amount present; it must detect hitherto unknown amino-
acids (if present) as well as known ones; finally it must obtain

3 - - . -

paper chromatography devised in 1944 by Martin and his co-
workers (Consden, Gordon and Martin, 1944). In this method
large sheets of filter paper are used for the analysis. The appara-
tus compnses a large airtight cabinet containing across the
upper part a long trough which is filled with solvent. One edge
of the sheet of filter paper dips into the trough, the rest of it
hanging down. This enables the solvent to soak slowly down the
paper. The process is shown diagramatically m Fig. 2. The
square represents the sheet of filter paper. Before insertion into
the cabinet the ammno-acid containing fluid 1s applied to the
paper at a point near one corner. In the example shown the
right edge is then dipped into the trough which contains phenol.
When it has soaked almost to the far edge of the paper it is dried
and reinserted with 1ts bottom edge into collidine solution. It is
again dried after the second solvent has soaked across the paper.
It is finally sprayed with ninhydrin solution and warmed. The
final chromatographic analysis is then revealed to us It com-
prises the sheet of filter paper which 1s now covered with purple
spots. Each spot represents microgram quantities of an amino-
acid, 1ts size and colour strength give a rough measure of the
amount present. Its final position on the paper indicates 1ts
identification, as under standard conditions each amino-acid
always migrates to the same position. I must mention in passing
that a smpler method using only one solvent and a strip of filter
paper can also be used However the comparative lack of speci-
ficity should be obvious from the diagram (Fig. 2). The four
amino-acids chosen separate well fram each other on the square
chromatogram. When however the same mrxture 15 run with the
same two solvents on strips of paper only, overlapping will occur
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doubling of the figure means a doubling of cach individual
aming-acid, Itis surprising in retrospect that correct conclusions
have 50 often been arrived at using such dangerous and unhkely
assumptions. We know now that the amino~acids must be con-
sidered as individual metabolites and not classed together as

irreplaceable by any other substances, Let us turn back to my
scheme of amino-nitrogen metaholism {Fig. 1). Surely protein
synthesis in the celf wall only be facilitated by an active cellular
concentrating mechanism for aming-acids if all the amino-acids
required for protein synthesis are equally concentrated? Simi-
larly the placental amino-nitrogen pump will only facilitate the
growth of the foetus if it pumps all the amino-acids equally,
Finally the smalf loss of 1-2 ber cent of amino-nitrogen in the
urine would be quite important to the ofganism if' 1t were all
derived from a single ‘essential amj id" such as methioni

T hope it is now cleay that for a further elucidation of the pro-
blems of amino-and metabolism new analytical methods are
requived. It is hardly surprising that we have been slow in
developing this field in comparison with, for wstance, that of
carhohydrate and fat metabolisn, The difficulties are immense.
Amino-acids never comprise more than a very small proportion
of the total solids of & biological fimd. Moreover 2l 20 or so of
them are always present together and since most of them have
almost identical chemical and physical properaes, the analysis
of individual constituents becomes almost beyond hope of -
achievement. Nevertheless these problems have been solved
recently by the use of chromatographic methods and I will now
proceed to a brief account of the commoner and more useful
technigues.

CrroMaToGRAPIIC Trcarmques

The first requircment of 2 more detasled approach to the stud')'
of amino-acid metabolism 55 2 good specific method of qualh
tative analysis The method must tell us which indiwvidual
amno-acids are present in any brological ﬂuxd;A it must do so
using only minute microgram quantities of materials, it must do
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chromatograms, the one on the left shows all the amino-acids as
revealed in the usual way, that on the right shows the same mix-
ture analysed in the same way except that a minute trace of
copper carbonate has been rubbed along the paper. This forms

)t with the i ids but not with ‘non-«’ ones.
The latter therefore are the only ones to survive this treatment.
‘When one is in doubt therefore as to the i ification of an

amino-acid which runs to a position close to both an ‘’ and 2
‘non-«’ amino-acid, the'‘copper trick’ readily cnablcs one to
differentiate betwcen them (Crumpler and Dent, 1949). There
are very many more methods of this kind.

Early work using paper chromatography showed t.hat many
amino-acids occurred in biological fluids whose beh could
not be matched by the known common amino-acids. A method
was therefore required to lsolate and punfy these compounds for
final idenufication by hemical methods. This difficult
task was largely solv cd in 1949 by Partridge and Westall using a
displacement chromatographic method with ion-exchange

say that it plays an essential role in studies of ammo-amd meta-
bolism, for speculation is worthless without in the first place a
full knowledge of the actual metabolites that may be present.
The final techmical requirement is that of an accurate quanti-
tative mucro-analysis of all the amino-acids present in a bio-
logical fluid. This has recently been provided for us by the
herculean labours of Moore and Stein (1951). They use an ion-
exchange resin in the manner of an elution chromatogram. The
fluid is poured on top of the column which is then eluted with
various buffered flwds at different pH’s. The amino-acids are
washed down the column in the form of bands, at different rates,
and therefore emerge separately one after the other from the
lower end of the column. An automatc drop counting device
collects small fractions of constant volume in the series of test
tubes, The tubes are eventually analysed colonmctnca.lly for
and a di drawn relating qauntity of
amino-nitrogen in each few ml of eluate. The diagram takes the
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and the mixture will appear to contain only two substances.
The amino-acid identifications are of course made by first deter-
mining the movements of known pure compounds and plotting
them on a reference map. About a hundred amino-acids have
been plotted to date in this way in our laboratory. Most of them

2

a0 O>
O
@)

if present in biological fluids can be identified simply by position
matching against the reference map In certain cases there 18
ambiguity on account of the closeness of the positions. Then
additional methods must be used. I show one of these, the
‘copper trick’, in Plate XV, Fig. 3.1 Here are two finished

1 The plates referred 10 1 the cowrse of this lectuse will be found at the end of
the book.
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We can now fulfil our requirements for a new approach to the
study of amino-acid metabolism. We can detect the individual
substances present, identify new compounds as and when found,
and finally we can determine the amounts of each quantita-
tively. Let us now give a few examples of the applications of
these methods. These examples have to be limited somewhat;
they will stress as much as possible general and medical pro-
blems, and they will have to deal mamly with the results of
paper chromatography since this 1s the only method that has
been available for a sufficient length of ime.

CHROMATOGRAMS OF Bopy Frums
1 shall now briefly consider some representative chromatograms
of body fluids. The first is an analysis of urine from a normal
human (Plate XVI, Fag. 5). With the volume taken here only a
few of the large number of amino-acids present are revealed as
spots. The strongest is that due to glycine, the weaker spots com-
prise alanine, glutamine, taurine, etc. The first thing to note is
that the chromatogram tells us not only what amino-acids are
present, but also their approximate relative proportions. It re-
veals a new world of scientific investigation. Furthermore the
picture can be memorized and i, to this extent, better than a
row of figures indicating exact quantities of amino-acid. Plate
XVI, Fig. 6 shows the picture obtained from human plasma. It
is to be noted that the picture shows an entirely different pattern
of spots from the urine chromatogram {Fig. 5). As these speci-
mens of plasma and unne were both taken from the same sub-
Jject at approximately the same time, it is clear that the kidney
must be the organ responsible for the change in pattern. The
next plate (XVII, Fig. 7) shows an analysis of cerebrospinal
flumid, the volume taken being the same as that of the plasma
previously. The pattern 1s again quite different, only one spot,
that due to glutamine, being of comparable strength to that
from plasma, all the other amino-acids bemng present 1n much
lower concentrations. Clearly cerebrospinal fluid cannot be a
simple ultrafiltrate of plasma. Plate XVII, Fig. 8 shows an
analysis of human sweat. This is a most interestng fluid rich in
amuno-acids, and with several differences from plasma, a unique
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form shown in Fig, 4. Each wave rcpresents each amino-acid.
Ttisidentified by the volume of eluate required to wash it out of
the column. It is determined quantitatively by the total of
amino-nitrogen present in the fraction. This method can deter-
mine all the amino-acids in a mixture on a microgram scale. It
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Fic. 4 Elution diagram of one of Moore and Stemn’s anuno-acid assays.

takes up to two weeks’ continuous running to complete an
analysis, but this is a small price to pay for such an accurate
specific method. The recoveries obtained by Moore and Stein
on analysis of synthetic mixtures have shown that a fugh order

of accuracy is obtamable.
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urine analyses have shown that other amino-acid patterns are
also found in normal people, always being constant in the given
individual, and always being formed from plasma of an appar-
ently normal composition. It began to look as if one's urine
amino-acid pattern were part of one's individuality hke one’s
fingerprint or other body constants. Such speculations have
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Fic. g, Diagrams of chromatograms from normal plasma (625 1) and
{from two normat unnes The size of the arcles gives some indication of the
strengths of the corresponding spots.

led to further work by Datta and Harris {1951) on animal
urine, Their analyses abundantly proved the thesis, Different
animals also excrete different urine anuno-acid patterns, each
pattern betng constant for the anumal. The few plasmas analysed
however were surprisingly similar 1 human plasma. This may
be dlustrated by three chromatograms from ammal unnes.
Plate XVILL, Fig. 10 shows the unme of 3 mouse This 1 charac-
tenized by a very Jarge excretion of taunne, the other amino-
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and spectacular one being the strong spot duc to citrulline.
Sweat is the only fluid so far investigated which contains such
high relative proportions of citrulline. We have no idea yet of
its function there.

T think it must be already apparent that the amino-acid
patterns of various body fluids may be quite different from each
other. This must largely destroy my earlier scheme (Fig. 1) of
amino-acid metabolism which was based only on determinations
of a-amino-nitrogen, The chromatographic studies tell us a
great deal more. Plasma, cerebrospinal fluid and sweat amino-
acid patterns are very different from each other, yet plasmas
from dufferent people, and, as far as has been investigated, from
other mammals, resemble each other fairly closely (as if they
constituted a true ‘milieu intérienr’). and the few facts so far
accumulated
except urine, - . . N
in particular that I shall devote the remainder of my lecture.

Amino-Acips 18 URINe
Fig. g shows diagrammatically the amino-acid pattern for plasma
together with the commonest urine pattern on the bottom left.
These patterns are the same as those photographed in Plate X VI,
Figs. 6 and 5 respectively On the bottom right of Fig. g however
1s shown another pattern characterized by the excretion of rela-
tively large quantities of an amino-acid present only in traces In
the first urine. This urine pattern has been constantly excreted
in the urme of one normal individual for at least four years. His
plasma 1s normal however. He must therefore have a different
kidney function from the other normal human 1n that the clgar-
ance for this ammo-acid is relatively higher. We were particu-
larly intrigued by the fact that we could not identify t}‘ns sub;
stance except to show by the ‘copper trick’ that it was a ‘non-¢
amino-acid. It had therefore to be isolated by the 1on-exchange
resin method and then analysed and characterized. It was shown
to be B-amino-isobutyric acid, an ammo-acid not previously
described from natural sources and of particular interest to the
biochemist because of its possessing a short branched carbon
chain (Crumpler, Dent, Haros and Westall, 1951). Further
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a new and important factor is introduced, namely, some of these
patterns are associated with more or less severe disease.

Plate XIX, Fig. 13 shows the urine amino-acid pattern of a
patient with the Fanconi syndrome, There is a large excretion of
very many amino-acids again ocurring in the presence of nor-
mal blood levels of total x-amino-nitrogen and of individual
amino-acids as determined ck »graphically. Here I
the abnormally high renal clearance of amino-acids, which this
implies, is associated with other signs of kidney tubule damage.
This is shown by the presence also of renal glycosuria, inability
to pass an acid urine or make much ammonia, and often also
defective tubular reabsorption of phosphate, water and potas-
sium, The patient gets rickets or osteomalacia as well as symp-
toms due to the other electrolyte defects. The urine amino-acid
pattern is as before constant under a wide range of dietary and
environmental conditions. We have some evidence also {Dent
and Harris, 1951) to suggest that the pattern is lifelong and may
therefore precede the onset of the clinical syndrome as if it were
very closely linked with the action of the abnormal gene which
the patient has inherited.

Plate XX, Fig. 14 shows the chromatogram from the urine ofa
patient who has been troubled by renal stones which on analysis
were shown to be made of cystine (Dent and Rose, 1951). The
large spot indicates the excessive quantity of cystine present in
the urine. There are however two more strong spots, one due to
arginine and the other to lysine and ornithine (which overlap on
the chromatogram). The lysine excretion is actually greater
than that of the cystine. Again we have a normal blood concen-
tration of amuno-acids but, as is not the case in the Fanconi
syndrome, there 15 no other kidney defect present unless the
patent has had complications from stone formation. Hence the
cystinuric is not to be considered as a diseased indivaidual, He is
better considered as a normal person who has a tendency to
stone formation Ifhe 1s lucky and gets only few or no stones he
will live as long and as normally as anybody else. The literature

is confused on this subject and the stone-forming cystimurics
have been i considered as suffering from the same
disease as those who have the Fanconi syndrome. The climcal
L3
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acids being relatively so much weaker as to be hardly visible.
Plate XVII], Fig. 11 shows the analysis of the urine of the
domestic cat. It shows a strong spot due to methyl histidine and
traces of other substances, the most interesting being a new
sulphur-containing amino-acid which Westall s in the course of
identifying and which we have called ‘cat-spot’ provisionally.
Plate XIX, Fig. 12 is from the urine of the blotched genet
(Genetta tigring), a wild cat from Kenya. The main spot here is
due to cystine. This cat has a gross cystinuria, the urinary
cystine concentration being about twice that of a human cys-
tinuric, yet as far as we know the genet never gets cystine stones.
We are in course of investigating this interesting problem.

Before going farther in the observations of urinary amino-
acid pattern a few notes of caution are in place. It must first be
stressed that a pattern that is constant according to only a very
rough quantitative method, such as paper chromatography,
may in fact be found to be rather inconstant when more accur-
ate methods of analysis are applied. Moreaver the above claims
have so far only been made in the case of those relatively few
amino-acids which are the main constituents of urine. No
attempt has been made yet to study the pattern when mote
urine is analysed on the chromatogram so that more amino-
acids become visible. Finally in normal people the pattern does
clearly vary with dietary intake in the case of those few amino-
acids which have a high renal clearance. The best examples of
this are histidine and methylhistidine which may greatly in-
crease in output after a heavy protein meal, presumably because
their high clearances ensure that minor changes in blood Icv'cl
cause proportional changes in urine output, Furthermore in
patients with gross renal amino-aciduria (see below) it is parti~
culatly easy to alter the urine pattern by protein feeding since
most of the amino-acids are being cleared rapidly from the
blood. In such cases the importance of taking fasting urine speci+
mens must therefore be borne in mind when the pattern is being
studied for diagnostic purposes,

1 shall now consider some more chromatograms from human
urine. Up to now the urine amino-acid patterns have been con-
sidered to be interesting normal variants. From now on however
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of normal blood amino-acid levels. I have no doubt that many
more new syndromes will be discovered which are also charac-
terized by an abnormal amino-acid excretion.

To summanze this data, We have seen that various indi-
viduals both normal and di; 1 have di es in

Taste 1, Classification of ‘Cystinuria’ when this Term is used to indscate not
aparticular Syndrome but rather any condition characterized by anincreased
excretion of Cystine into the Urine

Amino-acids found 1n
unne in abnormally Clinical syndromes
large amounts
1.RENAL C {a) Cy +ly + Norma] health usually,
(Normal plasma arguune. Occasional cystine
cystine level) stones and renal
damage.

(b) Allthecommon ~ Lignac's disease (Cysti-
amuno-acids and cys-  nosis). Debré-deToni-

tine+lysine +argi- Fanconi syndrome.
nine
{c} As (b) above. Hepato-lentrcular de-
generation {Wilson’s
disease).
2. Hrpatie CysTivoria — (a) Cyste alone Mild liver damage (of
(Rassed plasma cystine any cause).
level)
(b) Cystmne and 2-3 More severe liver
other rare amino~ damage.
acxds (no lysine)
(c) Cystineand all the  Acute yellow atrophy.
other common amino-
acds

lidney function which lead to variations 1n the urine amino-acid
patterns which accur in the presence of normal blood levels. To
complete the picture I must add that there are also chronic and
temporary conditions that I shall not deal with n this lecture in
which the urine pattern can change in association with and pre-
sumably as the result of changes in plasma patterns, These latter
conditions (but not the former) are correctly called errors of
amino-acid metabohism since the blood homeostatic mechanisms
are disturbed. A chromc congenital condition of this kind 1s
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confusion is easy to understand in the case of a cystinuric who
happens to have renal damage and maybe renal rickets too.
Moreover cystine excretion is increased in both diseases. The
chromatograms however readily distinguish between them, the
urinary patterns being quite different and in the case of stone-
forming cystinurics they are so charactenstic that the diagnosis
can be reliably made by post from analysis of a drop of urine
and without ever needing to see the patient. The paper chroma-
tographic analyses have now been supported by accurate
analyses using the ion exchange resin method. Stein (1951) has
analysed the urine from five cases of cystinuria and has shown
quantitatively how closely the relative quantities of cystine,
arginine, lysine and ornithine resemble one another, There
appear however to be two sub-groups with two slightly differing
patterns. We have suspected this from the paper chromato-
grams, but have not yet investigated it properly.

Another interesting condition is that of Wilson’s disease
(hepatolenticular degeneration) (see also Uzman and Denny-
Brown, 1949). The " )
shown as Plate XX,
acids into the urine, - B
Fanconi syndrome. Note the presence here too of an excessive
cystine excretion. It would be ridiculous to talk of this 25 3
‘cystinuria’ but this mistake would be made if our method of
analysis detected cystine only and not the other amino-acids at
the same time, Moore and Stein (1952) have also analysed for
many amino-acids the urines from five cases of Wilson’s discase:
They found the most remarkable resemblances in the amino-
acid patterns of all the five cases, this strongly suggesting that
the pattern is specific for the disease 1n question, as it is for fewer
amuno-acids in the case of the stone-forming cystinurics.

Now finally on Plate XXI, Fig. 16 is a urine from a new ib'

is characterized by skin changes and neurological signs. Againt

there is a gross amino-acid excretion, quite different from those
previously shown and occurring constantly and in the presence
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Let us turn back now to the renal amino-acidurias and other
pattern abnormalities of lifelong origin. It is obvious that these
must be hereditary and if so are likely to run in families. We
have, therefore, with the collaboration of Dr. H. Harris, been
studying this further. The work has already had some interesting
results. The first concerns the method to be used in obtaining
farmly data. It soon appeared that the urine analysis could be
much more specific and unambiguous than the clinical syn-
drome. Harris therefore decided to restrict his first studies to
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Fic. 17 Pedigree of the family of a case of Fanconi syndrome. The

proposita 1s marked as a black curcle Other cases discovered subsequently
are shown as hatched ardes.

urine testing of as many relatives as possible of known cases of
renal amino-aciduna. Fig. 17 shows the unexpected result of his
examination three years ago of the family of a case of Fanconi
syndrome: The presenting case is shown in black. She had gross
amino-aciduna and also very severe symptoms of osteomalacia
and renal damage. None of her relatives gave any suggestive
history of a sumilar disease; h the urine ch ram

showed that her two brothers and one of her two sisters had
amino-aciduria, When they were examined clinically they were
in good general health but blood and unne analyses showed all
the expected signs of the Fancont syndrome. They were there-
fore supposed to be in course of developing the disease Natur-
ally they are bemg followed with great interest. One has already
developed osteomalacia and is having to be treated. One hasdied
of cancer and has provided us with valuable specimens, the third,
the youngest 1 the famaly, is sull well and is not being treated.
It seems likely that the presenting case was severely affected
with the bone disease years before her siblings because of the
calcium depleting effect of her two pregnancies and lactations.
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phenylketonuria or Folling’s disease. Here the liver cansnot
metabolize the dietary phenylalanine which therefore accumu-
lates in the blood and cercbrespinal fiuid and Is excreted in
large quantitics in the urine. In various liver diseases there are
also disturbances of blood levels, especially of the blood cystine
Ievel (Dent and Walshe, 1951). The blood changes usually lead

Tagee 2. Classification of the Amis idurias showing their Subdivuionint
Two Typea. *
Mechanisms of Amino-aciduria

1.0 R
Le. . * 4 eresumably a5 @ vesult o,
rais

{

Tdton . ¢
{c} Inborn, asin phenyiac... Pt - -

bolize dictary phenylalanine

2. Renar Mecatanisu
Le. Urine concentrotion ancreased while blood leved semams normal. Thes usually
volues difftrens amnoeacds to differens extents so that the urinary amena-aand paliere
sery vanablz from case to case, 15 conslant sn a gven wdsidual, and ¢s qute wnlike
Hlood pattern
(2 Acquired, as after lead and wranium possoning (and presumably afier
ather heavy metal tubule poisons alsa)
{b} Inborn, 25 1m the Fancon syndrome
{c} Inbom, s Cystinura
d) Xnborn, as 1n Hepato-lenticular degeneration (Walson's disease)
éc) Inborn, as in several vanants of the wnnary pattern of amno-aad €%
eretion, which accur in apparently normal people
{f} Inborn, as i “Hart’s syndrome”

to urinary changes ranging from a smld cystinuria to the gross
amino-aciduzia of acute yellow atrophy of the liver. These
changes return to normal if good clinical recovery takes place.
1t is mecessary to consider carefully the mechanisms Hkely to be
causing excessive amino-acid excretion wn any particular €ase.
When it is the result of kidney tubule damage T hike to refer 80
the phenomenon as a ‘renal amino-aciduna’, when the resl'lll

Jiver damage or other cause of a raised blood Jevel, T call itan
toverflow amino-acduna’ These facts are summarized in

Tables 1 2nd 2.
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Now I shall revert to the interesting new syndrome {‘Hart’s
syndrome’) whose family Harris has been investigating. Fig. 1
shows the urine chromatograms in diagrammatic form arranged
as a family tree. The mother and father were first cousins but

FIRST | .
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L l [ [
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S ||l we [T |||

QI9YRS | Q ISYRS | G 8YRS | G4LYRS

800 8 [+

o | | @R | 288 | | o
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had normal urine. Of their eight children four have normal urine
and four have an identical grossly abnormal renal amino-
aciduria The clinical signs of these four are most confusing
but two have both the neurological and skin changes while the
two others so far have only the skin disease, Here again the
urine changes are easier to identify than the clinical syndrome,
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There is a further point of interest to be noted here. The syn-
drome has bred true. Each sibling had the same amino-acid
pattern and assaciated signs. It is therefore probably a clinical
individual. It also appears to have been inherited as a Men-
delian recessive,

We have also shown that the pattern of the cystine-stone
formers runs in families. Again many cases exist with the typical

Fic. 18, Famuly tree showing as black circles the members who excrete
large of 6 isobutyric acid (‘T-spot’).

pattern but no stone formation. Again this pattern breeds true.
This 1s the final argument for the definite division 1mto two
diseases of this condition and the Fanconi syndrome. We can
now separate them on the basis of genetic as well as of clinical
and biochemical evidence.

Fig. 18 shows a famuly of normal people in which the pattemn
frequently occurs which is characterized by the high excretion
of -amino-isobutyric acid. There are four members with the
pattern. That1tis ital and not envi al i origin i
suggested by the fact that at the time of collection of the urine,
one of the four was living in London, one was on a warship off
the north of Scotland and two were living in Canada.
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present to some exteat in all body cells and is expressed as some
abnormality in the capacity of the cell for taking up and con-
centrating amino-acids from its extraceltular fluid. In the case
of the kidney tubule we can detect such a defect easily from
examination of the urine. In the ¢asc of other cells we can only
analyse the blood. The blood levels are more difficult to inter-
pret however as they express the results of the simultaneous
operations of many factors acting in opposite directions, If this
suggestion is correct it leads us on further, When a renal amino-
aciduria has been found we must look for defects of some kind in
other tissues 100, In certain cases these are already known. For
instance, in most children with the de Toni-Fanconi syndrome
cystine deposits occur widely in liver, spleen, lymph, glands, etc.
In Wilson's disease the liver contains large quantities of copper
and, as Scheinberg and Gitlin (1952) have shown recently, the
plasma proteins are lacking in caernloplasmin, the protein
fraction that normaily carries in complex form the circulating
capper. These more generalized defects have been discovered in
various accidental ways. In my view we should systematically
and directly study the possibility that other tissues are behaving
like the renal tubule, This disordered behaviour of other tissues,
if found, may be more easy to relate to the pathological condi-
tion of the brain, hver, bones and skin that occurs sometimes in
association with renal amino-aciduria,

Another way of testing this hypothesis concerns a nutritional
problem. It ts well established that animals duffer in their
requi of indiwvidual amuno-acids. Sometimes this can be
explaned on the bass of known facts, as, for instance, in the
case of the high cystne requirement of a goo@ wool-bearing
sheep where the cystine 15 obviously required in large quantity
to build up wool protern. At other times, as 11 X-ray bactenal
mutants, 1t appears to be purely geneticin origin. Itis perhapsa
reasonable speculation that an animal with a defective cellular
mechanism for concentrating, say, methionine, from the extra~
cellular flwd will demonstrate an increased dsetary require-
ment for methionine. If this defect were also shared by the
renal tubule st would reveal itself as a ‘renad methiomne-uria’,
There would therefore be a correlation between the ammo-acid
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presumably because they are much more closely linked with
the action of the abnormal gene.

GENERAL CONGLUSIONS
It is time now to look back on these preliminary results and sce
whether they lead us to any general conclusions, and whether
we can learn from them any useful lessons which might help us
in directing our future investigations.

The first clear fact is a rather practical one. It is that in a few
rare diseases chromatographic investigations of urinary amino-
acid excretions have a definite useful place as an aid to diag-
nosis. The second fact is a surprising one that so far defeats me
for an explanation. It is that chronic renal amine-aciduria, a
rare and spectacular finding, provides a link between diseases
such as the Fanconi syndrome, Wilson’s disease and I am sure
many others, that do not resemble one another clinically, or in
any other known way. Is our surprise at this due to the fact that
when we try and think of the possible aetiology of a disease, we
tend to overemphasize the value of our clinical findings and
neglect to think enough of the ultimate underlying mechanism
which must always lie, at least with congenital diseases, 1 the
realm of atoms and molecules? The third fact is that in con-
sidering these renal amino-acidurias we are after all considering
the varying functional capacity of the renal tubule cells, since it
is almost unthinkable that the pattern changes can be explau{cd
other than by the presence of varying tubular reabsorptive
capacities. Why however do we interest ourselves so much n the
renal tubule? Nobody had thought till very recently that it was
concerned 1n the pathology of Wilson’s disease. Here I think.wc
can put forward some likely speculations We must first reject
the 1dea that the urmnary losses of amino-acids produce an
amino-acid deficiency. In no case so far 1s the loss equivalent to
more than about 20 per cent of one’s likely protein intake. My
own present view is therefore that we have recently become
interested 1n the renal tubule not because it is more important
than other tissues nor because 1t 1s the actual cause of the disease,
but rather because of the acaident that it is more accessible ©
investigation. I like to think that the disordered gene action 15
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The Physiclogy of Parturition

A. ST. G. HUGGETT

uterine muscle, resulting in enlargement of the birth
canal and kading to expulsion of the child and placenta.
‘The study of parturition cannot be entirely divorced from the
study of the changes undergone by the uterus during gestation
and alteration from the non-pregrant stage.
Howing conception the uterus increases in weight from
50 gm. 1o 1,000 g, in capacity from 5 ml. to 5,600 ml. and its
wascle fibres grow in length indindually from tengths of 504
to lengths of 200-Goop. That is, a single nucleated cell grows in
nine months to more than haif a milimetre and becomes visible
to the naked eye. This is accampanied by nitrogen retention and
deposition dependent upon ion of the anterior lobe of the
pituitary and overaction of the islets of Langeshans (Young,
1944, 1948). The position was considered more fully in a discus~
sion at the Royal Society of Medicine (Huggett, 1951) following
upon a paper by Dr. 8. R. M. Reynolds (Reynolds, 1g951).

In thys lecture 3t 1s proposed o outhne the normal orthodox
views on the uterine muscle action as seen by the obstetric
physiologist {or 151t the physiological obstetrician?). Then one
will consider the ways in which the movements of the uterus in
partunion can be studied, then how they are modified by
hormones and drugs, discussing theis responsibility i producing
these changes. Lastly one will consider the application to the
problem of certain modern views on biophysics and biochemistry,

Tmz cardmal point in parturition is the contraction of the
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requirement of an animal and its urinary amino-acid pattern,
both being readily determinable experimentally.

I hope I have succeeded in 1llustrating how new techniques of
analysis have led to new knowledge of disease processes, and
how, 1n the amino-acid field in particular, great advances are
likely to be made in the near future.

1 Since the text of this lecture was prepared for press further papers dealing @
more detail with some of the subjects discussed here have appeared as follows:

‘Fanuly Studies on the Uninary Excretion of g-Amnoisobutyric acid.” H. Harms
Ann. Bugenics, 1953, 18, 43

‘Unnary Amsno-acid Patterns of some Mammals.’ S. P. Datta and H. Harns.
Ann, Eugenies, 1953, 18, 107

‘Quantitative Studies on the Unnary Cystine 1 Patients with Cystine Stone
Fé)rmauon and sn ther Relatives,” H. Harns and F. L. Warren, Ann, Eugenss, 1953
18, 125,
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Mzraops or Stuny of Uterine ConrmacTions
The study of uterine contractions can be carried out in a num-
ber of ways.
(1) By chmcal observation using clinical methods, including
notonly p but alsa radiological techniques, including in
animals silver wire on uterine contours {Bell, 1941).

:
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Tue STAGES OF LABOUR

The term ‘birth canal’ was first applied by the late John Fair-
bairn to the passage along which the foetus proceeds to the
exterior. He pointed out that the uterus did work in regard to the
birth canal in two respects: (i) by enlarging the canal to an
adequate diameter for the foetus to reach the exterior, and (i)
by reason of the species difficulties presented by its curvature in
the human,

The birth canal is divisible into two parts, the upper and
lower uterine segments, The upper uterine segment is that part
of the uterus entirely covered by peritoneum, The lower is the
portion of the uterus which is not so covered, together with the
cervix and vagina, In the upper uterine segment the fibres run
in all directions. In the lower they are longitudinal and circular
mainly, but absent for alf practical purposes in the vagina. The
upper uterine segment hardens in labour by contracting, and
stretches the cervix and vagina, pulling them up. The lower
uterine segment thereby becomes thinned out and lengthened
and the wedge effect of the membrane dilates the cervical canal.

The placenta and membranes crenate off and loosen from the
retracting muscle, beginning even before foetal expulsion. For
didactic purposes three stages of labour are defined separately,
though myometrically they merge one with the other. They are
defined as

Stage 1. From the commencement to full dilatation of the
cervix;

Stage 2. To expulsion of the chuld;

Stage 3. To expulsion of the placenta.

In the first stage not only is the contracting, thickening upper
uterine segment pulling up and thinning out the cervical canal,
including the lower uterine segment, but the intrauterine pres-
sure is rising and the membranes are pushing down the canal, as
a bag of waters, acting as a wedge dilating the cervix. At the
same time there is a softening of the cervix which helps fhﬂ
dilating action of both the membraneous wedge and pulling
upper uterine segment.
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Nosmar MOVEMENTS
’I‘hc uterus exhibits throughout pregnancy mild rhythmzc con-
tractions which become more intense as gcslauon proceeds
(Fig. 3). Using p , Alvarez and

Days before
lador

N FH $ 48
e e N I
i3
3

¥io. 3. Prelabour uterine motility at varying penods before the onset of
fabour (Murphy, 1940).
Caldeyro (1950) have demonstrated that these arc of two types,
{i} rhythmc contractions {(10~30 per 1o mumutes) of lowintensity,
developing pressures under 8 cm. of water (6 mm. Hg.), and
(i} occasional high-pressure contractions exceeding 8 cm. of

TaseLe 1. Frequency {contractions per 10 mun.), ‘tonus’ and ‘intensity”
{measured i cm, of water pressure)}

Frequeacy Tonus Inteasity
Pregnancy—~Arhythauc Very rare - Bcm.
~~Rhythouce 10-30 4-13 e 03-7 em,
~Last 2 weeks 39 B-15 6-35
Labour—]st & 2nd stages 26 8-17 23~70
~-3rd stage 225 5-10 35-60

t h

‘pasnless ion’ of y or Braxton-
Hicks type. They increase frcquency in the last fortnight of
pregnancy (Fig. 4).
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(i) By recording externally the shapé and consistency of the
uterus relative to the abdominal wall, using a tacograph (2
recorder of the anacroid barometer type) strapped on the body
wall. A modification, the tocadynamometer, is a type of strain
gauge.

) By registering the movements of the uterus in vivo. This
can be done in animals or in humans, in the case of the latter
balloons being inserted torecord changes of intrauterine pressure,

Level of placenta! pressute.. [lack oo L

Level of abdominal pressure |1 4|
plus the pressure exerted byfj-, e e e e m e
the elastic reaction of the
placenta 5 .
Pressure exerted by the elastic
redction of the placenta

vel of
Le ghdom(nql pressure |

e e e Syt NP
;Jr:s‘s.u;e exerted by the \:!ennc contraction {after Alvarez and Caldeyro,
1950).

(iv) By reading the intrauterine pressure in Qxa human by
(@) recording the intraammotic pressure wx_th dxrcc!'guncm.n:
(Fig. 1), (b) recording the intraplacental or intraumbilical vein
pressure (Fig. 2). (Alvarez and Caldeyro, !gfgo). . "

(v) By perfusing the uterus and recording its movemen
(Kurdinovsky, 1906; Kehrer, 1g07). -

(vi) By registering the movements in viro of 1solated muscl
sm(;g;) By isolating the uterine muscle protens and rgcordmg
the elastic and contractile powers of the p.ll'l'lﬁed proteins [n;m
different uterd in different metabolic conditions (Csapo, 194 )
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Fig. 5. Uterme movements i second stage of labowr Each uterine con-
traction has superumprerd smalles waves denoung beanng down effons by
the patient {Alvarez and Caldeyro, 1940}
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. When labour supervenes these contractions increase in inteas
sity to 4~g cm, Mercury pressure and a rate of 2-g per 10 min-
utes. They continue during the three stages of pregnancy but
peter out as the placenta leaves the uterus (Figs. 5 and 8).

Cr.H 29¢

25

>
&

e e e

g

=

B J e s

U O s v S
! b1

OO T SUR S,y s

i1l
ol - | 1

—
OSSO e =
«

|

|

}

{

I
|
i
\
\
!

wz...‘l..x.L..LL;..l.!....h.u‘;
Rin, 10 20 30

F16. 4. Uterme moverents Traciig i ems. pressure of wates recorded
2z days before Jabonr by Atvarez and Caldeyro {1950},
“Table 1 shows how these pains can vary throughout gestation
and labour.

The effect of ‘bearing down® upon these contraction records
is the creation of sprkes.

Reynolds, Heards and Bruns (1947, 1948) have been respon-
sible for the use of the tocody This consists ially
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Reynolds was able to calculate the tensile strength of the
cervix, the rupturing force of the membranes, and to contrast
the action of the membranes before and afier rupture (Reynolds,
1949)-
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Fic 8 Uterus, first stage of labour. The frequency of fundus contraction,
the cervical dilatation mn centimetres and the work 1n dynes per hour of
the fundus, mud uterus and lower uternne segment throughout labour
{Reynolds, 1951)

Combining forces with Alvarez and Caldeyro in Montevideo,
Reynolds used his tocodynamometer on the same cases in which
Alvarez and Caldeyro punctured the amnion (Caldeyro,
Alvarez and Reynolds, 1950).

In consequence of their teamwork they were able to show that
the clinically ‘good lahours’ were those in which the different
parts of fundus and mid-uterine zone contracted with good
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of a strain gauge strapped on to the abdominal wall and
capable of recording local contractions of the uterus by the pres-
sure excrted upon the wall at the point of strapping of the strain
gauge. With this instrument Reynolds and his colleagues draw
the surface markings of the uterus upon the abdomen, and have
recorded the focal changes at severat different points (up to 7)
on the uterus: for this Reynolds uses a 7-channel recording for
7 tocodynamometers. He is therefore able to record differences

A e A A A NN AP PN PP
WAANNANN AN ASLANNAAA AN

JO T e e
e A AS AN AN NN NNASAN

F16 7. Recard of uterine with the 3 during
the Bth and gth hours of labour Each trio of lines represents in order fromt
above down the simultaneous activity 1n the lower uterme segment, mid
portion and the fundus of the wrerus respectively (Reynolds, 1949} .
in contractility in different paris of the uterus or changes pro-
duced by different treatments. The contractions of the fundus,
mid-uterine zone and lower uterine segment were recorded, 3nd
it was found that in the first stage up to dilation of the cervix, the
fundus contractions are intermittent but strong, and rise ©
maximum strength guickly and have a relatively long duration.
Those in the mid-zone are shorter and diminish progressively i
intensity and continnance with labour continuance while d}c
fower uterus is inactive (Fig. 7}. In q of this,
Reynolds and his colleagues were able to make an assessment of
the relative amounts of work performed by different parts of the
uterus during Iabour. Fig. 8 shows this. The lower uterine seg-
ment does no work during labour and the fundus most. Iz‘s in-
creased work with greater frequency of contractions effectively
dilates the cervix and lower uterine segment.
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muscle is 5 my. per gramme of muscle, but it rises to 13 mg. at
full term. At the same time myosin decreases from 21 to g mg.
per gramme. This is best shown in table form.

Taste 2. Amounts of Myosin and Actomyosin
in Human Muscle mg./g.

Myoun  Actomyosn

Striped muscle 18 26
Non-pregnant uterus muscfe 1 5
Pregnant uterus muscle 9 i3

. Csapo {1950b) has also shown that ovariectomy in rabbits
lowers the actomyosin content of the uterus from 8 mg./g. of
wuterus to fess than 2 mg./g. and the total content fromt 35 1o 7 mg.

dotrophin
i ons of
'!saldtlcn] ?Nonec!omy rz)ectx s fﬁxog.en
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§8 Pange of Actemynsititerus
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MG/Uterus

MGG of Uterus

k) )
Weeks Days' ot

Fio o Rabbit’s uten, The concent
f v aad g pon tarin sogeiber oot o e o S BT e
subsequent oestrogen myecuans (Csapo, 1950b).
When oestrogens were given to these ovanectomized rabbits,
the actomyosin contentincreased (Fig. 9).

A curious thurd ber of the i te is ad i~
phosphatase. Myosin can be got erystalline, Itis, however, stlla
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synchrony, Asynchrony occasionally occurred. A good rise in
amniotic pressure occurred with synchrony and high intensity
of contraction—it would rise by more than 24 cm. of water.
Further, a good Iabour would be characterized by regular
rhythm and good relaxation with full descent of the amniatic
pressure,

Causation anp ControL oF Lazour
Labour can occur spontaneously in cases with extrinsic nerves
cut or with the spinal cord damaged in the region of the lumbar
centres (Routh, 1897, Kurdinovsky, 1904}, The unloaded
uterus shows rhythmic contraction (Bell, 1941, guinea-pigh
Spx activity app to increase during oestrus. In the
first part of pregnancy these movements disappear, but at the
ninth week (human) they return (Knaus, 1927; Alvarez and
Caldeyro, 1g50). In the animal, oestrogens appear to increase
activity of the uterus and also the response to oxytocin which
alone has a general effect in increasing uterine contractions, an

effectint which appears to with the approach of
parturition (Robson, 1933). The effect of progesterone is x.w’f
clearly antagonistic to that of ¢ gens. It inhibits the rabbit’s

uterus provided this has been sensitized with oestrogens (Rob-
son, 1932). On the other hand, in man there is some evidence of
slowing of movement but not of decrease of amplitude (BCU:
1941},

Tue Contracrire Susstance oF UTERINE Muscie
Inrgg .
could
B vise
thITd Lavrcsen coocnsy smvw ans svcmmny e ceg .
colleague Straub (1042, 1943}, This new myosin B formed with
actin, Szent-Gyorgi called actomyosin,

It appears to be the structural protein of the resting muscle
fbrils, and is itself composed of a fibrous network (Astburys
Perry, Reed and Spark, 1947). One gramme of moist striped
muscle contains about 30 mg. of actin, 70 mg. of myosin A -‘m_d
o2 cc. of water. Csapo (1948, 19502}, a pupil of Szent-Gyorgh
has shown that the actomyosin content of non-pregnant human
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Myosin can be digested by trypsin to small molecules (Persy,
1951). The mixture so obtained retains its ATP-ase or enzyme
:zcthty, but has lost the power of forming actomyosin threads or
increasing in viscosity on mixing with actin,

In rg30 Lundsgaard showed that muscle poisoned with iodo-
acetic acid continued to contract a rilro in nitrogen on stimula-
tion but did not c_\hlbxt glycolysis and formed no Iactzc acid. In
193¢ Lund: d this tobe a p dbyaloss
of adencsine triphosphatase (ATP). The number of contractions
obtainable was about 100 and cxhausuon synchronized with loss
of the ATP stores Lot { 1934) ) ) transf'crred

+ | <o dinh ©
form the tnphosphatc. Ttis t.hercforc now considered that this
complex of creatine phosphate plus ATP forms a store or reserve
of energy, utlizable for an acrobxc comractwn of muscle capable

of ion unless repl bically. This energy reserve
is within the hxgh-cncrgy phosphorus bonds of the muscle. The
conversion of glucose to glycogen en souts to triose phosphate
and oxidation to CO, and water liberates energy i in th:: process
which is available for reft ion of and
ATP. This biberation of energy is an aerobic prucess and requires
not only oxygen but potassium

‘This raises the question of 1ts application to uterine muscle, a
problem which has been prosecuted in Baltimore by Csapo and
in Norway by Walaas,

Creatine phosphate and ATP are present in utesine muscle,
but only to one-stxth 1o one-tenth of that in skeletal muscle,
together being 2 64uM./g. concentration {Caspo and Gergeley,
1950; Walaas and Walaas, 19503). 0variectomy reduces this
concentration m rats ard oestrogen injections increase it and
alse canse an increased wrnover of wtal acid-soluble phosphoms

as adjudged by the incorp of x
hosphoms {W: adaas and Wa!aas, 1950b).

Csapo and Gergeley (1950} have determined the number of

sons to exhaustion of idicacetic acid-treated
uterme muscles from rabbits. This ss about 10, approximately
one-seventh to onz-tenth that of skeletal muscle (psoas from
rabbst}. Dividing this into the concentration o ATP and creatine
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mixture containing muscle enzymes, notably adenosk triphos-
phatase (ATP}. This myosin Szent-Gyorgi claims will hydrolyse
the ester ATP itself. But on the other hand the addition of ATP
to actorayosin will cause it to lose its viscosity. At the same time
there is a loss of flow birefringence. (Birefringence together with

8o
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Fia. 10, & te power, d as p ges of the
contraction over 2 period of time sub

q to or
threads obtaimed from 5, rabbut uterus m labour, 2, non-pregnant rabbi
uterns, 3, castrate rabbit uterus (Csapo, 1948).

viscosity is an index of long thread-like molecules capable of
contraction.} The electron microscope has demonstrated (Perry
and Reed, 1947) that the actomyosin molecules have gone to
globular forrns which will not contract. Now Csapo has shown
{1948} that actomyosin threads from human uteri can be made
to contract and the contractile power varies with samples ob-
tained in different states of the uterus (Fig. 10), being maximal
tn those from uterd in labour and minimal from uteri of castrates,
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phosphate yields 2:64/10, that is o 264, This value of about
a-25uM. of ATP plus creatine phosphate per gramme of muscle
per contraction is identical with that obtained by A. V. Hill
(1949, 1950) for skeletal muscle via the direct measurement of
the initial heat of a single striated muscle contraction (3m. cal)
from which he determined the ratio of the high-energy phos:
phorus per gramme of contraction as the above value.

Corner and Csapo (1g52) have studied the tension of uterine
muscle on stimulation when suspended in Kreb's solution. They
found that the maximal tension developed varied with frequency
of stimulation. If the uterus was cestrogen dominated (treated
before death and removal with oestrogen), decreasing frequency
resulted in decreasing tension, and if progesterone dominated, in
increasing tension in a staircase effect. They carrelated these
effects with the concentration of potassium inside the muscle and
its rate of removal from the interior to the exterior, Their key
point 15 that potassium is essential for the aerobic glycolysts, and
liberation of energy for the replenishment of the high-phosphate
bond energy of the muscle.

Summary

e P
this problem. Omission has also been made of the nerve p:llhs
involved, the mechanism of action and interaction of endocrmf:s
and local hormones upon the muscle fibre, the variations i
blood flow in different parts of the uterus, and of the changes
occurring in hormone balante in the blood before and at the
onset of parturition, and attention has been confined to three
new methods of study and the bg step that has been taken in the
study of the properties of the actual contractile protemns mvolved.
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because all metabohic processes would be arrested or reduced to
a negligible level at such temperatures. So far as vertebrate cells
are concerned there had been httle opportunity of investigating
this idea because with few exceptions the processes of freezing
and thawing had been found to be lethal to the cells of higher
animals. In the course of our work, however, we made the dis-
covery that glycerol has remarkable properties in protecting
certain spermatozoa against the effects of freezing and thawing,
and we have been able to extend thus discovery to other cells and
to certain tissues. As a result, we have found out much about the
behaviour of living cells during freezing and thawing and during
maintenance at low temperatures.

I must not give the impression that the freezing and thawing
of living cells is a comparatively new field of experimentation.
There is an extensive literature on the freezing of invertebrate
organisms, plant cells and tissues, and unicellular organisms.
A large amount of work has also been done on the freezing of
tumour cells in vertebrates. So far as normal vertebrate cells are
concerned, however, and I refer in this lecture only to normal
cells, the literature is comparatively scanty.

SPERMATOZOA

I have indicated that the starting point of our work was the
freezing and thawing of spermatozoa. One of the earliest obser-
vations, made by Davenport in 1897, was that a proportion of
human spermatozoa revive after freezing and thawing untreated
semen by comparatively crude methods, and this observation
has been amply confirmed (see Parkes, 1945). Unfortunately,
the human spermatozoon appears to be unique in this con-
nection, and little progress was made with other types of verte-
brate gametes, Luyet and Hodapp (1938) had shown that
spermatozoa of the frog could be revived to some extent after
freczing and thawing in strong sugar solutions, and more exten-
sive results on the same hnes were obtained by Shaffner, Hender-
son and Card (1941) with fowl] spermatozoa. The results ob-
tained by these methods, however, were poor, and the few eggs
fertilized by the frozen and thawed fowl spermatozoa failed to
develop {Shaffner, 1942).
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Preservation of Living Cells
at Low Temperatures

A.§. PARKES

InTRODUCTION

T is not my intention to give a review of the whole field
Icovercd by the title of this lecture. I want to tell you some-

thing of the work we have been doing at the National
Institute for Medical Research in the last four years, on the
freezing and thawing of living cells, mainly of mammals, and on
their storage at low temperatures. I should add that my col
leagues Dr. Audrey Smith and Mr. Polge, and later Dr. Lover
lock, Mr. S. E. Smith and Dr. Deanesly, have been intimately
concerned with the work I have to talk about. I want to
describe this work as an example of proctical day-to-day
research rather than as the purswit of a logical concept, becawse
it provides a very good example of how one thing leads ©
another and of the Jack of any clear distisction between sor
called fundamental and so-called applicd research.

Some years ago in the course of work on the effects of physical
and chemical agents on the gametes we became interested in the
effeets of low temperatures on spermatozoa, and when I speak of
low temperatures I refer to what biologically are very low tem-
peratures such as can be obtawmed by the use of solid carbon
dioxide at —79° C. or by the use of hquid air at approximately

~1g0° C. In approaching this subject we had in mind the idea
which, of eourse, was by no means original, that if a living cell
could be frozen and thawed agam wathout damage then the
interval between these two processes should not be smportant
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R

P of freezing lian sper The sper

of the rabbit, the only laboratory mammal convenient for this
type of work, have proved to be extraordinarily sensitive to
freezing, but results of great theoretical interest and practical
importance have been obtained with bull sper These
results were obtained only afier long experimentation and
depend on two major paints of difference from the technique
used for fowl spermatozoa—the prolonged equilibration of the

Taste 1. Longsterm Storage of Bull Semen at ~79° C. (Dulution 1 : 4)
{Taken from Polge and Rowson, 1952b}

Age of semen No.ofcows  Conception rate®
{weeks) (per cent)
1-5 i6 63
16 69
9-12 16 81
13-16 16 63
17-20 16
21-24 16 81
25-28 16 56
29-32 16 5

Axerage conception rate 63

# Half the cows in the groups up to 28 weekshave b d for
“The remaimng cows have not returned to oestrus withun three months frony ine
semunation [a the group 2g to 32 weeks the conception rate figure represenis non-
returns at two months

spermatozoa with the glycerol-containing medium (Polge and
Rowson, 1g952a) and slow cooling (Smith and Polge, 1g50b).
With these elaboratons of technique it has been possible to
freeze and thaw bull sper without app ly affecting
their capacity to fertilize eggs after insemination. Moreover,
long-term experiments have so far failed to show any falling off
in material mamtained at ~4g° C. (Polge and Rowson, 1g52b)
for up to exight months {Table 1). There isat present the complica-
tion that the concentration of spermatoz0a used has been greater
than is normally necessary, and storage experiments on higher
dilutions than €314 are w their carly stages. Subject to this
qualification 1t scems that bull spermatozoa, under the con-
ditions used by us, maintain a stable state at —79° C. These
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In attempting to repeat the work of Shaffner, Henderson and
Card we failed to obtain even their modest degree of success, but
during our attempis we made the discovery, to which I have
already referred, about the remarkable propertics of glycerol
(Polge, Smith and Parkes, 194g). The effect of using diuents
containing glycesol is spectacular, as shown by the following
simple experiment, A sample of fowl semen is obtained and
divided 1nto two parts. One part is diluted with an equal
volume of Ringer’s solution, and the other with an equal volume
of Ringer’s solution containing go per cent glycerol The two
specimens are frozen by plunging into alcohol cooled to ~79°C
with solid carbon dioxide, and subsequently thawed in a wates
bath at 40° C. On examination it is seen that the spermatozoa in
the sample diluted with Ringer’s solution are all dead; those in
the sample diluted with the glycerol-containing diuent are
indistinguishable from normal and are intensely active, gving
to the specimen the swirling appearance typical of fowl semen.
Early experiments on the fertilizing capacity of such frozen and
thawed material were disappointing (Smith and Polge, 19596);
but it was then found that the presence of glyceral with or with-
out freezing was inhibitory to fertilization and that frozen and
thawed samples from which the glycerol had been removed
retained normal fertilizing capacity {Polge, 1g51). With this
information available experiments on long-term storage wese
begun, and it was found that at —79° C. fow] spermatozoa deteri*
orated rapidly so that, after a few weeks, motihty on thawing,
and with it fertilizing capacity, was very poor. At —190° Ca
however, survival was much better and normal chicks have been
obtained from spermatozoa stored for as long as nine months at
this temperature (Polge and Parkes, 1g52). Even at ~190° G
there 15 a slow but steady loss of spermatozoa. Nevert}.xdcssx
those that survive appear to be perfectly normal, and ia the
course of our work two generations of birds have been produccd
from a sgle sample of semen. These results with fowl sperma-
tozoa provided the first indication of 2 most important fa_ct, }h"“
even at very low temperatures the cell 15 not necessarily in 2

stable state. o
Against this background we made another approach to the
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the circulation, ana there have a normal hfe-span. In other
words, the surviving cells have not aged metabolically during
storage. The comparative survival of frozen and unfrozen red
cells reintroduced simultaneously into the circulation is shown
in Fig. 1 taken from the paper by Mollison and Sloviter (1951).
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Fic 1. The percentage survival of previously frozen red cells and control

red cells at mtervals after transfusion. (Fig. 2 from the paper by Mollison

and Slowiter, 1951, which should be consulted for details. Reproduced by per-
mussion of The Lancet Ltd.)

FerriLizen Ova
After the early successes in the freezing of spermatozoa attention
was turned to the fertihzed egg of the rabbit. Initially the expen-
ments were unsuccessful, but later it was found that the feruhzed
but unsegmented egg of the rabbit could be treated with
glycerol, provided 1t was apphed gradually and at body tem-
perature, and that some eggs so treated would begin segmenta-
tion in culture after exposure to liquid air (Smith, 1952a). The
survival rate was very low, hittle more than 1 per cent, but it was
enough to demonstrate that even a cell in such an unstable con-
dition as a newly fertihzed egg does not necessarily succumb on
exposure to low temperatures (Plate XXII, Fig. 2)
1 The plates referred to 1n this lecture will be found 2t the end of the book.
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results with bull spermatozoa are now being widely applied to
the technique of breeding cattle by artificial insemination and
promise to revalutionize erstwhile pracuce.

Rep Broop-ceLts

The work on spermatozoa has expanded in various directions,
notably to the red blood-cell, During the work with the glyceral:
containing semen diluents Dr. Smith became interested in the
osmotic propertics of such salutions and used red blood-cells 28
convenient indicators. Rather surprisingly, she found that rabbit
red cells behaved quite normally in semen diluents containing
15 per cent glyceral. The effect of freezing under these condi-
tions was then investigated, and it was found that the glycesol:
contaming diluents protecied red cells against hacmolysis, &
they protect fowl and bull spermatozoa against the otherwise
fatal effects of freezing and thawing (Smith, 1g50). Confirma-
ton of these observations was readily fortheoming (Sloviter,
1g51). In these early cxperiments simlar results were also ob-
tained after periods of freezing of up to three months.

On this foundation a considerable research on the preservas
tion of hurnan red blood-cells was built by Dr. H. A. Sloviter, of
Philadelphia, then working at the National Institute for Medical
Research, and Dr. P. L. Molhson of the M.R.C. Blood Trans:
fusion Research Unit, and it is now possible to keep whole blood
in butk (Mollison and Slowiter, 1g51) for long periods (Moltison,
Sloviter and Chaplin, 1952) by using glycerof diluents and low-
temperature storage Alfter the removal of the glycerol bY
dialysis (Sloviter, 1951) or washing (Lovelack, 2552) suC
blood can be used for transfusion. Dr Motlison in his lecture 12
this series on the hife-span of the red blood~cell wilt no doubt be
dealing 1 detail wath this mateer, and I need therefore do 19
rmore than call attention to one wraportant pomt Theloss of red
cells by freczing and thawing of smail samples by this techmiqué
is of the order of ro per cent. QOu prolonged storage, however
there 15 a further small but continuaus foss of cells, sa that ;ﬁﬁ\'
six months recovery is down to about yo per cent {Sloviter,

1g52)- With bulk preparations there is a rather greater Joss, but
ehe cells that survive behave normally when rentroduced mio
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is only about seven days. This test has proved rcmark:.xbly good
for investigating the effect of treatment of the ovarian tssue |
before gralting, and 3 quantitative esti of the effects can be
obtained by considering the percentage of active grafis obtained,
and the average time taken o re-establish the vaginal cycle
(Smith and Parkes, 1951).
Tasee 2. Results of Grafung Ovanan Tissue frozen for nune days in
Vanous Media, in comparssan with contraly
{Taken frowm Smith ard Packes, 1951}

Proportion of Average
animals showing  time to

Treatment of swanan tistue actine graft establish
withita active graft
28 days (days)
Unfrozen contro}r
15% glycerolsakine at room
termperature for one hour 14714 69
Frozen .
15% glyeerolsabine to -190°C0 305 144
Frozen m
159% glycerolserum to ~190°C. 5/5 W64
rozen
259 glycerobsahneto ~190°C, 35 233
Frozen wnc
Serumto -79°C. 44 210

Using this test and the technique of slow freezing worked out
far the bull sper we ined ty hi

tions of conditions obtained by varying the medium {salire,
serum and 15 per cent and 25 per cent glycerel in both), final
temperature { —79° C. and ~190° C.) and time of freezing {one
hour, and nine days), Twenty-two of the posnible 24 combmations
were examined. Some of the treatments resulted in no ovarian
grafis being produced. With others, and this is a very important
posat, condttrons which permitied the survival of nssue frozen
for one hour did not pernut of survival when frozen far nine days,
The best results for the ninesday period of freezing are shown in
Table 2, from which 1t will be seen that the most effective grafis
were obtanied from tissue which had been frozen in 15 per cent
glyeerol-sabine at —190° C. With this medium a ugh propor-
tion of active grafls was obtained, but the average hme taken

s
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Enpocrune Tissue

So far, however, the most interesting development of the egg
wark has been indirect, Early on it was noticed that although
the egg itself failed to develop after freezing and thawing, the
cumulus cells of the follicular granulosa still adhering to the egg
after ovulation, grew in culture to some extent after the treat-
ment (Smith, 1940}, This result was confirmed in ather experi-
ments in which cumulus cells were separated from the egg,
{rozen, thawed and cultured after treatment by various methods
(Smith, 1952b). Plate XXII, Fig. 3 shows cumulus cells of
the rabbit proliferating in culture after having been frozen o
—79° C. for 24 hours.

This observation on cells essentially endocrine in natuse
prompted an extension of the work to ovarian tissue in general
and thence ta other endocrine organs. At this stage, therefore,
we had to review relevant literature. So far as the mammalian
tissuc is concerned it scems that there is one record of thyroid .
tissue having been successfully grafted afier freezing {Blumen-
thal and Walsh, 1950), but the most jmpressive observations
relate to mammalian skin, which has a comparatively high
resistance to freezing (Medawar and Billingham, 1g52). The use
of freezing for the preservation of certain other tissues commonly
grafted in surgical practice is, of course, well known, butin the
case of artery and nerve it is likely that the treatment fls the
tissue, which when grafted acts as a framework for the grawth of
new tissue from the host.

In any work of this kind it is of prime importance w arsive af
a simple and unequivacal test for the survival of tissue aftet
treatment. In the case of ovarian tissue this is particularly easy-
If the ovanes are removed from an adult rat, chopped into
pieces and retmpl d into the sub space of the flank,
functional grafts are made very rapidly, as is shown by the
restoration of the cyclic changes 1z the vaginal smear, which are
interrupted by ovariectomy. This reaction occurs with remarks
able regularity and remarkable speed. Under quite crude cons
ditions autografis of this king take in almost every animal, and
the average time for the re-establishment of the vagmal cycle
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conflict of opinion on this point which impinges on the wider pro-
blem of the reformation of the oocytes by the germinal epithe-
hum of the adult, The fact is, however, that we have observed
very few oocytes in frozen and thawed ovarian tissue for up to
three days after grafting, and that thereafter more primordial
oocytes seem to appear. At a later stage the graft contains a
number of large follicles (Plate XXIII, Fig. 4), and corpora
lutea which are atretic in the sense that they develop without
ovulation, which is inhibited by the topography of the graft. It
seems, however, that the graft of frozen tissue ultimately loses its
capacity to form oocytes and such a graft eventually comes to
consist purely of amorphic nodules of secretory tissue (Plate
XXII1, Fig. 5) (Parkes and Smith, 1953). This fact is of no
practical 1mportance in the case of ovarian grafts made sub-
cutaneously since even the cychic endocrine activity of the graft
may be maintained in the absence of cyclic structures (Parkes,
1952b). The preservation of the oocytes during the freezing and
thawing of ovarian tissue must, however, receive attention be-
fore any attempt can be made to use low-temperature storage
for tissue intended for orthotopic grafting and subsequent fer-
tility of the host.

There 15 another way in which frozen and thawed tissue
appears to differ from normal tissue, Fresh ovarian tissue of the
rat can be kept at room temperature for several hours, or at
©0° C. for a day or more, without losing 1ts capacity to make a
functional graft. The frozen and thawed tissue, by contrast, is
much more labite. Tissue frozen in 15 per cent glycerol-saline
and kept at room temperature after thawing loses almost entirely
its capacity to form a functional graft in less than three hours, so
that the percentage of takes is very much reduced. To try to
deternune the reason for this lack of viability in frozen and
thawed tissue other experiments were carried out on freezing in
glycerol-serum, and on maintaining the tissue after thawing at
37° C. or at 0° C. The full results are given in Table 4, from
which 1t will be seen that the use of serum rather than saline
gave better conservation of the tissue at room temperatures
At 37° C,, however, the tissue deterorated rapidly in either
medum, while at +2° C. conservation was fairly good with
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was about twice that for normal tissue, indicating presumably
that there had been a considerable loss of cells on freezing and
thawing, and that the remainder had taken a comparatively
long time to build up an effective graft. It is noteworthy that the
15 per cent glycerol-saline did not permit the survival of tissue
for nine days at —79° C. The other media gave results Jesegood
and need not be further mentioned.

Having found conditions which appeared to be promisiag fbor
the maintenance of ovarian tissue at low temperatures, we
proceeded to a long-term experiment. Table 3 lists results for

Taste3 Retention of Viability in long-frozen Ovanan Tissse

Avegage nme
Duration of No. of taken for
freezing of No. of active grafts  reappearatce
tisue  implantations  obtaned of cycle
(days) {days}
124 5 5 154
9 5 5 144
83 5 3 188
17 8 8 151
235 9 9 160
67 12 12 163

freczing ovarian tissue m 15 per cent glycerol at —1g0” C. for
periods varying from one hour to one year. It will be seen that,
as already mentioned, there 1s clearly some loss of cells causcd.b)'
fregzing and thawing, but the loss is not increased by extending
very greatly the interval between these processes. Itscems, therer
fore, from these experiments with ovarian tissue that the mcdx\}m
has 2 very significant effect upon the stability of the cell main-
tained at low temperatures over a long period.

All T have said 5o far about ovanan tissue relates to its endo-
crine actwvity and speciically to 1s oestrogenic activity- Inone
way the graft made from frozen ussue has differed esscfmaﬂy
from that made from normal tissue. The process of freezing by
present methods abolishes nearly alt oocytes, and the oreurrence
of oocytes in the graft later on may perhaps depend p}i{d)'
upon the regeneration of oacytes, presumably from surviviag
germinal epithelium, Y say perhaps, because there may well be
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Steinach and of Lipschutz on the production of intersexuality by
the grafting of the heterosexual gonad, and all similar work in
mammals, has necessarly involved homografting. With these
various considerations in mind a number of experiments on the
homografting of frozen rat ovarian tissue were carried out. The
results are summarized in Table 5 from which it will be scen

Tasre 5, & of ing and He ing of frozen
Ovanan Tusue

No.of Average ime

Type of Treatment No.of actve before cycle

grafe of grafts implan-  grafts  re-established
tations obtzxncd {days)

Autograft  Chopped in 15%
glycerol-saline; 14 14 67
soaked for one hour.
Not frozen.

Homograft Chopped m 15%
glycerol-saline, 2 18 109
soaked for one hour,
Not frozen

Autogralt  Chopped 1 15%
glycerol-saline; 14 12 156
frozento ~190°C
for 9 days

Homograft Chopped in 15%
glycerolsaline, 20 9 219
frozen to ~190° C.
for 9 days.

(1) that the unfrozen homograft ‘takes’ freely, but not quite as
well as the autograft, and the time taken to establish an active
graft is longer; (2) that the percentage of ‘takes’ is again some-
what reduced, and the ‘taking’ tme much increased, by the
previous freezing and thawing of the tissue. We have not at
present sufficient data for a fully quantitative evaluation of this
problem but it is already clear that the technique of preserva-
tion at low temperatures can be applied to tissue meant for
homografting without any great addition to the difficulties
inherent in that process.
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both. Even the best of the results recorded in Table 4 are much
inferior to thosc which are obtained under similar conditions
with unfrozen tissue, and at present we are unable to offer any
explanation of the rapid deterioration of frozen tissue after
thawing, It is clearly essential, however, according to existing
knowledge, that tissue preserved by freezing should be used with
the least possible delay after thawing.

Tante 4. Viability of Ovanan Tissue 14 zitro after Freezing

Average ume
Medium in which No.of No,of takenfor
ovaries Treatment of graft implan- functional reappearaace
frozen after thawing tations  grafts of eycle
obtained  (days)
Glycerol-sali Implanted immediately 20 20 192
Gly [.serum  [mpl g3 Yooy 19 19 151
Glycerol-saline  Left for 3 hrs. at room
temperature 20 2 255
Glycerol-serum  Left for 3 hrs, at room
temperature 19 13 196
Glyeerolsaline  Leftfor 3hrs.at37°C. 10 0 0
Glycerolserum  Leftfor 3hrs.at37°C. 10 1 230
Glycerolsaline  Left for 3 hrs, at 2° C. 9 7 201
Glycerol-serum  Left for 3 hrs, at 2° C. 10 5 194

. P .
for prolonged periods, however, will depend largely on its use for
homografting, and this fact involves some consideration of the
practicability of making grafts from one individual to another of
the same species. Much of the medical thought ou this matter
has been coloured by the well-known fact that it is almost im-
possible to make homografis of skin, the tissue most commonly
grafted, although it is casy to make autografis. By contrast, the
experimental biologist interested in the grafting of gonads has
encountcered little difficulty 1n securing “takes’ of go;mdal tissue
in a different individual. The classic work, for instance, of
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a kidney, and one or four such halves for subcutaneous grafting.
The freezing procedure found most successful for ovarian tissue
was generally used, thatis to say soaking in 15 per cent glycerol-
saline or serum and slow cooling to —7g° C. or —1g0° C. The
test procedure was to maintain the animal on the stock diet plus
saline to drink for two or three weeks, and then transfer it to a
salt-free diet for two weeks. In some experiments an inter-
mediate period on stock diet only, containing a small amount
of salt, was introduced between the added salt and the salt-free
regimens, making a six weeks’ test period in all. If the rat sur-
vived the salt-free period in good health, and was found at
autopsy to have a visible graft and no accessory or residual
adrenal tissue, it was considered that the graft was active. All
recovered grafts were sectioned. The results now available for a
large number of animals are very mixed.

TapLe 6. Grafting Experiments with normal and frozen Adrenal Cortex
(Subcutaneous Grafts of four Enucleated Half-adrenals)

Total no. Discarded Dyng  Survaving
o in-  dunng  salt-free
ammals complete expenment period

Untreated cortex 30 1 7 22
Glycerol-treated cortex 30 o 4 26
Frozen glycerol-treated cortex 30 2 21 7

The best results with both normal and treated cortex were
obtained when the amount of tissue was increased by the im-
plantation of four enucleated halves instead of one, and are
summarized in Table 6. It will be seen that treatment with
glycerol by present methods, without freezing, apparently affects
very little the capacity of cortical tissue to make a graft, but
freezing greatly diminishes the proportion of ‘takes’. Histo-
logically, grafts developed from frozen tissue are simalar to those
derived from normal tissue (Plate XX1V, Fig. 7).
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. TEsTIS
The information obtained for the rat ovary was found to be
readily applicable to therat testis, The testes were taken frommale
ratsseven to ninedays old (at which age the organ is firm and easy
to handle) and after various treatments were grafted to castrated
adults. The homografis took well and freezing the tissue for upt0
seven days at —79° C. did not seem to make any difference to1ts
ability to form a functional graft as judged by its morphological
condition, the size of the seminal vesicles and the behaviour of
the animal. Our data for longer periods of freezing are not yet
complete, but we already know that testis tissue frozen for up to
54 days may form an endocrinologically active graft; we cafmol
yet say that 1t does so with the same regularity as does tisut
frozen for shorter periods. Histologically, the grafts, frozen and
unfrozen, were typical of those usually obtained in the sub-
cutancous position (Plate XXIV, Fig. 6). The tubules wer
small and occupied a relatively small part of the testis, The inter
stitial and other inter-tubular tissue was prominent. The later
stages of spermatogenesis were absent, but some tubules, eveni2
the grafts of frozen and thawed tissue, contained spermatocyies
in active division. We may conclude, therefore, that testis issue
1s relatively resistant to low temperatures under the conditions
employed by us, and it remains to evolve a technique which will
permut us to investigate the later stages of spermatogenesis after
freezing.
ADRENAL CORTEX

Experiments with adrenal cortical tissue have so far been much
less promising than those with ovary and testss, partly no doubt
because of the much greater complexity of the experiments 102
volved. It is generally agreed that a graft of normal adrenal
cortex will often ‘take’ and maintain life in the adrenalecto-
mized ammal, provided the animal is mamtained on salt while
the graft 1s becoming established, but there is clearly much
scope for variation of grafting technique and test procedure. In
all our earlier experiments the adrenals were removed, and cut
into halves, which were squeezed to remove the mcdt{lla ?nd
inner cortex. A single half, so treated, was used for grafiing into
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increase the interstices between them, but that it certainly does
not prevent their formation. The protective effect of glycerol

Apart from crystallization of the water it is not difficult to
recognize other possible causes of damage during freezing.
Breedis (1942), interested in the freezing of tumour cells, had
already called attention to the probability that the concentra-
tion of salt was largely responsible for such damage. As the
water freezes out of a biological fluid, sub es in soluti
notably the electrolytes, become more concentrated in the resi-
dual fluid, which therefore becomes progressively more hyper-
tonic and damaging to the cell. Thus, during freezing, the cell i
in danger from the time water begins to freeze out until the
material becomes completely solid or until the temperature gets
sufficiently low to render negligible over ordinary periods the
physical effects of the hypertonic residual flud. Recent studies
by my colleague Dr. Lovelock have provided precise data in
support of this view. In the case of red blood-cells, for instance,
the damage caused by freezing under various conditions can be
paralleled exactly at normal temperatures by exposing the red
cells to concentrations of NaCl corresponding to those produced
in the residual fluid by the freezing process (Lovelock, 1953).

This view implies that the quicker the freezing process the
shorter the danger period, and offers an alternative explanation
of the beneficial effects of ultra-rapid freezing noted by Luyet.
The fact that even the instantaneous vitrification of minute
amounts of material met with only hmited success, especially
with spermatozoa (Hoagland and Pincus, 1942),1s probably due
to the occurrence of thermal shock. It has been known for a
long time that bull spermatozoa and other cells are seriously
damaged by sudden falls of temperature in the range above
zero, and the same thing happens in the range below zero (Love-
lock, 1953). The rate of freezing, to be optimal, must therefore
be slow enough to avoid thermal shock, and fast enough to
avoid adverse effects from the hypertonic residual fluid.
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ANTERIOR Prrurtary Tissue
Experiments being carried out by Mr. S. E. Smith show that
anterior pituitary tissue of the rabbit will grow well in culture,
and that the capacity to do so is not usually abolished by freezing
and storage at —79° C,

FREEZING UNDER THE MICROSCOPE
The discovery of the remarkable properties of glycerol in pro-
tectiig living cells subjected to cooling naturally raised L'hF

a special freezing slide was designed (Smith, Polge and Smil'cS,
1951). The shde consisted essentially of a block of perspex with
a chamber in the middle to accommodate the specimen, and
fitted with a thermocouple to register the temperature, and two
copper side-arms to dip into liquid air for cooling or intq warm
water for warming. Two photomicrographs obtained th.h the
aid of this apparatus are shown in Plate XXV, Fig. 8.
(At this stage the film entitled ‘Freezing and Thawing of Living
Cells—Smith, Polge and Smiles—was shown in the lecture.)

Discussion
Nature of the Damage caused by Freezing and of the Proteciie
Action of Glycerol
1 have already referred to the idea that freczing damages cells
mechanically by the formation of ice crystals, and that ifa ccll
is to survive, cooling and re-warming must be ultra-rapid so that
vitrification rather than crystallization of the water takes place.
‘This 1dea was supported superficially by the fact that Luyet éfﬂd
others had obtained their best results by the very rapid freezing
of very small amounts of material. On the other hand, at.thc
time we started work, other well-authenticated observations
were difficult to reconcile with the vitrification theory. Smf:c
that time our work with glycerol seems to have disposed of it.
You have seen that, so far as the medium is concerned, the
presence of glyercol may alter the shape of the crystals, and may
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aged. It must be supposed, therefbre, that the cells which suc-
cumb during the pertod at low temperature do so for some other
reason than biochemical ageing (Parkes, 1952a). This reason
must presumably depend on some physical effect agsociated
with the I? of cell, med and temperature.,
Such an effect, however, is not inherent in the problem, and
may well be avoidable. It appears, for instance, that the bull
sperm and ovarian tissue, under the optimal conditions used by
us, are in a stable state at —7g° C. and —1go° C. respectively.
The factors mvolved in securing such a stable state are evidently
of prime importance and their elucidation for other cells wall be
of much interest.

If, as seems likely, it will be possible to eliminate physical
effects from the storage problem, interest will shift back to the
metabolic side. On the basis of experiments lasting only a year
it is impossible to postulate complete arrest of ageing of the cell.
If, for the sake of argument, we assume that biochermcal activity
is halved for each drop of 107 C., then activaty at —79° C. would
be about 1/4000th that at +40° C. In other words, if ageing
depends on biochemical activity, a cell living one day 12 zitre at
40° C. would live more than 10 years at ~79° C, At thisrate a
bull spermatozoon might live 10 to 15 years, and a red blood-
cell a great deal longer. Factors other than temperature co-
efficients would probably extend such penods almost indefin-
itely, and the expernimental investigation of such potential im-
mortality 13 clearly a Jong-term project. Nevertheless, in the Iast
vear, largely under the influence of Dr. Lovelock, we have

RN
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which a particular degree of hypertonicity becomes operative.
Secondly, the presence of the glycerol increases the amount of
the residual fluid and, since NaCl is soluble in glycerol, will
again reduce the salinity, During thawing, the same events hap-
pen in the reverse order, and by ordinary methods ~° 0 'ng
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of avoiding it, especially in relation to the extraordinary diffes-
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Surowal 12 Law Temperatures
Ay the beginning of this lecture I referred to the theoretical
expectation that 1f a cell can be made to survive freezing and
thawing, the interval between these processes should be im-
material because biochemical changes will be arrested or ré-
duced to a negligible level at low temperatures. In general our
work accords with this view, but at the e t
the view 1s verv in~~ *

i ' - sog-term storage in bee
t , teu wit 10W) spermatozoa and human red cellsin
experiments so far reported there 1s a small but steady loss of
cells as the time at low temperature 1s profonged, but the cells
that survive are in the same functional state as when the period
of suspended animation began, i.e. they do not appear to hnve
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The Life-span of Red Blood-cells
P. L. MOLLISON

~ almost all text-books of physiology written before 1945 the
Ilifc-span of the red cell was given as about 30 days; text-

books of haematology expressed uncertainty on this subject
and gave no estimate of red cell hfe-span in disease. During the
last ten years knowledge 1n this field has advanced very rapidly.
The average ife-span of red cells in normal subjects has been
determined by several different methods with a relatively small
scatter of results, all estimates falling within the range of 109~
127 days. Moreover the life-span of red cells in numerous blood
diseases has been measured and in some cases this has given a
much better insight into the mechamsm of the anaemia. This
new knowledge has been gained almost entirely by experiments
in which red cells are ‘tagged’ in some way. For reasons which I
shall discuss later, the bulk of the knowledge has in fact been
gained from observations following transfusions in which the
donor’s red cells are distinguished by serological methods from
those of the recipient.

However, before dismissing past estimates of red cell life-span
I should like to discuss the observations on which they were
based and to explain how difficult it was to interpret the evi-
dence precisely.

EARLY ESTIMATES

The estimate that red cells lived for 30 days was based partly
upon experiments in which subjects developed plethora as a
result of residence at an alutude of 10,000 feet above sea level
and then returned to sea level again. It was found that on
moving to 10,000 feet the red cell count rose by one to one and a
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Thus this method of estimating life-span by producing ple-
thora and then noting the time for which it persists will in fact
give a good estimate of the life-span of the red cell only if red
cell production remains constant throughout the period of the
ahservations, In some patients in whom red cell production is
already diminished, transfusion may fail to depress production
any forther and thus after transfusion packed celf volume may
be increased for a period as long as three months. For example
the observations shown in the lower half of Fig. 1 were made on
a patient with chronic nephritis. After transfusion packed cell
volume was raised above tts pre-transfusion level for as fong as
94 days, Such observations suggest that the hfe-span of red cells
cannot be less than g4 days although ths assumes that red cell
production does not increase during the period of the observa~
tians,

The other abservations which were wrongly interpreted in the
past were those of bile pigment excretion. The method was o
establish bile fstulae in anumals and thus to callect all the bile
pigment excreted. However, such animals usually fell into il
health and vasiable results were obtained. For example, the

of bile pig might be temporanly reduced due to
liver dysfunction following operation. Later there might be an
outpourmg of ths stored-up pigment. If measurements of excre-
tion were now made, a gross overestmate of red cell turnover
would result. Hawkuns and Whipple (1938) managed to im-
prove the techmque and keep their animals in good bealth.
Mareover, instead of simple measurement of the output of bile
pigment they adopted 2 more ingenjous plan, They bled the dog
or gave 1t phenylhydrazine and thus produced a sudden
anaemia, Shartly afterwards the circulation was flooded wath
young red cells; about four months later there was anincrease i
the ofbite p Assuming that the average red cefl
was born 15 days after the blood loss and died at the peak of the
bilirubin excretion it conld be concluded that the bfe-span of dag
red cells was 124 days. The same workers found that when 1 g,
<f haemoglobim was inected wisavenously an addmonal 3o
mgm, of tnle pigment was recovered from the Bstula. Using this
figure and measunng the daily outputm normal dogs they again
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half million red cells per c.oom., and on return to sea level the
count fell again about in 20 days to its normal level (Escobar
and Baldwin, 1934). The same sort of changes are observed
when normal subjects are rendered plethoric by transfusion.
For example Pace, Lozner ¢ al, (1947) gave transfusions of
1,000 cc. of red cells to a series of normal subjects and raised
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Fic. 1. Changes in packed cell volume (P.C V) following transfusion.
Upper curve: a group of normal subjects (data from Pace ¢f ol., 194‘713-
Yower curve: a single subject with chronic nephritis, In hoth curves the
arrows mark the departure from and return to a base line,
the packed cell volume on the average from 46 5 to 58 5 pef
cent. The packed cell volume remained above its pre-trans
fusion level for about 40 days as is shown in Fig. 1. Now if ihle
production of red cells remained constant, the packed cell vol-
ume would remain above its initial level for as long as any trans-
fused red cells were left. However, in plethora, red ccll_ produc-
tion diminishes as shown by a reduction in the rcuculocy(rc
count (Pace et al., 1947, Robertson, 1917); therefore the only safe
deduction is that the added red cells live for more thaa 40

days.
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thought up to that time that tests made i zifro, in particular
measurements of the amount of spontancous haemolysis and of
osmotic fragility, indicated the state of preservation of the red
cells, However, transfusion experiments showed that such
criteria were unreliable, For example, red cells stored in citrate-
sucrose remain virtually unhaemely sed afier two weeks’ storage
and their osmotic fragility is actually lower than normal; how-
ever if these red cells are used for transfusion they are very
rapidly removed from the recipient’s circulation {Mollison and
Young, 1941, 1942). Maizels (1941, 1943) was one of the first to
point out that the test of osmouc fragility is particularly mis-
leading if used as a guide to the state of viability of stored red
cells since it reflects the composition of the preservative fuid
rather than the state of preservation of the cells.

Up to the present tme measurement of the survival of trans-
fused red cells continues to be the main criterion of viability of
stated cells. For example, Halpern ¢f ol. (1550) found that a
phenotluazine derivative, closely related to phenergan, would
delay the rate of spoutancous lysis and of potassium loss from
stored cells and they tentatively concluded that 3t was a valuable
red cell preservative, However, measurements of survaval 1n rivo
showed that this substance does not increase the viability of
stored cells in the least (Chaphin et dl , 1952).

The successful application of the method of differential agglu-
unation to the problem of red cell preservation reawabened
interest in the method. It was soon realized that accurate results
could be obtained only if really complete agglutination of the
recipient cells could be achieyed and one ad to this was the use
of centnfugation {Dacie and Mollison, 1943). However the most
important factor of all 15 the preparanon of extremely avid
agglutinating sera, and there can be no doubt that sera pro-
duced 1 amumals are far more swtable than any reagents that
can be obtamned from humans. With sera produced in animals
1t is possible to agglutinate all but a few thousand per c.mm, of
the recipient’s owa red cells. For the producton of ants-A, the
method of Morgan (1943} 1s the best. The last ingrecdient an the
rectpe for success 15 the patience to count large numbers of red
cells.

T
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concluded that the life-span was about 120 days. Subsequent
estimates have substantially confirmed this figure. A variation of
this method was employed by Harne and others (1945), Rhesus
monkeys were bled and frequent reticulocyte counts were made.
The appearance of showers of reticulocytes 94 to 107 days after
haemorrhage indicated that the cells formed after the haemor-
rhage were dying out and being replaced by new ones.

However, all these methods mentioned so far are rather in-
direct and methods which involve tagging red cells in one way
or another are much more satisfactory. As already mentioned,
much of our knowledge about the life-span of red cells 1 man
comes from transfusion experiments and it is with such experi-
ments that I wish to deal most extensively,

TRANSFUSION

The first workers to attempt to use transfusion to measure red
cell survival were Todd and White (1g11). They prepared sera
which would haemolyse the red cells of one animal but not of
another. Thus after transfusion they could take samples from the
recipient antmal and analyse them by, for example, haemolysing
the red cells of the recipient and thus leaving intact the red cells
of the donor for connting. Todd and White could draw na con-
clustons on the normal life-span of red cells in cattle because
these transfused cells acted as antigens; immune antibodies wese
rapidly produced and the transfused red cells survived for only 2
few days.

‘This principle of differentiating between the cells of the donor
and reciptent was applied to man by Ashby (1g1g} who tock
advantage of the fact that transfusions of group O blood were
qguite often given to recipients of group A or B, Ashby showed
that if samples were taken from a group A patient who had
received some group O blood and red cell counts were made
using anti-A serum as a diluent almost all the patient’s own cells
could be agglutinated but those of the donor left free for count-
ing. Very listle use was made of this method until the early
1g40s when it came to be realized that measurcment of the sur-
vival of transfused red cells m o120 was the only reliable criterion
of the state of preservation of red cells, For example it was
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Laserien GLyane

Transfusion experiments have often been severely criticized on
the grounds that they deal necessarily with red cells of alf ages
and that conclusions from them are based on inference; for

ple, it is d that the fused red cells survive in
just the same way as the recipient’s own cells. Nevertheless,
conclusions drawn from transfusion experiments have received
confirmation from many sources in the last few years, Two
main methods have been used in an attempt to produce a
tagged population of cells of all about the same age. Shemin and
Rittenberg (1946) fed glycine labelled with N¥* to a normal
subject and noted that the labelled glycine was incorporated in
newly formed haemoglobin. After about 30 days the concen-
tration of labelled glycine reached its maximum and remained
at this level for approximately 70 days. The concentrauon then
fell rapidly. The time between the mid-point of the up-curve
and the mid-point of the down-curve was 127 days and this was
taken to be the average life-span of the red cells, Simitar obser-
vations were reported by Gray and Neuberger (1g50).

Although these observations provide valuable support for
evidence obtained by other methods, some points in their inter-
pretation may be criticized. Fist of all, the uptake time is
extremely long, labelled cells being produced for three weeks or
more, so that the tagged cells are not 1 fact all of the same age.
Because of this, labelled cells disappear over an extended period
and this interferes with the precise determumation of the mean
life-span and 1 the estimation of the scatter of life-span. Another
sexious disadvantage of this method is that there appears 1o be
some re-uttization of kabelied glyeme. In some of Shemin and
Rittenberg's {1946) curves the amount of Jabelled haem present
in the blood 180 days after transfusion amounted to as much
as one-thurd of the maximum level reached soon after feeding
the labelled glycine. There also remains some doubt whether
labelled glycme can leave intact red cells, That it may possibly
do 5o is suggested by the abservauon that one-quarter of the
fabelled cells “disappear” less than 106 days after labelling
(London, Shemin, West and Riutenbery, 194g}. Since other
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NorumaL SusjecTs
When normal blood is transfised to relatively normal subjects
the estimates of the number of surviving cells when plotted
against time fall near to a straight line which cuts the time axis
at about 120 days (Fig, 2). From this it is deduced that the aver-
age life-span of the red cells, that is, the time between their
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release from the bone marrow of the donor and their final dis-
appearance from the blood stream of the recipient, is 120 dyay&
Curves of the survival of transfused red cells often show a little
tail at the end—a suggestion of this may be seen in Fig. 2. Dorn-
horst has pomted out (1951) that such a tail 1s expected if red
cells do not all live for exactly the same time. In fact if the shape
of the tail could be accurately defined the standard deviation of
life-span could be deduced From such data as exist the stan-
dard deviation has been calculated to be approximately 6 days

(Mollison, 1951).



THE LIFE-SPAN OF RED BLOOD-CELLS 277

relaavely long half-life the radiation hazard must be carefully
considered. For these various reasons very few estimates of red
cell life-span in man have been made by this method.

Thus neither of these isotope methods lends itself well to
clinical use, and this explains why we must still rely heavily on
the method of differential agglutination for our knowledge of
red cell life-span in man. Dunng the last ten years the use of this
methed has contributed iderably to our und ding of
the nature of anaemias and its possibilities do not yet seem to be
exhausted.

DIFFERENTIAL AGGLUTINATION

It was in hereditary spherocytosis that the first really stnking
results were obtained with the method of differential agglutina-
tion. It was found that normal red cells transfused to patients
with this disease survived normally (Dacie and Mollison, 1943).
Up to this time there was a considerable body of opinion which
held that there was an abnormal mechanism in these patients
which destroyed red cells, and these experiments showed this
view to be false.

As expected, when red cells were taken from patients wath
hereditary spherocytosis and transfused to normal subjects, they
survived for a much shorter time than normal (Dacie and
Mollison, 1943; Loutit and Mollison, 1946). Under these ar-

itisr to lude that the fault hes in the
red cells and that the change of environment brought about by
the transfusion does not affect their survival, In that case the
initial slope of the survival curve, extrapolated, cuts the base line
at the mean cell hfe (Dornhorst, 1951). For this to be a practical
means of esumation, the initial slope must be well defined and
this is sometimes the case (see Fig 19 1n Mollison, 1951).

In special circumstances the transfusion of faulty red cells may
alter their survival and this possibility should always be con-
sidered in interpreting transfusion experiments. For example,
Dacie and Molllson (1949) obtamed red cells from a donor with

binuria and t fused them to
two recipients, an adult and an infant. The red cells survived far
better i the circulation of the infant and tests i nitro suggested
that this was because the infant’s plasma was relatively deficient
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evidence suggests that the variation in life-span is comparatively
small this disappearance may be of the label rather than the red
cell. On the whole this method seems more useful in studying
Hb metabolism than in giving precise estimation of red cell Ife-
span.
Rapio-ron

A second method of tagging the subject’s own red cells is that of
injecting radio-iron. As soon as the uptake curve of radio-iron
reaches its plateau large intravenous injections of non-radio-
acfive iron are given and further doses are given during the
course of the experiment. If this is not done most of the radio-
active iron released from breaking-down red cells will be incor-
porated in newly formed red cells and will interfere with the
survival curve (Finch et al., 1949).

This method has the great advantage of tagging the subject’s
own red cells and in particular of tagging cells all formed dunng
a short period of time. Published curves based on expertments in
dogs show a comparatively rapid uptake of radio-iron, Compll?lﬂ
in about 1o days; there is then no change in circulating radio-
activity for about go days suggesting a negligible incidence of
cell deaths during this period (Brown and Eadie, 1953). From
such experiments the standard deviation of life-span was calcu-
lated to be 6 days, a conclusion which agrees closely with the
rough estimates, mentioned above, made from transfusion ex-
periments in man,

Unfortunately, this method of estimating red cell life-span
with radio-active ron can be applied only in a subject in whom
re-utilization of iron is minimal and thus satisfactory observa-
tions can seldom be made in man. However, subjects with
aplastic anaemia or others with grossly impaired red cell pro-
duction are suitable, and subjects with haemochromatosis can
also be used since 1n them iron stores are enormously mcreasefi
and re-utilization of radio-iron from disintegrating red cells 15
mimmal (Finch et al., 1949). In all other subjects enormous
doses of non-radio-active iron would have to be given following
the admunistration of radio-iron to prevent re-utilization. A
further disadvantage of using radio-active 1ron is that 1t is ex-
creted from the body i only nunimal quanuties and as it has 2
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In pernicious anaemia red cell life-span is only moderately
reduced, the published curves of Loutit (1946) and Singer ¢f al,
(1948) suggesting a mean cell life of about 20 or 30 days. The
severe anaemia thus indicates that output is hardly greater than
in the non-anaemic subject.
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Fi0. 4. Survival of transfused red cells, plotted on a log scale, in a patient
with moderately severe acqured haemolytic anaemia (Case 2} from Fig. 3
(from Mollson, 1951). .

In acquired haemolytic anaemia the patient has a mechanism
which destroys all red cells and curves like the ones shown in
Fig. 3 are obtained when normal red cells are transfused.

As Dornhorst (1951) has pointed out, provided that almost all
the red cells live for less than 2o or 30 days, death by ageing can
be ignored. When the results are plotted on a logarithmic scale,
linear slopes are often obtained and mean cell life is then given
by the time taken to ehminate 63 per cent of the transfused cells.
Thus, in the example given in Fig, 4, mean cell life is estimated to
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in the lytic factor, The observations in the infant suggest a mean
cell life of 13 days whereas those in the adult lead to an estimate
of 6 days. The latter estimate fits better with the observation
that the donor had a reticulocyte count of 600,000 per c.mm.
and a total red cell count of 1-5 million per c.mm.
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F1. 3 Survival of transfised red cells 1 three patients with acquired

haemolytic anaenua. () mild, (2) moderate; (3) severe (from Molfison, 195 3

Thus 1f the life-span of the ved cell is reduced from 120 days

6 days, the output of new red cells will have to increase twentyfold

1 a normal red cell count is to be maintained. To maintain » = ut

of 1 5 mullion will require only 3o per rent - €7 e

say, six times normal The = . - w;;
. - ey

about 60 e~ . - .
appeared » wput, Often, in making
calculatio -« «a sound thay the number of reuculocytes

found 18 Te.utt greater than expected. This suggests that when the
output from the marrow increases reticulocytes may be released at 3
slightly earlier stage of development and thus spend longer a3 reti-
culocytes in the penipheral blood.
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ontput this patient could have maintained a haexoglobin con-
centration of only about 5 g./100 ml. As her haemoglobin con-
centration was in fact about 7 or 8 g./100 ml. it can be taken that
she was increasing her output a fittle 10 response to the anaemia
but not nearly as much as a person with a normal marrow, From
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e, 5. Survival of tranfused red cells m 2 panent with nephnus 1wz
actne phase of the discass {frorn Moltson, 1951)

these observations alone it is thus saft to conclude that the
response of the marrow to the stumulus of anaemia s grossly
impaired in such patients. In more chronic cases of nephritis one
may find a strictly normal survival of transfiused red cells and in
such cases the dinunution in red celt production is presumably
indicated precisely by the dimmution i packed cell volume,
Thus, in the patient from whom thedatain the lower half of Fig. 1
were obtained, the survival of transfused red cells was nonmal,
and the patient maintained his packed cell volume constant at
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be 7 days. Now if a normal haemoglobin level were to be main-
tained, an output of about st fold would be required. To
maintain alevel of about 6 g. /100 mL,, as this patient did, required
an output of only six or seven times normal.

If one examines a series of cases of acquired hacmolytic
anaemia it is found that in patients with a severe haemolyie
process, maintaimng haemoglobin concentrations of 5-7 g/
100 ml. and red cell counts of 1+5 to 2 o million per ¢.rm., mean
cell life is of the order of  to 5 days and it can be calculated that
this demands an output of about eight tmes normal, This may
provisionally be regarded as the upper Hmit of increased red cell
production (cf. Croshy and Akeroyd, 1952)

Some idea of the furious activity of the marrow can be ob-
tained by considering that the normal man discharges about
three milhon new red cells per second into the blood stream and
that patients with severe haemolytic anaemia may approach
thirty million per second. Expressing these amounts in terms of
packed red cells is less dramatic, the normal man forming less
than 1 ml. of packed cells per hour and the patient with severe
haemolytic anacmea almost 10 ml. per hour, .

A group of anaemias which need further study are those it
which mean cell life 55 only slightly diminished, for example,
some cases of rh ud arthrtis, rh ic fever in relapse,
di d lupus eryth and nephritis in an active
stage. Fig. 5 shows the survival of transfsed red cells m a case of
nephntis. In this type of case, m which an appreciable propor
tion of transfused red cells Live for more than go days, the effect
of the loss of red cells by ageing cannot be ignored. As Dornhorst
(1951) has pownted out, there will be fewer old cells in th’:
patient’s circulation than in the donor’s for in the pauents
crrculation cells will not have a normal chanee of living for thetr
normal Itfe-span. The effect of this 15 that the rate of disappear-
ance of transfused red cells from the patient’s circulation >muft
be a ittle greater than the rate of disappearance of the patient’s
own red cells. A method of allowing for this and deducing the
mean bfe of the patient’s own red cells has been deseribed
(Dornhorst, 1951}, In the particular case shown in Fig. 5 mean
cell life is calculated to be approximately 35 days. With normal
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while the other lasted for the normal time. This seems to make it
almost certain that the phenomenon is after alt due to incom-
patbility, though it has not so far been possible 1o demonstrate,
in titro, any interaction between the red cefls of the donor and
the serum of the vecipient even after the red cells havebeen
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Maotlison, 1g51).

eliminated. One reason for beheving that incampatibility isthe
cause is the fact that Dr. L. E. Young, of Rochester, U,8.A., and
his co-workers have observed a similar phegomenon in the
course of transfusion experitnents in dogs (personal communi-
cation}. Thus in one dog compatible cells at first survived nor-
mally but after a subseq; tr fon the rate of eli i

was d, no patitafity bet the donor’s cells and
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about 22 per cent and may thus be taken to have had 50 per cent
normal production,

Although sransfusion experiments can give such valuable
information about red cell lifc-span they must always be
cautiously interpreted. One example has already been given
in discussing the survival of red cells fom a patient with
paroxysmal nocturnal hacmoglobinucia. Red celis from this
patient survived far better in one recipient than in another. Itis
known that red cells from patients with this disorder ate
haemolysed by the action of components present in normal
plasma and the observed difference in survival in vize in the tvo
recipients was paralleled by a difference in ysis in uitra when the
cells were incubated with serum from the two reciprents {Dasie
and Mollison, 1949).

Occasionally, blood group incompatibility interferes with
survival experiments. If Rh positive cells arc transfused to an
Rh negative subject, they may survive well instially but may
fater stimulate the formation of Rh antibody which Jeads to the
rapid destruction of the surviving cells. However such gross
forms of § patibility can be p d. .

A phenomenon wiich may represent a different kind of in-
compathblity is the increased rate of elimination of apparenty
compatible red cells 1n subjects whose own eells appear to have
a normal life-span. This phenomenon was first descrbed by
Loutit, Mollison and Young (1943). Curve 1 in Fig. 6 indicates
the survival of red cells stored far 14 days in acid-citrate-dex-
trose, in a woman with an anacnua following an abortion, Whet
these observations were first made it was thought possible that
the dimnished survival might be an effect of storage. Accord-
ingly fresh blood was collected from the same donor and trans
fused to the same recipient on a subseq fon. Ascurve 2
shows, survival was almost identical. At the time 1t was co-
sidered that this showed that the phenomenon was not due to
incompatibility. .

Subsequently at the Blood Transfusion Rescarch Unst asimu-
far phenomenon has quite often been encountered. In one
patient in whom red cells from two donars were being followed
simultancously, one population of red cells disappeared rapidly
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while the other Jasted for the normal time. This seems to neake it
almost certain that the phenomenon is after alf due to incom-
patibility, though it has not so far been possible to demonstrate,
wn zilro, any interaction between the red cells of the donor and
the serum of the recipient even after the red cells havebeen

[

° 9
» @

TRANSFUSED RED CELLS (xiCf PER CMM)
o
8

Q B3 < (23
DAYS AFTER TRANSFUSION

without bodie text {from

Fio. 6. I
Malhison, 1951}

eliminated. One reason for believing that incompaubitity isthe
cause is the fact that Dr, L. E. Young, of Rochester, U.S.A., and
his co-workers have observed a sunilar phenomenon in the
course of transfusion experiments in dogs {personal communi-
cation). Thus 2 one dog compatible cells at first survived nor-
mally but after a subseq fusion the rate of cli: i

was d; no i patibility bet the donor’s cells and
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about 22 per cent and may thas be taken to bave had 50 perceat
normal production.

Although transfusion experiments can give such valuable
information about red cell lifespan they must always be
cautiously interpreted. One example has already been ghen
in discussing the survival of sed cells from a patient with
paroxysmal nocturnal haemoglobinuria. Red cells from this
patient survived far better in one recipient than in another. It1
known that red cells from patients with this die~rdr ¢
haemolysed by the action of ~- !
plasma apd ot ° ' [
recipient . woeawsciiCe 301 Jysis in ortro when the
cells were .___uoated with serum from the two recipients (Dacie
and Mollison, 194g).

Occasionally, blood group incompatibility intexferes with
survival experiments. If Rh positive cells »= transfused to an

Rh negative subjert *» - . rtialfy but may
L . . -y waich Jeads to the
: e surviving eells, However such gross

§ .0 U1 sNCOMPpatibility can be prevented. .
A phenomenon which may represeat a different kind of in-
compatibility 1s the increased rate of elummation of apparenfly
ible red cells in subjects whose own cells appear to have
a normal hfe-span, This ph was first described By
Loutit, Mollison and Young (1943). Curve 1 in Fig. 6 indicates
the survival of red cells stored for t4 days in acid-citrate-gex
trose, in 3 woman wath an anaemmua following an aborstion. Whea
these observations wese first made it was thought possible that
the diminshed survival nught be an effeet € -
ingly fresh blood was c~%: *
Bare 4
t eevar, AL the tume 3t was con-
s . wu> snowed that the phenomenon was not due to
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effect. It is desirable that this conclusion should be confirmed by
ather workers.

Concrusion
1t is now recognized that the measurement of red cell life-span
in man is a valuable method of investigation. Much more could
he done at the present time fo make accurate measurement in
haemolytic anaemias—particularly in patients maintaining a
stable h globin ation. In such pati it should
usually be possible to measure the average fe-span of the red
cells quite accurately, Such studies would be even more reward-
ing if there were also a method of measuring the output of
new ved cells directly. Reticulocyte counts are toa indirect for
this putpase though possibly newer radio-iron techmques may
be suitable. When such a method 15 developed it may be possible
1o raeasure red celf destruction and production accurately in the
same patient and thus gain a better uaderstanding of the
anatmas,
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the recipient’s serum could be demonstrated. Incidentally in
other experiments the same workers found that red cells which
were demonstrably incompatible were not necessarily rapidly
eliminated. For example, a dog immunized to the dog antigen A
was transfused with red cells containing the ‘low-grade’ antigen

'—roughly comparable with the Du antigen of the Rh system.
The red cells were only slowly eliminated and the curve of
climination resembled the curves shown in Fig. 6.
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Fx?. 7. Survaval of transfused red cells in an adult woman (from Molhson,
1951).

These observations suggest that our knowledge of red cell
incompatibility in man is not yet complete. It should be added
that this phenomenon of incompatibility without demonstrable
antibodies is not encountered more frequently than about once
in every twenty transfusions, .

There 15 one other unsolved problem in transfusion exper-
ments; that is the diminished survival found in women. Fig. 718
a typical example. Curvilinear slopes seem to be found o.nl)' mn
women who are menstruating; the obvious explanation is that
the curvilinearity is due entirely to the loss of red cells in the
menstrual discharge. However, Callender, Powell and Witts
(1947) who first drew attention to this phenomenon calculated
that the known loss of menstruation would not have so great an
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effect. Tt is desirable that this conclusion should be confirmed by
other workers,

Concrusson
1t is now recognized that the measurement of ved celf life-span
in man is a valuable method of i igation. Much more could

be done at the present time (© make accurate measurement in
haemolytic anaemias—particularly in patients maintaining a

stable haemoglobin conrent=~< ‘nts it should
usually b ‘ ‘ an of the red
. . N . s DE EVEN More reward-

3 * i ano 3 method of measuring the output of
uew red cells directly, Reticulocyte counts are too indirect for
this purpase though possibly newer radio-iron techniques may
be suitable. When such a method is developed it may be possible
to measure red cell destruction and production accurately in the
same pauest and thus gain a beiter understanding of the
anaemias,
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XV1

Human Haemoglobins

J. €. WHITE

ue haem-proteins are uni lly concerned in the

l respiration of living celis, By virtue of the reversible union

with molecular oxygen, haemoglobin 15 responsible for

the respiratory funcon of the blood, and this has atiracted

much physiological and clinical rescarch. From the standpoint

of protein structure, the haemoglobin molecule 55 particulady
wellsuited for study.

Recently it has become apparent that fine variatons in the
structure of haemoglobin may play a part in vamous human
anaemias, and the concept of such conditions as sickle-cell
anaemia as a ‘molecular disease’ hay been advanced (Pauling,
Itano, Singer and Wells, 1949). This lecture is concerned with
the evidence that various haemoglobins may exist sn man, and
particular attention will be pad to the physico-cherical basis
of methods for their d i

Tur Sreaary or Hasmosrony

Although the haem is the same for haemoglobins from all sources,
the basic globin protern exhibits small but sigmificant differences:
{a) between species, (4) between foetal and adult stages m some
single species, {¢) sometimes more than one haemoglobin may
ca-exist in the post-natal erythrocytes of a single species, or &
variant of the ‘normal’ haemoglobin occur alone. Barcroft de~
votes a chapter of his monograph on ‘Haemoglobin' (1928) to
this subject, and draws particular attention to three aspects

f¢) The extenmve crystallographic studses of Reichert and
Brown (1909) on vertebrate hacmoglobins pomted to great
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variations between species as to crystal habit and class, solu-
bility and ease of crystallization (Landsteiner and Heidelberger,
1923). Further, the blood of a single animal (e.g. baboon)
might yield several crystallographically distinct haemoglobins.
On the other hand, among closely related species, the same sets
of crystal systems and groups tend to appear (isomorphism).

(&) The positions of the « and B maxima of the visible absorp-
tion spectrum are species specific. The span in Angstrom units
which separates the « bands of HbCO and HhbO, is similady
specific, Using the Hartridge reversion spectroscope, Munto
Fox (1945) has also found sigmficant variations in the position
of the « band in individual rabbits, though not in earthworms
and frogs, or in human haemoglobins of various races.

(¢) The Specific Oxygen Capacity of haemoglobin vanes
widely in different species (Douglas, Haldane and Haldane,
1912; Magela and Seli¢kar, 1925).

In our discussion on the characterization of human haemo-
globins, particular attentionwill be paid to thedifferencesbetween
adult and foetal forms, and to the physical identification of such
variants of adult haemoglobin as the sickle-cell haemoglobins.

FoeTAL AnD ADULT HuMAN HAEMOGLOBIN

R e e g e
may be given conveniently in a list modified from the review of
Lecks and Wolman (1950), and then considered step by step:

{e) Crystallographic differences

(b) Solubility differences

(¢) Dafferences in amino-acid composition

(d) Immunological specificity .

(¢) Greater stability of foetal haemoglobin towards alkali

denaturation

(f) Rate of spreading in surface films

(g) Electrophoretic mobilities .

(k) Spectrophotometric differences in the ultra-violet

(s) Differences in the Oxygen Dissociation Curves

(7) Clinical significance.
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ChysTarLoaraeny or Anuet Houaw Hazuosrorm

1t has long been known that human haemoglobin could ke
rystallized (Hunefield, 1840; Funke, 1852), and a munber of
studies have appeared (Reichert and Brown, 1g0g; Amantea,
1g24; Perder and Jancllt, 193:; Haurowstz, 1935). Several
recent studies, however, include also the detaiied solubility data
necessary for the < 1zation of homog protel
(Gresn, Cohn and Blanchard, 1935; Drabkia, 1943, 10163 Jope
and O'Brien, 1949; and further refs. below).

Jope and O'Brien (1849) have crystathzed adult and foetal
haemoglobins as HbO,, HbCO and methacmoglobin, and as
the reduced haermoglobin. Dialysis agamst ammonium sulphate
or potassum phosphate solwtions was cartied qut in the cold in
a suftahle atmosphere. Adult HbO,, HbCO and methaemo-~
globin erystals were isomorphous, belonging to the orthorhombic
system, whereas the reduced adult haemoglobin was monochme.
By a slightly different technique, adding further salt 10 a clear
HBQ, solution concentrated by dialysis Drabkin {1945, 1946}
had prepared bipyramids of hwman oxy-haemaglobin, which
were recognized as belonging to the tetragonal system by opiical
crystallographwc analysis with the polarizing mecroscope.

Tht method of X-ray crystaliographic analysis of proteins
{Kendrew and Perutz, 1940} by the school of Bragy and Perutz
at the Cavendish Lab v, Cambridge, 13 ding know-
ledge of the crystal forms of haemoglobin to an amazing extent,
and already a ‘low-power’ view of the external form of the mole-
cule has emerged (Bragg and Perutz, 1952, a b and ¢; Bragg,
1a523. The dry molecule 13 hat egg-shaped, about 47 A
in dameter and 57 A long, Hydrated, the protein molecule is
associated with a moalecular layer of bound water, 1 addition to
the surrounding hquid of crystallization 12 the watt cell. The
amount of the latter may vary with salt concentration of the
medium in which the crystal i suspended (Perutz, 1946) The
bound water increases the volume of the hydrated molecule to
more than 100,000 A? (Bragg and Perutz, 1g52c).

A wide range of mammalian haemoglohins has been analysed
by Keray erystallography, and the results indicate packing n

u
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the unit cclls of hydrated molecules of dimensions approsi-
mately 55 % 55 » 65 A, Confirmation has been cbtained that
adult human HbO,, and HbCO and methaemoglobin can
crystallize isomorphously in either osthorhombic or tetragonal
systems. Oine orthorhombic erystal is of Space group P2,
(Perutz and Weisz, 1947; Bragg and Perutz, 1952h), with
4 molecules per wet unit cell of volume 564,000 A3, A second
form with slightly smaller dry unit cell (338,000 A% instead of
393,000 A%} is probably of the same Space group, but differs in
crystal habit ({oo1} instead of {110} and {111}), and in being
strongly pleochroic (Bragg and Perutz, tg52b). These ortho-
rhombic crystals are polymorphic modifications of the iter-
nally symmetrical tetragonal crystal form described by Dxabh'n
{1945, 1946). The tetragonal crystal is a bipyramid, plcofhfﬂ!c
and of form {102}; the Space group is P4,2,, the wet unit ccl{
containing 4 molecules in volume 552,000 A? (Perutz, Liquon
and Eirich, 1951; Bragg and Perutz, 1g952b).

The X-ray crystallography of adult human reduced haemo
globin has been described by Liguon, Trotier and Perutz {see
Bragg and Perutz, 1g952b) for two monoclinic forms, dominant
habits {001} and {011} respectively, of Space group P25 both
are strongly pleochroic, The {001} form contains 4 molecults 13
the wet unit cell of volume y00,000 A%, whilst the second fOﬂP
has 2 molecules per wet unit cell of volume 272,000 As, This
form alse provided evidence for a close simularity between! the
structure of human and horse haemoglobin molecules (Bragg
and Perutz, 1952b). .

Teact has been d sevesal times. This i8 28
optical property of substances arranged in orderly molecular
array, and strongly absorbing hght 1n some part of the spectru®
‘When viewed m plane-polarized light contaning wavclcljg““
which cover the absorption-band of the substance, these will be
more strongly absorbed when the eleciric vector of the polarizes
Tight vibrates paraliel to the direction of the molecules or of thed
chromophore groups (e g systewms of conjugated double bonds}
than i other directions, In a crystal, or ordered fibre, the
directions of varying pleochroic absorption, and hence of cokmﬁ
may be refated to principal crystaBlographic directions; M

iy
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uniaxial crystals and fibres, dichvoism is related to two relractive
indices, in biaxial crystals there are three refractive indices, so
that trichroism may result {Bernal and Crowfoot, 1933; Mor-
ton, 1946; Bunn, 1946; Hartshorne and Stuart, 1950). In the
case of haemoglobin, the four haem groups, consisting of iron
atoms co-ordimated at the centres of essentially planar porphyrin
molecules, are strongly light-absorbing; the cxact form of the
absorption in each derivative is influenced among other things
by the protein part of the molecules. Perutz (1939, 1949) has

Iysed the dichroism o linic erystals of home methaemo-
globm, finding that the absorptien in the red and green spectral
regions is {ar more intense for light vibrating with it electric
vector parallel to the B and y-crystal directions than to the
a~direction. The a crystal plane contains 4 and ¢ optic axes, and
this would appear to be the plane containing the four haem
groups, lying approximately parallel to each ather, probably on
the surface af the molecules by inference from chemical trans-
formations of the crystals observed under the micro-spectro-
scope. Recent Xeray evidence has suggested that the polypep-
tide chamns of the horse methaemoglobin molecule are a-helices
arranged largely parallel to the 4 axis, to which the flat haem
groups are nearly normal (Bragg, Howells and Perutz, 1952;
Perutz, 1952; Crick, 1952), it seems that the helices wm
corners after running for, perhaps, a quarter the length of the
molecule. The weakly-absorbing a-direction at 16° to a axis is
nearly parallel w the length of the molecule {Bragg and
Perutz, 1952b), Further evidence for the existence of the a-helix
polypeptide chain (Pauhag, Corey and Branson, 1951; Pauling
and Corey, 1951} m hacmoglobmn has been found by Perutz
(1951} 1n the presence of an X-ray reflexion at 1 50 A spacing,
simtlar to the stronger reflexion in horse-harr, wool, muscle, in
fibrous protewns and in poly{v-benzyl L-glutamate),

Perutz (1952) has found further interesting tmplications of the
haem pleochroisma. The dichroic ratio of human reduced
haeraglobta is very hugh (4 5), and as i monochmc horse
methaemoglobun, the direction of low absorption 15 nearly {100},
and parallel to g axis When converted to HbO,, HbCO or

h dob d phosphate buffer, there is no

m C
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apparent change of crystal form but the dichroic ratio falls.
‘When the experiment is performed in the opposite direction, the
ratio rises, but the absorption maximum of the reduced haemo-
globin formed is 150 A on the long-wave side of its normal posi-
tion; on solution of such a crystal, the normal maximum is
regained. These changes may be refated both to a weakening of
haem-protein interaction and to a greater degree of parallelsm
of the four haem groups on reduction.

Pleochroic crystals may also exhibit anomalous dispersion of
the birefringence when small and thin, This is due to the refrac-
tive index in the absorbing direction rising to 2 maximum on the
long-wave side of the absorption peak, and reversing in sign 0a
the short-wave side (see Wood, 1949). Sometimes, as with dyed
protein and nucleic acid fibres, both phenomena may be utlized
to detect the lie of the absorbing groups of the coloured mole-
cules (White and Elmes, 1952). An interesting example involv-
ing reduced haemoglobin crystals will be described in connec-
tion with sickle-cells (Perutz and Mitchison, 1950).

The dichroism of monoclinic crystals of adult human reduced
haemoglobin, crystallized from 2-4 M-Phosphate buffer at
pH 67, is 1llustrated in Plate XX VI, Fig. 1.t Maximal absorp-
tion is in the direction of elongation of the crystals, and extinc-
tion is shightly oblique (about 3°). In Plate XXVI, Fig. 2, the
aise of the First order gypsum plate (‘the sensitive tint') shows
that the direction of highest refractive index is also in the direc-
tion of elongation. In solubility experiments on human reduced
haemoglobin (see below), such crystals have frequently been
found, and also forms with the needle orientation parallcl' to
[100}, maximal dichroic absorption and refractive index being
at right angles to the elongation, as in the cases studied by X_'
rays. Fan-shaped assemblies of plates, elongated across the axis
of the fan, are also found; maximal dichroic absorption and
refractive index are across the fan, and a biaxial interference
figure with crossed dispersion 15 given, indicating that the
crystallographic axes and acute bisectrix almost coincide; the
plates of such fans probably have {oo1} habit.

3 The plates referred 10 tn the course of this Iecture will be found at the end of
the book
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CRYSTALLOGRAPHY OF FOETAL Human HAEMOGLOBINS
Human foetal haemoglobin is crystallographically distinct from
adult (Perrier and Jannelli, 1931; Haurowitz, 1935). Jope and
O’Brien (194g) showed that foetal HbO,, HbCO and methae-
moglobin crystalhzed isomorphously like the adult protein, but
belonged to a different crystal system from the latter—probably
triclinic or monoclinic (Plate XXVIII, Fig. 8). As in the adult
systems, the reduced foctal haemoglobin was crystallographi-
cally distinct, and possibly monoclinic, The difference between
human adult and foctal haemoglobins has been confirmed by
X-ray diffraction by Kendrew (1949).

Kendrew and Perutz (1948} have carried out detailed X-ray
crystallographic analysis of adult and foetal sheep haemoglobins.
The former is monoclinic (Space group G2), while two forms of
foetal pigment have been charactenzed as orthorhombic (B22,2)
and monoclinic (P2,). These have presented some unusual diffi-
culues of correlation between optical and X-ray diffraction
data, but indicate considerable structural differences between
adult and foetal forms (Bragg and Perutz, 1952b).

Sorusiury STUDIES ON ApuLt AND FOETAL HuMaN
HAEMOGLOBINS

The effect of salts on the solubility of proteins has long been
known Small concentrations of neutral salts may greatly n-
crease the solubility, and also the stabiity The globulins, for
instance are insoluble mn distlled water but freely soluble in
dilute salt solutions. In very dilute salt solution, the pH of
minimum solublity is close to the iso-electnc point of the pro-
tein, though 1n stronger solutions the pH value for minimum
solubility may differ from the true 1so-electric pomnt In strong
salt sol most proteins tend to | itate—the salting-out
effect. Strong phosphate buffers (Cohn, 1927, Green, 1933)
have been used particularly for this purpose, the pH remaining

and also ) solutions. A single
homogeneous protein will also show a definite, fixed solubility
in a given strong salt solution at constant pH, temperature and
pressure {Sorensen and Hoyrup, 1g17), and the application of
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of the physical chemistry of protein salubility will be found in
the monographs of Cohn and Edsal] (2943) and of Bull {rg51)

Mellanby (1905) carried out carly studies on the solubility of
serum globulin, and found that jn dilute solution, positive o8
negative jons with equal valencies were equally effective 1
increasing solubility, and that the efficiency of the jons of differ
ing valency was directly proportional to the square of the
valency. The ionic strength of electrolyte solutions was formue
Iated by Lews and Randall in 1gar. This entered into the
thermaodynamic treatment by Debye and Huckel (1g23) of
interfonic attraction; the latter workers em ployed as the expres-
sion for jonic strength, half the sum of all the terms obtained by
multiplying the molar concentration of each jon by the square
of its own walence—p, or rj2=0-5 3 GZ. Proteins are dipolar
ions {zwitterions), mfuencing the di-clectric constant, and
hence interionic attraction in electrolyte solutions. In 1925
Cohn showed that the solubility of haemoglobin and other pro-
teins m concentrated ammonium sulphate sclutions could be
cxpressed 1n linear form by plotting log solubulity as agaiust
ionic strength. ,

log 8 = p'—K; (/)

where 8 35 solubility m g/, K the salting-out constant, 2
ionic strength, 8" the extrapolated ntercept of the inear portion
of the curve on the ordinate axis {log S). Haemoglobin solu-
bility in various salt solutions 1s only Iincar over a range of high
iomic strengths, and closely resembles cystine 1n behaviour
(Cohn, 1936) The salung-out constant K, 1 wndependent of
pH and temperature for given salt and protein, whereas B is
markedly nfluenced and reflects the amphotenc properties of
the protemn, Green (1931) obtained series of parailel hnes when
log S was plotted against r/2 for horse HbO, and HLCO at
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varying temperatures, and similarly at varying pH; at o® C.
horse HbCO is about 25 times more soluble than at 25° C. at
high /2, but at low salt concentrations, solubility Increases with
temperature.

Green, Cohn and Blanchard (1935) studied the solubility of
human and horse HbCOin concmtmzed phosphate buffers, and
found such marked di astod ish the two p
completely. Human HBCO was far more soluble, and “both B
and K, were greater, Jope and O'Brien (1919) have carried
out soluhﬂuy studies of the type described on human foetal and
adult h gleb BbCO, crystalhized from adult blood,
hehaved as a single component when increasing amounts of thc
solid phase were mixed with 2M.phosphate at pH 6-7. At this
PH, adult HhO,, HHCO and methaemoglobin had rather simi-
lar solubilities and oheyed the Cohn equation aver the range of
t/2, 4 t0 6. On the other hand, reduced haemoglobn was far fess
soluble; in the range /2, 35 t0 45, solubility was lmear.
Amorphous HbCO was more soluble than crystalline, as found
for other species by Roche, Dcmerx and Moutte (1941}, and
higher solubilities were ob d by dissolving up HbCO than
by salting out.}

Jope and O'Bren (1949} observed a difference between
reduced Hb and the somorphous derivatives, HbO,, HbCO
and methasmoglobin, also i the effect of temperature. Hb dud
not vary m solubility with temperature, whereas the latter three
had temperature-solubility curves with munima at about 20° C.
Distinction between foetal and adult HbO, was also apparent in
this respect, the solutnlity of foetal HbO, increased linearly
with temperature from ©° to 25° C., resembhng the behaviour
of many protemns in difute salt solutions. Foetal reduced Hb was
only siightly more soluble than adult, and similarly was un-
affected by temperature.

The distinctions established by solubil have
secently scquired great practical importance, parveulardy with
regard to the haemoglobin abnormalty in sickle-cell anaemia,

* A recens review by J Roche and Y Dmncn (Sang, 24 97, 1953) deals with
fusther aspects of the sotubdies of hasmaglobis
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DisFERENCES IN THE Asino-Acib Coupostrioy oF Forran
AN ABurr HaEmooLosing

Studics on adult and foeta] 0x haemoglobins {Vickery, 544}
indicated differences in the amino-acid composition, but the
most revealing work is that of Porter and Sanger (1948). Using
ther:a: 4-fluorodinitrobenzenes reagent (Sanger, 1g45) forest-
mation of free amino-groups in proteins, these workers found
that human adult haemoglobin contained 5 terminal valine
residues, and 43 free £-amino-groups of Iysine, whereas the
foetal protein contatned 47 free lysine e-amuno-groups and 2
average of 2 6 terminal valine residues, A molecular weight of
66,000 was assumed in each case; Jope and O’Brien {1949}
mention that ultra-centrifugal and osmotic pressure studies by
Gutfreund suggest similar molecular weight for foetal and adult
human haemoglobin, and a tendency to dissociate on dilution
is similar in the two, Andersch, Wilson and Menten {1544) sug-
gested a molecular weight of half the adult value however, from
the sedimentation constant alone,

Beaven, Hoch and Hofiday (1g51) point out that as even a
30-week foetal haemoglobin sample would contain some adult
pigment, the results of Porter and Sanger probably indicate the
presence of two valyl end groups in the foetal molecule. The
number of free -amino-groups indieates the number of open
peptide chains in the molecule, and 3t 15 probable that this is
also equal to the total number of chains present. The Sading of
five terminal valyl groups in adult human Hb and six in the
closely-simular horse haemoglobin molecule 15 interesting.

Tur haunocosicar SrEctFICITY 08 Fosrar avp Apurr Huaaw
Haznocronny

The antigenic specificity of the globin in haemoglobins from
different animals has been studied extensively (Heidelberger
and Landstemer, 1923; Hetkoen and Schulhof, 1923; Hetkoen
and Boor, 1931}, and the difference berween human foctal and
adult forms was demonstrated clearly by Darrow, Nowakossky
and Austin (1940}, Porter and Sanger (1948) consider that there
is a relationshup between the termumal amino-acid residues and
immunological specificity
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Arxau Bexarturasion or FoeTaL axp Apurt Hagstoorosmy
When hoemoglobin solution is made strongly alkaline with
sodium hydroxide, the adult pigment is rapidly denatured and
the brown colour of atkaline haematin appears. As long ago as
1866, Korber observed that foetat blood was much more resis
tant to this denaturation, the red colour persisting for an hour
or so. This difference has been studied by numerous workers
{von Kruger, 1888; Bischoff, 1926; Haurowitz, 1929, sgzo;
Trought, 1932). Brinkman and co-workers (Brinkman, Wild-
schut and Wattermans, 1934; Brinkman and Jonxis, 1935, 1937)
have deseloped methods for following the reaction photo-
meirically at pH 12-7 through the increase 1n hght absorption in
the red as the alkaline haematin 1 formed, the results are ex-
pressed graphically as a first-order reaction. Mixtures of foetal
and aduith lobin give two-comgp curves, and the log
percentage of the slower foetal component is found by extra-
polating back to the ordinate, It s also claimed that at pH 11-7
adult haemoglobin denatures slowly, and may show evidence of
%0 COmy with duff it

Jonxis (1949) found more foetal haemoglobin n the blood of
premature infants than of full-term children, but in both a pro-
portion of adult form was present. The foetal form diminished
steadily after birth and at 43 months had disappeared, He
{Jonxis, 1948, 1949) also claimed that m erythroblastosis foetatis
due to rhesus goni the cells ining foetal haemo-
globin disappeared more rapidly, through selective haemolysis.
This view was attacked by Baar (1948), as he and Mollison
{1943} found that transfused cells were destroyed as readily as
the erythroblastotic infant’s own cells. By denaturadion studies,
Pander and Levine (194g) found no difference in the rate of

disappearance of foetal Hb in normal and erythroblastotic
infants,

Ithasbeen shown that alkalid af meth lobi:
praceeds more rapudly than that of HbQ, (Lemberg and Legge,
1949; Fig. 3). At a given pH, HbO, 18 denatured more slowlyat
high tonic strength of salts {Lews, 1926); at low tome strength,
the denaturanon rate is proportional to {OH} concentration
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(Haurowitz, 1931). The absorbtion of the alksline haematn
solution is far greater than the corresponding amount of HbO,
in the spectral region Goo-650 myu (Donaldson, Sisson, King,
Wootton and Macfaslane, 1951). Keilin {1926} believed that
the denatured globin and alkaline hacmatin would be frec in
solution, but Anson and Mirsky (1930} and Drabkin and Austiz
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(1935) thought a conjugated protem of ferri- or ferro-haemo-
chrome type was formed. On spectrophotometsic grounds, King
and Delory (1945) considered that a conjugated protein of
oxidized haematin and denatured globin was formed. It should
also be remembered that under such conditions as Jow tempera-
ture, the atkal denaturation of haemoglobin may be reversible
{Hill, 1g25}.

In Fig. g, the denaturation curves of HbO, of 2 normal adult,
10-week nfant and new-born infant are plotted as rise qf dc{r
sity at 640 mg (spectral red filter} against reaction timeid
seconds. 0 2 ml of N.NaOH is rapidly stirred into 48 ml of
HbO, solution, of initial D,,, about 0 08, in the 1 cm, photo-
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electric colorimeter cell, and the density recorded at 10-second
intervals, Whereas denatoration of the adult protein is complete
in less than roo seconds, the infant samples give a rapid initial
rise in density, followed by a slow intrease which is complete in
2~2} hours. The curves are far more informative when ex-
pressed in the form of a fisst order, monomolecular reaction (see
Glasstone, 1947). In the course of the reaction, the [OH"]
remains substantially constant, so that the plot of the log of the

i h d molecules of HbO, against timeisa

1 of
straight line of slope
2:393
Reaction Constant K.
Tt can be shown that any time t during the reaction, the concen~
tration of unchanged HbO, is proportional to
D~
D, —~Do

where:

Do = Initial Optical Density at 640 my,

D, = Dy, at completion of reaction,

Dt = Dy, attimes.
‘When the data from Fig. 3 are expressed m this form, the lines
shown in Fig. 4 are abtaned. The adult HbQ, yields z straight
line of steep slope and reaction half-bme 12 sec. {50 per cent of
unchanged HbO, present) The 10-week infant HhO, yrelds a
two-component curve—an initial steep slape due to the adult
HbO, present, and a slow component with a t§ of r150 sec,,
due to foetal HbO,. By extrapolation, the percentage of foctal
HbO, 1 found to be 16 per cent of the total. In the new-born
infant, the foetal HbO, 15 73 per cent of the total.

Reaction rates are 1y sensitive to temperature {Arr-
heniug, 188g) and precise thermostatic control presents con-
siderable difficulty. In the expesiments described here, the tem-
perature was 20° +1° G, A joint line was dentved by the method
of least squares for the denaturation of 16 samples of normal
adult HbO, in 0 04 N.NaOH, gwing t} 113 seconds, S,D.
23 seconds. No evidence has been found for the preseace of a
second component 1 nermal adult haemoglobin, with different
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denaturation rate at pH 128, In young infants, small amounts
of foetal haemoglobin are readily detected, and in artificial
mixtures of sdult and foetal HBQ,, as little as 2°5 per cent af the
latter could be detected, but not accurately measured. The
denaturation of methaemoglobin and HbCQ is compared with
that of HbOy in Fig. 5. Methacmoglobin is more rapidly de-
natured, but in the carboxy-compound, the stable CO-—haem
appears to protect the protein and a slow denaturation occurs.
The curve is complex, more probably due t0 secondary re-
actions than to the presence of a second component; adult
HBCO was found to be homogeneous in phase-rule studies (Jope
and O'Brien, 1949).

Movomorecurar Frius or Aport axe Forrar Haenoaronsns
Proteins, like many polar compounds, may be spread on the
surface of water or difute salt solutions to form lecut;
layers, the structure of which can give information on molecular
size and form (see Sobotka, 1947). Stable monomelecular films
of maximal area form in the neighbourhood of the iso-clectrie
point of proteins, and Brinkman and Jomus {1935, 1937) have
apphied the method of Garter and Grendel (1926) to thestudy of
haemoglobin. The area of spreading on the surface of M/g00
phosphate buffers over the range pH 6 to 8 was measured, and
plotted as area of film per mg of protein after 1 minute, against
pH. Foetal and adult haemoglobins differed, the foetal form
spreading more slowly than the adult, and maximal area being
achieved at pH 6 7 instead of § 9. These differences are reversed
in foetal and adult hacmoglobins of the cow, sheep and goat, as
are the ressstances to atkali { Jonxis, 1939)-

ExrerrornoreTic MRV of FORTAL AND ADuLt
OGLOBING
Landsteiner, Longsworth and van der Scheer {1638) apphed the
clestrophorenc methad of Tisehus (1937) o haemoglobin of
various animals, and fonnd small but characterstc mobility
Giffesences. Andersch, Wilson and Menten {1944) studied
HbCO from adults, and blood of young infants, The Longs~
worth patterns showed clear distincuon between foetal and
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adult HbCO, with resolution of the two components in the
blood of infants.

Beaven, Hoch and Holiday (1951) studied adult and foetal
oxy-haemoglobins in phosphate buffers at pH 7-1 and 8,
/2 oro5 {Hoch, 1945). Adult HbO, had shightly greater anodic
mobility in both buffers, Under the conditions of marked
boundary anomaly resulting from law ratio of ionic strength to
protein concentration (Hoch, 1950), the hacmoglobin from
20-week foetuses was found to contain a proportion (at least
6 per cent) of faster component, and this increased steaddly
throughout intra-uterine life and early infancy, replacing the
foetal haemoglobin at about four months. 3

Electrophoresis of haemoglobins will be discussed further iz
connection with sickle-cell Hb.

SPECTROPHOTOMETRY OF FoETAL AND ApULT HuMaAN
HAEMOGLOBINS

The strong absorption bands of haemoglobin denvatives m the
visible are mainly determined by the haem groups, though the
position of the maximum of the intense Soret band (Soret‘, lf€75)
in the violet, which is characteristic of the intact porphyrin £ing,
is mnfluenced by the protein. However, the characteristic posi-
tion for each derivative is constant for a wide range of mam:
malian, avian and amphibian haemoglobiuns, and in adult and
foetal human haemoglobin (Jope, 1949). The Sorct band ?f the
expected intensity is present in the spectrum of the intact
erythrocyte, if optical precautions to prevent light scatter ar¢
taken (Rubmstein and Ravikovich, 1946; Jope, 1949}

In 1937, Holiday described a sensitive means for resolving the
fine structure of the ultra-violet absorption of proteins, whichi is
due to their content of aromatic amine~acids and tryptophan-
The method consists in moving a photographic plate v_cmcall)’
past the horizontal continuous spectral image of the slit of the
spectrograph, at a rate which increases logarithmically as the
distance travelled. By this mcans, Jope (1949) (:ound that
although the band . in the frec
amino-acid and in yroteins it S
shifted to a longer - , In human
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foctal haemoglobin on the other hand, the position of the
“ryptophan notch’ approached 28g-8 my, bath in soludon and
in the erythrocyte. The notch is resolved in foetal haemoglobin,
whereas the adult haemoglobin has an unresolved inflection
at2gt my.

Subsequently {Beaven, Holiday and Jope, 1950; Beaven,
Hoch and Holiday, 1g951), it has been found that at varous
stages of foctal and early infant life, the tryptophan notch
occupies an intermediate position dependent on the proportians
of adult to foetal haemoglobin, The relationshap is not linear,
as the better-resolved foetal structure dominates the position,
and the greater part of the shift occurs in the range 50~90 per
cent adult Hb. Less than about 1a per cent of foetal Hb cannot
bedetected.

Tassx 1. Foetal Haemoglohn 1. New-born apd Young Infaats

U.V. spectrum ‘ Alkaline denaturation
Normat by
Tryptophan tal |t %
Not ’ fcx»;t;] kse. foetad Hb
Fell-term infants:
No. 32 2001 A 60 480 &3
2 2000 70 50 78
56 28%3 30 1025 ™
*® 2399 80 50 3
10-week infant:
No 103 21908 10-15 | 1150 10
Hatmobyas anaeora
3-months infant.
No 54 20t @ | 60 |
4-months infant 2010 {2909 i
No 6 201141 | - 176 | 72

The position of the tryptophan notch 1 a series of new-born
#nd young infants 13 shown in Table 1, and the percentage of
foctal Fib deduced by this means is compared with the value

biamed by alkah d an (Beaven, Holiday and Whte,
3953). Fair agreement 15 obtatned, though the latter method s
more sensitive for the detection of traces of foetal Hb, The tvo
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phenomena are unlikely to berelated, though both reflect aspects
of the fine structural differences distinguishing adult and focta}
human haemoglobins. On a comparative scale, quite complex

(‘Ioin}is, .1949), but tl;e_‘{;yiﬁgp‘han— nc;;ch —h.asnthc 201 mé
pasition in both (Jope, 1949). :

Tue OxveeN DissoctatioN Curve For Forral Broon
A number of investigators have established differences betwecn
the oxygen dissociation curves for foetal and adult blood, and
also for the maternal blood in pregnancy. Leibson, Likhnitzky
and Sax (1936) found that the curve for the blood of nomal
women varied within narrow limits whilst the maternal blood in

women. Essentially similar result; have been found by several

investigators (Haselhurst and Stromberger, 1931, Eastmat
Geiling and De Lawder, 1933; Darling, Smith, Asmussen and
?ohgn, 1941), and the question is discussed in detail by Barcroft
1946).

It is generally considered that the differences in behaviour of
the foetal corpuscles is best accounted for by the presence of 3
different haemoglobin, but the situation is complicated by
possible differences 1n jonic environment within the corpusd_f.
permeability and blood pH. Haurowitz (1935) found thﬂ!‘m
dilute solution, human foetal haemoglobin was unique in having
a lower oxygen affinity than the maternal haemoglobin, and
this reversal of the behaviour found in the corpuscles has been
confirmed by Hll (see Barcroft, 1946), and by McCarthy (1943}
for strong solutions of the haemoglobin. McCarthy (1943}
found that the maternal corpuscles markedly decreased the
oxygen affinity of the adult Hb, whercas the foetal cclls l'md
little effcct on the foetal Hb, thus accounting for the position
when the whole blaods were compared.

An interesting question, which has been little explored, is the
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ease of of foetal b globin o metk lobin. In
blood of normal adulis, it lobin, or other pig
without oxygen-carrying pawer, is present only te a very smail
extent {Ramsay, $549; Wootton, 1950). Kitnzer and Savelsberg
{1951) found 2-12 per cent of methaemoglobin in the blood of
suckling infants in the first three months, as against 1 per cent
in the blood of alf oiher age groups; cord blood samples con-
tained only 1 per cent. They suggest that this relates to law
activity of the glycolytic enzyme systems which normally pre-
vent by reduction the int v: lar 2 lation of
methaemoglobin (see Barcroft, Gibson and Harrison, 1949).
Well water containing nitrates may cause methacmoglobin-
aemia in infants (Comly, 1945}, and Cornblath and Hartmann
{1948} considered that nitnte formed by seduction by micro-

ganisms in the g; 1 tract was responsible. Lecks
{3950) obtained some evidence that more ready oxidation of
foetal haemoglobin by nitates alsa played 2 past. The frequent
occusrence of heavy meth globi iz in prt e infants
treated with sulphamezathine (Mann and O’Bren, 1955} may
also ipdicate this. Studies are needed on systems free of enzymes,
orin the presence of inhibitors.

Cranicat Sioxricance or Forrar Hasuooropwy
1tis usual to point to the different sites of erythrocyte formation
in foetus and adult in explaining the two types of haempglobin.
The liver as opposed to the marrow 15 often quoted as the prin-
cspal site of ongin for foctal erythracytes (see Barcroft, 19465
and Drabkin, 1g51) However, foetal haemopotests 18 3 compli-
cated process, passing through several morphologically distnct
phases, and widely distributed m many organs and tissues
{Gilmour, 1941). The liver is the chief site in mid-foetal ife, but
skeletal sites appear in the clavicle of the 43 mm. embryo
(G}hnour, 1941), and the marrow progressively assumes the
principal role frem the fifth month of intra-uterine hfe onwards,
and z)s the exclusive site from 15~21 days after birth {Galmour,
1941).
‘The spectrophotormetric data of Beaven, Hoch and Holiday
(1951) indicate 2 very gradual change-oves from foetal to adult~
x
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type haemoglobin formation, commencing not later than the
middle of intra-uterine life. Even haemoglobin from a 20-wecks
foetus contained 6-7 per cent adult-type Hb, and at term about
20 per cent was present. It is possible that the foetal-type globin
is an expression of the general foetal anabolism rather than the
specific site of origin, These workers found that no more than
10 per cent of foetal haemoglobin persists 4 months after birth,
and this would be compatible with the morphological observa-
tions of Gilmour (rgq1), that erythropoiesis js entirely intra-
medullary from 15-21 days after birth, but also indicates that
only adult haemoglobin is formed after delivery. Other workers
suggest that foetal haemoglobin disappears in the first few
months of life (Trought, 1932; Haurowitz, 1935), but Singer,
Chernoff and Singer (1951) claim to have detected a small per-
centage persisting as long as two years after birth in healthy
infants, using a sensitive denaturation test. It is clear that further
correlation is required between the morphology of haemopoiesis
during mtra-uterine life and infancy, and the detection of foetal
haemoglobin by a range of physical methods. i
It has frequently been considered that foetal hacmoglobin
may persist after birth, or reappear, in vanous pathologlcal
conditions (see Barcroft, 1934) or modified environmental con-
dutions (e.g. in dwellers at high altitudes; Rubowitz, 1933): I."
pernicious anaemia, the sumlarities between megaloblastic
haemopoiesis and the earliest, primitive generation of nucleated
red cells in pre-somite embryos, and also the part played by the
liver, have prompted several investigators to look for foetal
haemoglobin. Schenk (1930) thought alkali-resistant haemo-

cells did not disappear after treatment by purtfied liver extracts,
folic acid or vitamin Biz. However, Trought (1gg1) an
Haurowitz (1935) have found the rapid denaturation charac-
teristic of normal adult Hb, and Jope and O’Brien (1949) pre-
pared orthorhombic crystals of normal adult HbO, from
ernicious anaemia blood. .
Liquon (1951) investigated the blood 1n thalassaemia major
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(Cooley’s anaemia; Cooley and Lee, 1925), and obtained un-
equivocal evidence for the presence of a mixture of adult and
foetal haemoglobins. This was indicated by slow alkali-dena-
turation rate, and an intermediate position of the tryptophan
fine-structure feature on ultra-violet spectrophotometry (Holi-
day, 1937; Jope, 1949; Beaven ¢ al., 1951), and crystals of
HbO, were prepared with the morphology and higher solu-
bihity charactenstic of the foetal pigment. By measuring the
slope of the tryptophan fine-structure feature at two selected
wavelengths in the ultra-violet, Rich (1g52) has consistently
found large of foetal h lobin in the blood of
children with thalassaemia major, whereas the parents with
thalassaemia minor or the trait have the adult pigment. Geneti-
cally, Cooley’s anaemia appears to be a homozygous condition
inherited from heterozygous parents (Moncrieff and Whithy,
1934; Valentine and Neel, 1944), and a fundamental defect in
the ability to synthesize haemoglobin occurs, the presence of
foctal Hb being the result rather than the cause of this. In
Table 2, the presence of foetal haemoglobin is shown in the
blood of a Cypriot child with Cooley’s anaemia, whilst the

parents have the adult pigment {Beaven, Holhday, Johnson and
White, 1953).

TABLE 2. Mediterranean Anaemia

U.V. spectrum Alkahne denaturation
o
Tryptophan - %
orch | Tl | e | g i
Father, trait 2910 —_
Mother, trait 2910 —_ B B
Daughter, aet 3
conia major 2907 20 113 12

By measuring the percentage alkali denaturation n one
munute, and by a fractional denaturation method, Singer,
Flhemoﬂ' and Singer (1951) have detected foetal haemoglobin
in Cooley’s anaema, 1n the trait in small amounts, and also they
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TABLE 3. Anaemias with Adult-typc Hacmoglobin

Adult alkaline
Adult-type | genaturation
ULV. spectrum pattern
Pernicious
Anaemua 7 3

Acute Leukaemia 3 2
Myeclosclerosis L 1
Severe Hypo-

chromic Anaemua) 1
Aplastic Anaemia 4
Total Obs. 16/16 6/6

Tabiz 4 Familial Haemolytic Anaemias with
Adult-type Haemoglobin

Adult alkahne
Adult-type | genaturation
U.V. speczum paticrn

Hereditary Sphero-

cytic Anaemia 17 7
Hereditary

Elliptocytosis 4 4
Paroxysmal

Nocturnal

Haemoglobinuna

{Not familial} 1 1
Atypical Oongcm(al

Haemolytic

Anacruas 4 1
Total 26126 13/13
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believe that small amounts of a!kah-resxsmnt p!gmtnt may
aceur in a variety of h ding some
cases of acute and chronic lmka:mms, pcmxcmus anacmxa,
feuco-erythroblasti ia due to Y
of the marrow, chronic aregenerative anaemia, and hereditary
spherocytosis; b hagic and iron-defici fas have
normal adult pigments onty.

A wide variety of blood disorders has been examined by the

ly described atkali-d ion method, and by U.V.

spcctrophommetry (Beaven, Holiday and White, 1953), and the
results are given m Tables 3 and § A serdes of haemolytc
anaemias was studied, including the cases of atypical hasmo-
lytic anaemas recently published by Dacie, Mollison, Richard-
son, Sehwyn and Shapiro (1953). Despite lhc ﬁ—equcnt occur-
rence of dly disturbed b the
exstence of extra-meduflary blood formanun the hacmoglubm
in all these cases appears to be predominantly of the adult type.

The evidence for occurrence of foctal haemoglobin in sickle-
cell anaemia will be considered later.

SICKLE-CELL. HAEMOGLOBIN

1n 1949, Pauhng, tano, Singer :md Wens announced that the
tobia in sickle~cell differently tonormal
adult hacmoglobm in the Tiselius eJectrophoresis apparatus. At
pH 6 g in phasphate bufler of 1/2 o1, sickle-cell HbCO moved
as a pasiave ton, the nosmal protein as a negative ion, and the
iso-electric points were found to be pH 7-09 and 6 87 respec-
twvely, This small but significant difference cotresponds to 2-4
marte positve charges per sickle-cell haemoglobin molecule. In
sicklaermua (the non-anaemuc carvier trait) the Longswarth dia-
gram indicated the presence of a muxture of normal and stckle
cell haemoglobins i about 60 : 4o ratio Wells and Ttano {1g51)
found that this ratio of the two haemoglobms was usual n
sicklaemia, but that cases of sickle-cell anaerma might also con-
tam fromn 5 to 20 per cent of electrophorencally narmal haemo-
globm, under the conditions cmp!oyed normal adult and foetal

tobin would be ind
Sickled cells are bxrcfnngent {(Sherman, 1940}, and Perutz
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and Mitchison (1950) were able to show that they actually con-
tain erystalline reduced haemoglobin, with optical properties
corresponding to those of small needles and plates of reduced
haemoglobin crystallized from buffer solutions, The extinction
directions, pleochroism and anomalous dispersion of the bire:
fringence all corresponded. They showed further that the
characteristic of sickle-cell haemoglobin that causes it to crystal-
lize in the cells is its extremely low solubility in the reduced state
{about one-tenth that of normal reduced Hb), whereas the
HbO, and HbCO compounds have the same solubility as nor-
mal—the sickle-cell reduced Hb would therefore be about 100
times less soluble than the oxy-compound. Later, Peruts,
Liquori and Earich (1951) showed that the reduced sickle-cell
Hb has a far lower solubility than normal, not only when
crystals are dissolved in buffers of high r/2, but also under more
physiological conditions. It has further been found (Harris,
1950) that solutions of sickle-cell haemoglobin gel and form
tactoids when exposed to low oxygen tension, and that thest
closely resemble sickled cells under the microscope. Singer and
Chernoff (1952) showed that only sickle-cell haemoglobin forms
tactoids, but that haemoglobin solution from the sicklaemia
trait would also gel if very concentrated, and after long exposure
to CO, in the absence of O,.

The umque character of sickle-cell haemoglobin has been
fully established, but the malecular differences from the norat
protein are very fine. In an X-ray crystallographic study,
Perutz, Liquon: and Eirich (1951) found that normal and sickle-
cell reduced haemoglobins are 1dentical in this respect, and that
sickle-cell HbO, also crystallized 1 tetragonal (P4,2;) and
orthorhombic (P2,2,2,) forms identical with their norm
counterparts. In addition, however, orthorhombic crystals of
sickle-cell HbO, were prepared, with unique characters—spac¢

group P2,2,2, a large unit cell of wet volume 1150,000 :
ining 8 molecules, and the molecular weight of the asym-
metric units 136,000, This form may be a dimer (Drabhim

1951). .
9Schroedf:r, Kay and Wells (1950) quantitatively analysed nor~
mal and sickle-cell haemoglobins from negroes for 17 ammno~
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acids and ammonia, but found only trifling differences. A similar
minimum molecular weight for each was inferred, the isoleucine
amounting 10 1 residue for a M.W. of about 67,000. Havinga

& Hb FROM NORMAL AND
NON-SCKLAEMIC INDIVIDUALS
o SICKLE-CELL TRATT
< A\ SCKLE-CELL ANAEMIA
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T :
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g :
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) i1 )
wonic srrétarn %
Fua. 7. S ity of reduced b e in pH 67 phosp buffer of
varyng jonie strength,
{1953) applied the end-group assay method of Sanger (1945),
finding smnlar numbers of valyl end groups in normal and
sickle-celt globins and intact huemoglobins, though the sickle-
cell haemoglobin reacted with duitrofluorobenzene more
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rapidly than the normal, Havinga found that sickle-cell H6CO
was more difficult to split into haem and globin with acd
acetone, possibly indicating a difference in the regions of haem
attachment to the protein. This is of interest when it is recalled
that the hydrophobic character of the sickle-cell Hb only
becomes apparent on reduction, when hacm-protein interaction
may weaken (Perutz, 1952). The soluble globins separated from
normal and sickle-cell haemoglobins preserve characterisic
differences in electrophoretic mobility unless vigorously de-
natured (Havinga and Itano, 1953).

The results of solubility studies on four cases of sicklc—Ct.n
anaemia and nine sickle-cell traits (sicklacmia) are shown in
Plate XXVII, Fig. 6 and in Fig. 7 and compared with hacme-
globin from normal individuals, or anaemias not of sickling
type. The experiments were set up in pH 6-7 phosphate buffers
of varying ionic strength, using ferrous citrate as reducing agent,
sealed in an atmosphere of nitrogen, and equilibrated with
gentle mixing for five days at 22° G, Lincs are drawn for the
three groups through the group mid-points in each strength of
buffer, and the linear Cohn relation between log solubilities and
rf2 appears to be followed over the range rf2 384545 The
sickle~cell Hb hasone-sixth to one-eighth the solubility of ‘normal
reduced Hb, and the mean solubility for the trait group is about
twice this. The trait samples were from Fast Africans, and were
kindly provided by Dr. H. Lehmann. Blood from a Gam}nﬂﬂ
with ancylostoma anaemia, which did not sickle, contained
haemoglobin with normal solubility.

The movement of normal and sickle-cell lmemoglobi{\s by
clectrophoresis on paper is shown in Plate XXVIII, Fig. 8
Spaet (1953) has also used this method for demonstrating the
shight difference in mohilities between human haemoglobins.

FoETAL HAZMOGLORIN IN SICKLE-CELL ANAEMIA
Using sensitive alkali-denaturation techniques, Singer, Cher-
noff and Singer (1951) found that 2-24 per cent of resistant
haemoglobin frequently occurred in the erythrocytes of _s:dxlc-
cell anaemia, but not 1n the trait. Combining this test with the
test of tactoid formation for sickle-cell haemoglabin, Singer and
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Chernoff {1952} recognized normal adult Hb(N} and sickle
ccﬂ Hb(S) in the trait cells, :snd in sickle-cell anaemia, the
lobin 5 might be 7 d by alkali-resi foetal-

type Hb(F)

The presence of foetal haemoglobin in sickle-cell anaemia has
aho been established by Itano (19;,3 a :md b) by the alkali-

fon and sp ds, and by solu-

biity measurements. The prcs:m:c of foctal haemoglobin in the
sickle-cell increases the net solubility (Itano, 1953 & and b),
which is advantageous to the indwidual. There is also some
evidence that sichling is difficult to elicitin the young infants of
sicklaemic parents, possibly due to a persistence of foetal
haemoglobin {Watson, 1948}

In our own work, we have encountered foctal Hb in one case
(mdc infra) of sichle-cell ia oat of six by tkali-d
tion and U.V. spectrophotometry, and none in mae tass. Jtis
now known that foetal Hb may accompany sickle-cell Hb i
conditions other than pure sickle-cell anacsua.

Tuz GENETICS OF SICKLE-CELL ANAEMIA

Neel {1951, 1952) has postulated that the sickling phesomenon
isduetoa gene, which 1 single dose produces the trait, in
double dose, the h ygous state with devel of sickle-
cell anaemia. This is well supporsted by the chesnical evidence
for a mixture of sickle-cell Hb and slight excess of normal Hb in
the trait cells, but an excess of sickle-Hb, with perhaps some
foctal b, in the anaemma. The theory reguires that both
parents should carry the gene, and their blood sickle. Ths is
largely teue, but exceptions occur.! In some cases, 1t appears
that one parent has the nickle trait, the other the Thatassacnua
trait (Cooley or Mediterranean trawt), and that although the
genes for the two conditans are separate, they may wteraet to
produce 3 haemolytic syndrome vath featuses of both sickie and
Mediterranean anaemsas in some of the offsprng (Powell,

Rodarte and Neel, 1950, Sturgeon, Itano and Valenuse, 1952},

*Stnce thus lecuure was prepased, Suger and F».‘m (41955) Blaod, 8, 270) have

Shown 0t 10 sorne anoraalous cascs, i erythrocyies of the ou-ucklmg parens

2y Soflam 1o more than a trace of ncklecett Hb d:x:tub)c only by carefal
tkcv.mphoreuc analyss
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This condition was first described in Sicilian and Southem
Italian families by Silvestroni and Bianco {1g52), and called
micro-drepanocytic disease.

HAEMOGLOBINS IN HAEMOLYTIC ANAEMIA DUE TO SICKLE-CELL:
THALASSAEMIA INTERAGTION
Itano (1953 a and b) has demonstrated that either normal adult
or foetal Hb may accompany the sickle-cell Hb in these cases.

SICKLE-CELL ANAEMIA (54)

3 g

UNCHANGED HbO;
EDER e

SIw
Soves TIME

FiG. g. Denaturation of HbO; 1 0-04 N.NaOH at 20° C. Sickle-cell

anaemaas and trat.
We have studied blood from an Arab woman who may have the
condition, which was kindly provided by Dr. N. A, F. Young
from Kuwait. Sickle-cell Hb was demonstrated by the low
solubility, similar to that of the sickle-traits studied; the presence
of 20 per cent of foetal haemoglobin was indicated both by
alkali-denaturation and U.V. spectrophotometry (Fig. 9). The
mother’s blood sickles, and the father appears to have thalas-
saemia minor.

A further family has been studied with Dr. Humble. The
father and two sons have sichle-trait and haemoglobin of
low solubility. The mother has the characteristics of thalas-
saemia minor. The third son is completely normal, and the
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daughter is anaemic, sickles, and has haemoglobin of low
solubility. No foctal Hb has been found in any member of this
family. »

To characterize fully the anaemias which may occur where
ane parent only carsies the sickle-traiy, electrophoretic analysis
is necessary, since there is evidence for two further abnormal
haemoglobins, controlled by genes which may interact with the
sickling gene.

QruER ABNORMAL HAEMOGLOBINSG INTERACTING WITH

Srexre~ceLL HAEMOGLOBIN
Two further abnorma] haemoglobins have been described by
American workers, which may give rise to haemolytic anaemias
of moderate severity. Itano and Neel {1950}, and Kaplan,
Zuelger and Neel {1951), described 2 new haemoglobin I1I,
occurring in some American negro families, which had greater
elertrphnretic mobility than either normal or sichle-cell haemo-
g

Q

CLa 220, LU aser mmes aee gome =

trait; the other was a healthy, heterozygous carrier of the gene
for the new haemoglobin, the erythrocytes containing normal
adult Hb and Hb 1L It is now known that some foctal Hb may
accompany the sickle-cell Hb and Hb III in the haemolytic
disease, and that the net solubility is not greatly reduced
{Trana raszal

<)l Hb and Hb d, and foctal Hb might be
present (Itano, 1953 a 2nd b).

It will be apparent from the foregoing that the situation is
complicated, both genctically and biochemically, and it is pos-
sible that yet further patterns wifl emerge. The application of
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the evidence for the classification of the four human haemo-

globins at present known:
' Symbol

(Blood, 8, (ltano, (Swgerand

386, 1953) 1953a, b) 0{;1;1233,

Normal Adult Hb A a
Normal Foetal Hb F f F
Siclde-cell Hb 3 b 3
H lobin I (second at 1) C c
‘Third abnormal Hb D d

FURTHER ASPECTS OF SHAPE-ABNORMALITIES OF ERYTHROCYTES
In sickle-cell anaemia, crystallization of the abnormal haemo-
globin when the oxygen-tension is reduced is largely responsble
for sickling, and these cells are readily destroyed in the circula-
tion. Other haemolytic anaemias may frequently exhibit abnor-
mally-shaped erythrocytes, but contain no abnormal haemo-
globin. An example was studied in a child of six, with ?robab!Y
a familial h lytic i plicated by nephritis (Dacic
et al., 1953; Case 12). Triangular cells were present in the circus
lation, and preparations for sickling rapidly became bircfringent
due to formation of reduced Hb crystals within the cells.(Platc
XXIX, Fig. 10), though true sickling (Plate XXIX, Fig. 1}
did not occur. The solubility of the haemoglobin was normal,
and an abnormally permeable cell membrane may have been
responsible.

Teitel-Bernard (1932) found that haemoglobin in n?rmal
human erythrocytes crystallized when the cells were slightly
shrunken in hypertonic reducing media Isaacs (1950) obs'cntd
sickle-like elongation of normal erythrocytes in very viscous
media like glue, and we bave found that normal cells become
ellipsoidal, and their HbO, birefringent, in pH 6-7 M. phos:
phatebuffer. The X-ray diffractionstudiesof Dervichian, Fournet
and Guinier {(1947) and Perutz (1948) indicate that the haemo-
globin molecules m the normal erythrocyte can rotate frcc})',
but are arranged in a close-packed lattice. This ‘near order’ 18
between the order of a solid crystal and the disorder of solution.

The role of the proteins and lipoids of stroma and surface
membrane in maintaining the shape of the erythrocyte, and the
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tnear order’ of the contained haemoglobin, has been'stressed by
Ponder {1948, 1950) Disproparuon between stroma and the
normal h may be responsmble for the
abnormally-shaped cells often seen in such condutions as hypo-
chromic anaemias. Dervichian, Fournet, Guinier and Ponder
{1952} have approached this problem in cells with abnormal
haemoglobins by smeans of small-angle Xeray diffraction. To
relate the structure of the erythrocyte adequately to all the
vanious pbserved abnormalities of production and destruction,

Ih).s aspect will have to be studied as closely as the possibility of

lity in the haemoglobin itself.

Conerusien
The evidence for the existence of foetal and adult human hae.
moglobins, and for three genetically-controlled absormal hae-
moglobins, is discussed and related to the clinical findings in
various anaemic mndiﬁons.
The back d of the physical ch of proteins has
bcm stressed ang elaborated at some lcng&h, a¢ the various
lobins can only be recognized wath certsinty and differ-
entiated by the application of precise methods. This is 1
if their significance for the genetics, aetiology and climeal
features of the anaemias concerned 1s to be properly assessed.

The blshed destnbed in thus lecture were carned out
11 ce-operaton with the M.R.C. Spectographse Unit, London Hospital,
durector Dr. B« R. Hobday, and Drs. G. H. Beavan and E. A. Jehason.
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The Life History of the Malaria Parasite

P. C. C. GARNHAM

human race. Vital statistics in the tropics, where the

disease is commonest, are too unreliable to confirm the
absolute truth of this statement but there can be little doubt that
malaria is still—in spite of spectacular advances in control
measures—one of the most important diseases of the world
today. T expect most of you are familiar with the life history of
the parasite—1 intend in this lecture to mention briefly the
well-known features, and shall spend most of the time in des-
cnibing the latest discoveries regarding the tissue phase of the
patasite, and shall indicate also what I think are the chief un-
solved problems,

Malaria was known as a disease entity in the ume of Hippo-
crates, and quotidian, benign tertian and quartan fevers with
enlargement of the spleen were described. Except for the dis-
covery of quinine, no major advances in our knowledge of the
disease took place in the next 2,000 years; even at the end of the
nineteenth century, malaria was thought to be transmitted by
certain amoeboid cysts inhaled in the air of marshes, demon-
strable in the dew or in nasal secretions of pigeons exposed for
scv_s:ral nights in these regions,

MALARI.\ is said to be the greatest single killer of the

ﬁft'lc on, army (i’n-u;);:.}-m;'c co-mix;ucd to 'ph.;' a big part in
filling in pieces in the jig-saw puzale. In 1897, Captain Ronald
Ross proved in India that Plasmodwm relictum, the malana
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parasitc of sparrows, Was transmitted by mosquitocs, and in the
following year, Grassi ¢f al. (1898} in Rome elucidated the Lk
cycle of P, faldparum of wan in dropheles. An important dis
covery was made by accident by Romanowsky, 2 Russian army
surgeon, in 18g1. He happened to mix old solutions of eosin and
methylene blue, and in the latter, moulds had caused the forma-
tion of azur, on the presence of which the distinctive staining
depends, Leishman’s 2ud Giemsa’s stains are the yesult of this
discovery. 1 am not going t© describe the rest of the history I8
detail: Colonel James in 1931 stated that there must be a crypue
or occult stage of the parasite in the vertebrate host—Raffsde
revealed it in Rome in 1934 in the bird parasite, P ot
{and in P. reficlum two years latery o’ i
wat, Colonel Shr=r N

human formsin Lo ills

s "

DesnaTion OF A MALARIA PARASITE X

New facts are being brought to Tight every year about the PI§°
mented parasites of red blood corpuscles of vertebrates, and
old definition of a malaria parasite is now no {emger 3PP
priate. A provismna) definitron is as follows: The genus Plas-
modium is comprised by pigmcnt-producing amoeboid parasitet
with one habitat 1 the red blood corpuscles of the vertebrate
host and another n its tissues. These two constitite the agexud
cycle of the parasite. The sexual cycle takes place inside the
insect, which 13 thus the aeinitive host. The asexual cycle is
called schazogony and results in the formation of merozoites; the
sexual is called sporogony and guves rise 0 sporozoites.

Cvorsw = T

The youneer e
with @ loo | cesausIng a vacuole. Grow h
is rapid an _..nincorganismis amocboid it assumes® ariow$
shapes, throwing out pseudopodia. The pamsu:‘fccds on the
haemoglobin of the red blood corpuscles and ths s fm:d!y con-
verted into qmnuic grains of pigment which collect in the cyto-

jasm. The pigment is called hacmatin and conststs of ferri-
haemic acid. ‘As the parasite grows, the vacuote dissppears and
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the nucleus divides, giving rise eventually to the mature schizont
with 4 to 32 mcrozoncs, the numbcr depending upon the

actual specics of Pl dium, The sct Tup , the mero-
zoites escape into the blood stream and invade new red blood
corpuscles. This process conti hi y bein d at

regular and synchmnous intervals—each L\mc, thc schxzoms
Tupture, the patient experiences fever. Some species mature in
24 hours—like P. knowlesi of monkeys, where the fever is quoli-
dian; others in 48 hours—like P. folciparum and P. vivax, giving
rise to malignant and benign tertian malaria respectively; and
others in 72 hours—like P. malanae which produces a quartan
fever.

has fascinated me for a long time :md Thave mcd toworkonita
little with nu success, Just as mysterious is why certain strains of
parasites—particularly the newly discovered P. bergher of tree
rats—gradually lose their ability to produce gametocytes, when
passaged in the laboratory. Perhaps these problems are examples

' R - N v '
are aut of our grasp, and that our brains are not constructed to
discover ‘ultimate reasons”, Perbapsseveralofthe problems I shall
mention to you come into thus category—but they still irritate!
Male and female gametocytes are produced nside erythro-
cytes and they circulate in the blood unchanged, waitng to be
1aken up by a mosquito, where they will undergo the next step
in development, Before descibing this, I shall just mention cer-
tain curious effects that the parasites produce on the red blood
carpuscies they inhabit. They are interesting because firstly they
are highly diagnostic of species and secondly because their
nature 15 entirely unknown. These appearances can only be
seen Romanousky—stamcd blood films, P. icax—the para-
site of henirn ferfian malana—mves ries 10 = laroe mumbae of



326 P. C. C. GARNHAM

the youngest parasites, the oldest parasites on the other hand
may be almost obscured by the prominent stippling of the cor-
puscle. They are called Schuffner's dots (Fig. 1) and they are
found also panying key | ites of the tertian type

Fie. 1. Fic 2.
(P. cyaomolgi, P. gonderi, etc). P. folriparum—the parasitc of
malhignant tertian malaria~causes another kind of stippling,

called Maurer's clefts (Fig. 2). These are few in number an
consist of bigger, irregular dots, circles and clefts, The immature

Fic. 3 Fic 4.

sexual forms of this parasite are accompamed by very strange
bodies in the erythrocytes, deeply staming loops, coils or l]al’s’
usually onc only per infected cell (Fig. 3). T am warking at
presens with Dr. R. B. Heisch on a malana parasite uf‘Ensf
African bats, which extubits, instead of stippling, very p
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filaments, emerging from ali over the infected erythrocyte (Fig.
4) None of these phenomena is visible in the unstained prepara-
tion; all are easily d ated by heavy R wsky stai

of frcsh ﬁlms—bcyond these facts we know little about them, but
they should not remain an insoluble problem.

Sporocony v THE MosQuito

The mid-gut of 2 mosquito is the site of development of the male
and female gametocytes we left last in the blood stream of the
vertebrate. The male throws out about 6 or 8 flagella—gametes
which lash about and eventually break free. They go in search
of the female, which in the meantime has undergone some pro-
cess of maturation, in which possibly polar bodies are extruded.
But the exact nature of this nuclear change is unknown—in fact,
at no step during the entire life cycle of the parasite is the nature
of nuclear division understond. Does mitosis occur? No con-
vincing evid of the exi of ck has been
found. Even in the earliest days of malaria research this pro-
blem attracted attention; Bastianelli and Bignami (1899)thought
that they were able to distinguish chromosomes in the course of
the maturation of the microgametocyte. Chen (1944) and others
have demonstrated by the Feulgen technique chromatin bands,
which were assumed to be chromosomes. There are a few curious
and possibly significant features about the nucleus at different
stages which I shall mention later.

Fertilization of the female takes place i in thc contents of the
mid-gut; the zygote a
the motile ookinete—
the surface of the Mid-gu. cw s vomyoe roemens
motikity? We don’t know. Why 1s thc nuclcus of the zygote so
extraordinarily dense, and why does it not begin to divide in the
oocyst for a day or two? Eventually dwmon takes place and a
thousand or more sickle-shaped bodi m
wside the oocyst. This ruptures and the spomzoxtes ‘make Lhcn'
way’ (but how?) to the salvary glands of the mosquito. When
the mosquito bites the ammal host, spomzoxles enter with the
saliva and a new cycle begis The cycle in the mosquito lasts
{from 7 days to a month or more.
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How the microgametes, the ookinetes and the sporozoites
move is a mysterys there are no muscle fibres, organs of Toco~
motion or amoeboid movement.

Different species of smosquito vary in their suscepuibility 10
jnfection, As far as we know, only mostuitoes of the genwd
Anopheles can carry ‘human malatia, Bven strains of the parasite
vary in their behaviour in the insect; the tropical African variety
of P falparum practically fails to develop in 4. maculipennis—yet
Puropean strams of the parasite grow easily. The ‘natural host of
P. berghet s 4. dweni~—2 mosquito confined to the Conge foresss.
In other species of Anopheles development of P. besghei usually
stops short in the oocyst st:xgc——possibly as the result of som®
food deficiency in these ‘wrong' species of Anopheles. (mecSSOT
MacDonald bas just drawn my attention 10 s0ME ecent meti,
can work—Terzian ¢ al. (xg52)——wbich is tending to the €O
dusion that the addition of para~aminobcnzoic acid and other
substances to the diet of the mosquito leads to preatn” A
ment of malana parasites in thee:
my own st P s,

1 obtainc _topment of the paratite in
A.macdlyp - wp O 1BE oocyst stage—the 00CYstS became
\with sporozaites, ruptured, bt the contents, instead of going 1
the sahvary glands, just vanished 1ato thin sir—1 assume the¥
were lysed by some Jethal substance in the hacmocoelomits

DeVELOPMENT OF THE SPOROZOITE 18 THE VERTEDRATE
This js the tissue stage of the malana parasite—oF so-called
exo-ery throcytit schizogony. The type of development of the
sporozatie after 1t has entered the body depends Bpon the speaits
of parasite. There are wide differences of pehaviour AMONE
different forms, though 2l end in the same Way by mvason
the rcd blood corpuscles {Fig- 53

1n Yizard malaria and m one form of bard malaria (P, thng®
fum} the sporozojte GTOWS I various wandering cells and macro”

hages. the hone-Iarow may be grossty 1nfiltrated with exe~

erythrocytic parasues, and the bird dies of a fatal anaemia.

In the common raalana of burds (P. galltnaceu, P. rehctumly

R 1 takes place in the endathelial cells tining the

f






330 F. C. G CARNHAM

capillaries, These cells become swollen and the vessels become
blocked by large schizonts, This process is commenest in the
brain and the bird dies of ‘cerebral malaria’,

In the form of monkey malaria that I first studied——Hepato-
eystis (= Plasmodium) kochi—develop of the parasite takes
place in the parenchyma cells of the liver—a schizont grows and
eventually a cystic structure ining mllions of itesfs
produced, The cyst measures 2 or more mms, and is easty
visible on the surface of the liver to the naked eye.

In human malaria to begin with the process is much the same
as in A, kochi—a parenchyma cell of the liver is invaded by the
sporozoite,* the growing parasite pushes aside the nucleus of the
host ceff, which increases in size to accommodate the scfu'zon.t.
The nucleus of the parasite divides many times, and at Jast {is
6-12 days according to species) a spherical or irrcgular body
containing thousands of ripe merozoites is formed. This body—
the pre-erythrocytic schizont—bursts, the merozoites are dis-
charged into the sinusoids of the liver and invade red blood
corpuscles. This is the end of the incubation pericd. In quartant
and benign tertian malana, a few merozoites reurn to paren-
chyma cells to mitiate the exo-erythrocytic or relapse cycle. In
malignant tertian malama this does not apparently happen and
there are no true relapses in this form of the disease.

The liver cycle in quartan and benign tertian apparently con-
tinues quite independently of what is happenng in the Y{XODd,
the degree of immunity, etc, Merozoites are discharged at inter-
vals and when unmunity is huigh, they are immediately des-
troyed; when immunity sinks, the merozoites are once agaif
able to multiply i the red blood corpuscles and a relapse ensuts.

As Farrley (1940) potnted out in Jus Crooman lectures, there
are some puzzles still awaiting solution in this story. 1'} some
cases of berugn tertian malana, the sncubation pcriot.i is pr?‘
longed for six months or so. What is happemang 1n the liver? No
immunsty could be present, so one might assume ather that the
sporozuite 15 arrested 1n uts development or that only Iner-
invading merozoses are produced during this perzod.

possl hehal
11t 15 possible though unlikely that the sporozonte enters a renculo-crudol
cellin th: liver, gnng nise 10 3 primasy generaton of mrrozoites wiuch then imvade

the parenchy ma.
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So far, tissue forms of only P. falciparum and P. vivax have been
found experimentally in the liver of man. We are lucky in being
able to work on the closely allied monkey parasites—P. g nomolgi
which almost exactly 1esembles the human benign tertian para-
site, and 2. inui practically the same as the human quartan para-
site. Details of exo-erythrocytic schizogony can be worked out
with these simian parasites. Unfortunately there is no known
counterpart to P. orale, and the nature of its tissue forms wall
require the employment of 2 human volunteer.

I think it is worth while to give you a description of the
methods we are now employing in working on this problem in
mammalian malaria, The first thing to remember is the size of
the Iiver and the dose of the inoculum. It is desirable to use baby
monkeys {(about 2 1b. in weight) in order to have a minimum of
liver cells and the largest possible number of sporozoites. Then
the pre-crythrocytic schizants should easily be rendered visible.
Qn the contrary, in nature, in an adult man, bitten by one or
w0 mosquitoes, not particularly heavily infected, what chance is
there of ever finding the forms? A biopsy or autopsy of such a
man would only reveal the pre-erythrocytic schizonts, if at all,
during the two or three days that they are large enough to be
easly seen. How does one get the “largest possible number of
sporozoites'? One must have a colony of suitable anophelines of
really large size—capable of giving at any given moment two
or three thousand females. Good gametocyte carriers are the

next essential and these have to be carefully sought for and used
a8 the right moment. Repeated feeds over a week or so are
desirable in order to get a 100 per cent infection rate in the
insect. The mosquitoes are thenkeptat the appropnate tempera-
ture and hunmudaty for two or three weeks (according to species),
until the sporozortes are through to the glands. The best method
of getng the sporozoites to the kiver is to dissect out the glands
in chilled Locke-serum muxture, grind them gently 1n a mortar
and inoculate the suspension intravenously. Dissection of an
adequate number of glands means the employment of four or
more teams of trained workers, one team being able to deal wath
amaximum of 100 mosquitoes per hour.

Buopsiesofliver are then made byopen operation at appropriate
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capillaries, These cells become swollen and the vessels become
blocked by large schizonts. This process is commonest in the
brain and the bird dies of ‘cerebral malaria’,

In the form of monkey malaria that I first studied—Hepals-
ostis {=Plasmodium) kocki—development of the parasite takes
place in the parenchyma cells of the liver—a schizont grows and
eventually a cystic structure ining millions of ites is
produced. The cyst measures 2 or more mms. and 15 easily
visible on the surface of the liver to the naked eye.

In human malaria to begmn with the process is much the same
as in H. kochi-—a parenchyma cell of the liver is invaded by the
sposozoite,? the growing parasite pushes aside the nucleus of the
host cell, which increases in size to accommodate the schizont.
The nucleus of the parasite divides many times, and at last {in
6~12 days according to species) a spherical or irregular body
containing thousands of ripe merozoites is formed. This body—
the pre-erythrocytic schizont—bursts, the merozoites are dis:
charged into the sinusoids of the liver and invade red blood
corpuscles This 1s the end of the incubation period. In quartan
and benign tertian malana, a few merozoites return to parcd-
chyma cells to initiate the exo-erythrocytic or relapse cycle. In
mahgnant terttan malaria this does not apparently happen and
there are no true relapses in ths form of the discase.

The hver cycle in quastan and benign tertian apparently con-
tinues quite sndep ly of what is happening in the blood,
the degree of immunity, etc. Merozoites are discharged at inter
vals and when immunity is high, they arc immediately des-
troyed; when immunity sinks, the merozostes arc once again
able to multiply 1 the red blood corpuscles and a relapse ensucs.

As Fasrley (1949} pomted out 1n his Croonian lectures, there
are some puzzles still awartmg solution i this story. In some
cases of bemgn tertian malaria, the incubation period is pro-
longed for six months or so. What 1 happening the hver? Ne
immumty could be present, so one mught assume either tha'( the
sporozoite is arrested 1n its development or that only lives
invading merozostes are produced during this period. "
L P o el s e e
the parenchyma.
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nothing else, that I have made it clear that the malaria parasite
is endowed with a purpose and sense of direction that many of
us might envy.
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intervals, So far, the earliest forms have been found at tws
days by Shortt, Cooper and Bray {1953). 1 have been doing a8
interesting extension of the technique lately in an attempt 10
discover the exact naturc of the final process of schizogony, We
had noticed in various specics that the older schizonts secmed o
be divided into distinct large segments before the final division
into merozoites. We have called these cytomeres or psendo-
eytomeres. In the usual forms of malaria, growth of the parasite
is so rapid that the process could not be properly watched, The
quartan parasite however grows much more slowly and in my
1ast experiments T have taken biopsies at 6-hourly intervals over
a period of 48 hours, Each biopsy entailed 3 separate lapate
tomy, but the monkey stood the procedure quite well, with the
aid of pl I have not finished examining the matenidl,
but have confirmed the presence of cytomeres, Jooking like cart-
wheels with rims studded with nuclei. A curious feature is the
change in the staming reaction of the raclei—in the carlier and
larger ones, they stan with relative difficulty with Romanow:
sky; the later ones, including the merozoite stage, stain 50 in-
tensely that it 35 difficult to get good differentiation. It looks 28
though some sudden chemical change has occurred. .

The Jast point of technique concerns the section. Fixation i
Carnoy, followed by Colophonium-Giemsa ining, devised by
Shortt and Ceoper (1948), gives the prottiest results. Thes
comes the examination, and it may be that hundreds of scctions
will have to be searched, before a tissue form 15 scen. On 128
other hand, with some of our heavy inocula, we have encou
tered as many as nearly 50 schizonts per section.

1 hawe been unable to desersbe details of the tissue stages of the
different speces, whach, by the way, m human malaria, ar¢
confined to the parenchyma cells of the Tiver, Nor have I made
any attempt to mention the ew methods of rt 8
Jogical requiremaents of the » ™ A - ot

Tissue cudte o
[pp——
o e o e OLRET hand has easily
. e paldsites i t1ssuc culture.
in this quick review of the hife history, I think, if 1 have done

v~
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standing. The average values for cardiac output in the recum-
bent position vary from t8 to 30 ccs. per min. per Ib. of body
weight or from 2 to 3 litres per sq. metre of body surface per
minute, but there {s great variation between the limits of equiva-
tent body weights or values of body surface. In patients recover-
ing from prolonged iliness or operations the basal recumbent
value may be fow, 1 €. g ces.fmin.flb. of body weight.

On standing or on tilting upright, the normal subject may
show a fall of as great a5 2 L.fmin, in cardiac output; in gegeral,
the greater the recumbent value, the greater the fall, and indeed,
where low normal recumbent values are recorded, there may be
bttle initial change on tilting.

This fall in output is usually accompanied by an increase in
oxygen consumption and in pulse rate; the concomitant reduc-
tion in stroke volume, accompanied by changes in the shape and
size of the heart, denotes a greater oxygen uiilizaton. Ventila
tion rate and volume are also increased.

If blood pressures be accurately measured either by strain
gauge or capacitance manometty, it is found that mean pres-
sures at aortic valve Jevel do not normally change on standing.
Some subjects however show a fall in mean pressure and others a

corresponds to the new difference in hydrostatic height. This fall
in pressure presumably initiates the caroud sinus reflex which
serves 10 maintain the mean blood pressure at heart level by
vasoconstriction at the extremutics and on the skin of the trunk
and by tachycardia.

r < [ oo
through the muscles of the leg, and 15 further responsible {or the
thick muscular coat of the vessels.

In the recumbent posture, Bazett and his co-workers (1935)
have shown that the rate of transmission of the pulse wave nat
only increases from the central to the peripheral vessels but is
greatly affected by assumption of the erect posture; there 1s a



XVIIL

The Physiological Effects
of Gravity

W. K. STEWART

synonymons with the erect posture. Gravity 35 a force and
the effects of gravity upon a body are dug to the mass of
the body or its component parts, and the acceleration of gravity
(x g=32 feet per sec. per sec.). Of recent years, the effects of
gravity upon the circulation in particular in normat and al}-
normal subjects, have aroused a great deal of interest and akso B
situations where the value of the acceleration is 2 multiple of
normal, as encountered in aureraft performing gt taras orloops.
In hus Monograph on Vens, Franklin (1937) states that Lower
clearly directed attention to the importance of gravity in 1669,
ating the effect on large var ses and in the causation 0
syncope. Modern concepts commence with the series of papess
by Leonard Hill {1gog) m the Fournal of Physiology, published
around the turn of the century, when the importance of the
splanchmic area was clearly established m the body’s compen*
satory reactions to the assumption of the erect posture.

To the clinician and physiologist, the term gravity i

Errrcrs oF Engct POSTURE
Between the two world wars, a great deal of Literatuse became
available. It is not the intention to review (hus 30 any detail but
to summarize the major points of interest so as to obtunt 2
general picture of the effects of gravity on the assumption of the

grect posture. ]
Maost normal subjects show a decrease 1n cardiac output on
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Haward and his co-workers have found that the \enous pres-
sure at the ankle may rise to 130 mm. Hg., apparently sufficient
to sustain a column of blood to head level of the subjects con-
cerned. On other occasions in the same subjects, the hydrostatic
venous pressure during quict standing only supported the blood
column to the Jevel of the third interspace. The extra pressure
appears to be denved from differences in muscular teasion an
the assumption of the posture. Further, in rocking backwards
and forwards without moving the feet, the venous pressure
fluctuates markedly with pressure differences of 45-50 mm.
Hg. {6o-70 cms. saline).

‘The time taken for the rise of venous pressure at the ankle
depends largely on body and surface temperature but may be
two minutes before it becomes stabilized in quiet standing. This
is entirely due to rate of inflow into the veins and the action of
the valves, since simultaneous recording of pressure above the
valyes, in the iliac vem, demonstrates a pressure rise which is

1 with the § in hyd; height on p
tion of the erect, from the recumbent posture.

Iftheveins be previously congested by the application ofa high
intrath : pressure, thei mp atthe ankleissyn~
h with the hyd 3 fpressurein theilac vein.

The true function of the valves of the leg veins can therefore
be seen to maintamn blood flow during great variations of inter-
nal pressure, to asust 1 avoiding stasis in the capillaries of
muscles and skin and 1o promote flow through the arterio-
VEnous anastomoses.

The fluctuations of pressure concerned 1 muscular move-
ment have been beautifully demounstrated by Pollack and Wood
{1949} duting walking. Here the musculo-respiratory pump is
most active since the mean venous pressure at the ankle falls to
24 mm. Hg. from the average pressure of 86 6.

With i L asn inued di
this decrease in venous prcssurc is not sufficient to prevent an
increase mn foot volume which may amount to roo ces., and
which does nat decrease overrught (Whittngham, xg5x), in
contradistinction to Atzler and Herbert's (1923} findings Quring
quiet standing.

z
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s}ight reduction in the heart to subclavian region and a progres
sive increase to the petiphery from g to 14 m.fsec. in the femoral
to dorsalis pedis arteries.

It is thought that these changes serve with the arteriolar con-
striction to diminish the effects of the erect posture on the capil-
lary pressure in the foot. Although normal capillary pressure
tends to be affected by the permeability of the walls 1t is also
affected by the pressure in the veins as well as the loss of pressure
head and flow in the arterioles. The pressure gradient in a capil-
lary (from arteriole to venule) is dependent upon the rate of flow
and the size of the lumen and, hence, where there is a riie in
venous pressure, there is apt to be a decrease in flow and pressure
gradient.

The effect of gravity on the venous system is well known.
Measurement of the mean right auricular pressure shows a fall
from a slight positive pressure to a slight negative pressure, with
reference to ambient atmospheric pressure, on assuming the
erect posture. Carrier and Rehberg (1923) thus found that in
the dependent arm or leg, the venous pressures were below the
calculated hydrostatic pressure, Pollack and Wood (1949) found
that in the quict standing position the average venous pressure
in the ankle was 87 mm, the decrement from the calculated
hydrostatic pressure being 2 mm, Hg. In their subjects, this
pressure was sufficient to support a column of blood approxi-
mately to the level of the third interspace at the sternum.

The vasoconstriction which occurs on standing is not ob-
served in a sympathectomized forearm. In postural hypotension,
many studies of blood pressure, peripheral blood flow and car-
diac output also demonstrate that the fundamental abnormality
is loss of reflex vasoconstriction in response to the fall in carotid
blood pressure. This results in a reduction in venous return to
the heart, and in cardiac output of up to 40 per cent,

Brigden, Howarth and Sharpey-Schafer (1950) have shown
that in some cases there may be a mechanical blockage toinferior
vena cava flow at the level of the diaphragm, resulting in a
marked rise in pressure below the heart to above hydrostatic
valnes, with a consequent further fall in right auricular pressure
and eventually fainting.
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Howard and his co-workers have found that the venous pres-
sure at the ankle may rise to 130 mm. Hg., apparently sufficient
to sustain a column of blood to head level of the subjects con-
cerned, On other occasions in the same subjects, the hydrostatic
venous pressure during quict standing only supported the blood
column to the level of the third interspace. The extra pressure
appears to be derived from differences in muscular tension on
the assumption of the posture. Further, in rocking backwards
and forwards without moving the feet, the venous pressure
fuctuates markedly with pressure differences of 45~50 mm.
Hg. (60-70 cms. saling).

The time taken for the rse of venous pressure at the ankle
depends largely on body and surface temperature but may be
o minutes before it becomes stabilized in quict standing. This
is entirely due 10 rate of inflow into the veins and the action of
the valves, since simultancous recording of pressure above the
valves, in the iliac vein, demonstrates a pressure rise which is
synchronous with the increase in hydrostatic height on assump-
tion of the erect, from the recumbent posture.

Htheseins be previously congested by the application of 2 high
intrathoracic p , the in pressure at the ankle is syn-
ch with thehyd icincreaseof pt intheiliacvein,

The true function of the valves of the leg veins can therefore
be seen to maintain blood flow during great variations of inter-
nal pressure, to assist in avoiding stasis in the capillartes of
muscles and skin and to promote flow through the arterio-
YENOUS anRstomases.

The fluctuations of pressure concerned in muscular move-
ment have been beantifully demonstrated by Poliack and Wood
(1949) during walking Here the musculo-respiratory pump is
most active since the mean venous pressure at the ankle falls to
24 mm. Hg. from the average pressure of 86 6.

‘Wath continued marching, however, as in continued standing,
this decrease in venous pressure is not sufficient to prevent an
increase in foot volume which may amount to 100 ccs., and
which does not decrease overmpght (Whittingham, 1951), in
contradistinction to Atzler and Herbert's (1g23) findings during
quiet standing.

z




336 W. K. STEWART

slight reduction in the heart to subclavian region and a progres-
sive increase to the periphery from g to 14 m.fsec. in the femoral
ta dorsalis pedis arteries.

Itis thought that these changes serve with the arteriolar con-
striction to diminish the effects of the erect posture on the capil-
lary pressure in the foot. Although normal capillary pressure
tends to be affected by the permeability of the walls it is also
affected by the pressure in the veins as well as the loss of pressure
head and flow in the arterioles. The pressure gradient in a capil-
lary (from arteriole to venule) is dependent upon the rate of flow
and the size of the lumen and, hence, where there is a rise in
venous pressure, there is apt to be a decrease in flow and pressure
gradient.

3 e L T pma st e waaeay Seugeat e v
reference to ambient atmospheric Ppressure, on assuming the
erect posture. Carrier and Rehberg (1923) thus found that 1n
the dependent arm or leg, the venous pressures were below the
calculated hydrostatic pressure. Pollack and Wood (1949) found
that in the quiet standing position the average venous pressure
in the ankle was 87 mm., the decrement from the calculatcfl
hydrostatic pressure being 2 mm. Hg. In their subjects, this
pressure was sufficient to support a column of blood approxi-
mately to the level of the third interspace at the sternum,

The vasoconstriction which occurs on standing is not .ob-

blood pressure. This results in a reduction in venous return to
the heart, and in cardiac output of up to 40 per cent.

Brigden, Howarth and Sharpey-Schafer (1950) have shown
thatin some cases there may be a mechanical blockage toinferior
vena cava flow at the level of the draphragm, resulting in 2
marked rise in pressure below the heart to above hydrostatic
values, with a consequent further fall in right auricular pressure
and cventually fainting.
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Howard and his co-workers have found that the venous pres-
sure at the ankle may rise to 130 mm. Hg., apparently sufficient
1o sustain a column of blood to head level of the subjects con-
cerned. On other oceasions in the same subjects, the hydrostatic
venous pressure during quiet standing only supported the blood
column to the level of the third § s The extra p
appears 10 be derived from differences in muscular tension on
the assumption of the posture, Further, in rocking backwards
and forwards without moving the fect, the venous pressure
fluctuates markedly with pressure differences of 45-50 mm,
Hg. (6o~70 cms. saline).

The time taken for the rise of venous pressure at the ankle
depends largely on body and surface temperature but may be
two minutes before it beeomes stabihized in quiet standing. This
is entirely due to rate of inflow into the veins and the action of

4

the valves, since simul g of pressure above the
velves, in the iliac vein, demonstrates a pressure risc which is
h with the i in hyd ic height on p

tion of the erect, from the recumbent pasture.

Hiheveins be previously congested by the apphicationofa high
intrathoracic pressure, the increase in pressure at the ankie jssyn-
ch with the hyd ici fp intheibac vein.

The true function of the valves of the leg veins can therefore
be secn to maintain blood flow dunng great varianons of inter-
nal pressure, to assist in avoiding stasis 1 the capillaries of
muscles and skin and to promote flow through the arterio-
VENOus anastomoses,

The fluctuations of pressure concerned 1o muscular move-
ment have been beautifully demonstrated by Pollack and Woad
(1949) during walking. Here the musculo-respiratory pump 13
most active since the mean venous pressure at the ankle falls to

L e s vt praseuss, s siae St
tncrease an foot volume which may amount to 100 ccs., and
which does not decrease overnight {Whittingham, 1g51), m
contradistinction to Atzler and Herbert’s {1923) findings during
quiet standing,

7
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During normal life on the ground, the dramatic effects of
gravity are therefore seen either in those cases where sympa-
thetic reflexes fail or in quict standing in the ercct posture, where
fainting may occur from mechanical constriction of inferior
vena cava or by a general inadequacy of the circulation with
pooling of blood in distended veins and filtration of fluid from
capillaries, particularly in hot weather.

EFFECTs ON AIRCRAPT PrroTs

subjective effects upon the pxlgt of gross fatigue, mechanical im-
pairment of muscular function, loss of vision, loss of conscious-
ness, and impairment of psychomotor reactions.

The objective physiological effects are due to the refative
increase in weight of the tissues of the body, which of course 18
proportional to the increase in acceleration, Where the radial
acceleration 1n the turn is a multiple of gravity, i.e. 5 tmes g’
or 5 g, the tissues of the face for example weigh five times 28
great as normal and not unnaturally sag (Stewart, 19453)-
Investigations have been carried out both n flight and in man-
carrying or animal centnfuges. There are limitations to both
methods but the physiological data provided from cc}ntrifugcs

flying personnel, is ntrinsically similar to the amaurosis pro-
duced by external pressure upon the eyeball, and is appare'mly
a progressive loss of contrast over the whole visual field. Witha
fixed visual field and maintenance of the acceleration at a con-
stant level, the time taken for the visual field to disappear 1s
proportional to the acceleration, the curve being a rectangular
hyperbola (Craik and Stewart). Thus radial acceleration pro-
duces ischacmia of the retina and this ischaemia is due to 2 f;!Il
in carotid blood pressure, cansed primarily by the increase in
weight of the column of blood from the heart to the optic artery.
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The eye is particularly susceptible to such a fall in pressure
because of its intra-ocular pressure of 20-25 mm. Hg. In
general terms, the retinal ischacmia has a threshold value of
acteleration, provided that the duration of the acceleration be
sufficienths T I e ki
the caroti - . .
lostif the¢ . . .

Although subjects €an DE FANEL 10 S s svemsssmmnsy —oen”
stant threshold to acceleration, in practice a normally fit indi-
vidual may show variations over + o'§ g. The fall in carotid
pressure follows closely, in time, the onset of the acceleration and
the loss of vision usually occurs some three to five seconds after
the threshold value is reached. This time may therefore be
related to the oxidative reserve of the retina, If however the
value be markedly subthreshold, no visual effects may ensue
although marked fatigue may be expemenced. The reflex re~
sponse initiated by the carotid sinus to the fall in carotid pres~
sure may result in a rise in pressure some seconds after visual
symptoms are experienced, and vision may tend to return; simi
larly if the acceleration be applied slowly, the resultant threshold
is higher than if the peak acceleration had been reached within
five seconds. The time for the carotid response would appear to
be within 7~12 seconds @ human subjects. Greenfield (1945)
also observed a similiar rise in carotid pressure in cats which was
abolished by denervation of the sinus.

U i is also produced at a value of acceleration
about 07 to 1 g higher thar the threshold value for black-out,
butitis interesting to note that the average value of acceleration
producing unconsciousness i R.AF. flying personnel is higher
than can be stricdly accounted for by a fall m carotid blood
pressure in a passive manner (Stewart, 1g45b). There are two
major reasons for this; firstly Lambert and Wood (1946) have
shown that at the level of the third interspace the average
decrease in arterial pressure was only 4 mm. Hg. for systolic
pressure and o mu. Hg. for diastolic pressure. There was there-
fore no great effect upon the general peripheral resistance of the
circulation. Secondly Martin and Henry (1951) have shown
that there is » marked fall in jugular venous pressure during the
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acceleration and hence a retention of a high arterio-venous
differential, and it is anly presumably when this is markedly
reduced with a ¢ i reduction in bral blood flow,
that unconscicusness develops, On removal of the aceeleration,
the face which has been pale and blanched hecomes suffused; the
tachycardia is reversed and a marked bradycardia develops; the
fall in arterial pressure is succeeded by a rise, frequently above
normal control levels. Denervation of the carotid sinus reduces
these latter effects,

The most interesting event is, however, the occurrence of con-
vulsions, particularly seen in centrifuge studies, which are
related to 2 preceding period of unconsciousness and to the stage
of restoration of blood flow in the cerebral vascular tree and
therefore largely to reoxygenation. Franks and his co-workers
(1945) found that 52 per cent of 230 subjects had convulsions,
when rendered unconscious in the R.C.A.F. centrifuge. Although
the episodes were usually slight, severe generalized fits were also
seen and were unrelated to abnormalities in resting electro-
encephalograms. There is still a great deal to be done in the
investigation of these convulsions but bipolar leads did demon-
strate the absence of spike and wave activity and no alteration
of the unconscious pattern of slow high-voltage waves, Jasper
and Cipriam (1945) however found in monkeys that during
clinical episodes there was epileptiform activity in the E.E.G.

A great deal of investigation is still required therefore; the
physiological changes which occur in other parts of the centr:
nervous system are still unknown, If the cpisodes are truly sub-
cortical in origin, the spinal cord may also be involved sin_cf,
although it can be demonstrated that there are high negative
pressures in the C.8 F. within the cranium, there are most likcly
high positive pressures, relatve to the atmosphenc pressurc, it
the spinal theca. The circulation through the spinal cord under
radial acceleration is consequently unknown and there also may
be a great ficld of ammal phystology to be explored here.

‘The reasons for the vanauens in threshold or resistancc
to the acceleration, within a young fit male population, still
remain largely unexplored. For a time of exposure (o the peak
acceleration of 5 seconds, some indwviduals are found to Jose
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vision at § g and others at g g. In many cases, this variation in
individual susceptibility may be found to be related to various
active or passive methods of increasing the resistance. All these

Cu‘lcmamgraphic films of the veins of the legs show marked con-
gestion, but the tatal increase in volume is not sufficient to
account for the loss of consciousness in the same terms as the
syncope, which accurs 1n prolonged standing. The venous pres-
suie in the veins of the leg shows a delayed response although jt
reaches the expected hydrostatic levels in animals with long
durations of acceleration; above the valves the pressure incre-
ment is synchronous with the onset of the acceleration.

The most effective measures therefore are related to the pro-
motion of a positive abdomuno-thoracic differential pressure,
thus promoting venous return to the thorax. Indeed the effec-
tiveness of anti-g suits vanes with the relative increase in intra-
rectal pressure which they produce. It has been found necessary
to support the circulation 1n the legs and thighs as well as to
raise the intra-abdominal pressure. The full physwloglcal slgm-
ficance of this has sull to be elucidated but it 15
related to flow of blood into the inferior vena cava. The impor-
tance of inadequate external pressure can also be demonstrated
by the fact that if fluid pressure be used mstcad of air, very little

is achieved unless the 1 water level reaches to
the thurd interspace.

The scope of this lecture does not permit of discussion of many
other facets of the physiology of gravity, asfor example the head-
down posture, or acceleration directed towards the head or the
effect of gravity upon the otoliths or other systems of the body.
Gravi(y is not only of great economuc importance as 1t 15 mani-
fested in normal life, but it will a.l\vnys represent a major chal-
lenge to the physiol d in aviation, who 1s already
looking forward to the prospect of i lnvesugaung the gravity-free

state or the supergravity state that may be found 1n manned
rocket flight.
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acceleration and hence a retention of a high arterio-venous
differential, and it is only presumably when this is markedly
reduced with a concomitant reduction in cerebral blood flow,
that unconsciousness develops. On removal of the acceleration,
the face which has been pale and blanched becomes suffuscd; the
tachycardia is reversed and a marked bradycardia develops; the
fall in arterial pressure 1s succeeded by a rise, frequently above
normal control levels. Denervation of the carotid sinus reduces
these latter effects.

The most interesting event is, however, the occurrence of con-
vulsions, particularly seen in centrifuge studies, which are
related to a preceding period of unconsciousness and to the stage
of restoration of blood flow in the cerebral vascular tree and
therefore largely to reoxygenation. Franks and his co-worhers
(1945) found that 52 per cent of 230 subjects had convulsions,
when rendered unconscious in the R, C.A.F. centrifuge. Although
the episodes were usually sight, severe generalized fits were also
seen and were unrelated to abnormalities in restng electros
encephalograms. There is still a great deal to be done in the
investigation of these convulsions but bipolar leads did demon-
strate the absence of spike and wave activity and no alteration
of the unconscious pattern of slow high-voltage waves. Jasper
and Cipnani (1945) however found in monkeys that during
clinical episodes there was epileptiform activity in the E.E.G.

A great deal of investigation is still required therefore; the
physiological changes which occur in other parts of the central
nervous system are still unknown. If the episodes are truly sub-
cartical in origin, the spinal cord may also be involved sin'CC:
although it can be demonstrated that there are lugh ncgative
pressures in the C.S.F. within the cranium, there are most likcly
high positive pressures, relative to the a!mosphgnc pressure, 1M
the spinal theca. The circulation through the spinal cord under
radial acceleration is consequently unknown and there also may
be a great ficld of animal physiology to be explored here. |

The reasons for the variations in_threshold or resistance
to the acccleration, within a young fit male population, still
remain largely unexplored. For a time of exposure to the peak
acceleration of 5 seconds, some individuals are found to lose
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picture of the autonomic nervous system. Whether the pic-

ture 15 a correct one or not is a different matter. Some people,
in fact, think it is not; but at least it has helped me in the past
and I have not had reason to abandon it, and so I thought per-
haps it might help others to look at this part of the nervous sys-
tem n the way it appears to me.

I‘r has taken me a long time to obtain a coherent and clear

DerFNrmion

The first task is to give a definition of the ‘autonomic nervous
system’ because the term is not universally used in the same
sense. I shall follow the definition of Langley which is the one
generally used 1n this country. According to this definition, the
autonomic nervous system consists of those fibres and nerve cells
by means of which efferent impulses pass to the following histo-
logical structures. the gland cells, the smooth muscle and the
heart, Thus the autonomic nervous system is the efferent peri-
pheral pathway to all structures except skeletal muscle, or in
other words, it 1s the efferent pathway to our viscera. This
definition stresses two points: (a) the efferent character, and (5)
the fact that we are dealing with a peripheral nervous system.

The efferent nerves can be sub-divided into somatic and
autonormc, The somatic fibres to skeletal muscle pass as medul-
lated nerve fibres from the anterior horn cell, in an uninter-
rupted pathway to the skeletal muscle (pathway No. 1, Fig. 1).
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picture of the autonomic nervous system, Whether the pic-

ture is a correct one or not is a different matter. Some people,
in fact, think 1t is not; but at least it has helped me in the past
and I have not had reason to abandon it, and so I thought per-
haps it might help others to look at this part of the nervous sys-
tem in the way it appears to me.

IT has taken me 2 long tume to obtain a coherent and clear

Dermvrion

The first task is to give a definition of the ‘autonomic nervous
system’ because the term is not universally used 1n the same
sense, I shall follow the definition of Langley which is the one
generally used in this country. According to this definition, the
autonomic nervous system consists of those fibres and nerve cells
by means of which efferent impulses pass to the following histo-
logical structures: the gland cells, the smooth muscle and the
heart Thus the autonomic nervous system is the efferent peri-
pheral pathway to all structures except skeletal muscle, or in
other words, 1t is the efferent pathway to our viscera. This
definition stresses two points: (a) the efferent character, and (3)
the fact that we are dealing with a peripheral nervous system.

The efferent nerves can be sub-divided into somatic and
autonomic. The somatic fibres to skeletal muscle pass as medul-
lated nerve fibres from the anternor horn cell, in an uninter~
rupted pathway to the skeletal muscle (pathway No. 1, Fig. 1.
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In contrast, the autonomic peripheral pathway is characterized
by cansisting not of one neurone but of two neusones; that 1
there is 2 ganglion or a celf station between the central nervous
system and the periphery where one neurone ends and a new

o 1‘ Perpherat 1

Chi

X S L 2 : 4

€ Chaloergic peurons
Ad Adrenergic peveony.

$16 1. Diagram of the nervous system to slfustrate the arrangement of
cholinergic and adrenergic neurons (alter Feldberg, 1950).

neurone starts (pathways No, 2 and 4, Fig. 1). This junction is
called 2 synapse, and the transmission of the impulse from ﬁ}e
nesve ending to the ganghon celf is referred to as synaptic
transmission.

We have, fusther, the afferent sensory nerve fibres (pathway
No. 5, Fig. 1). Sometimes those from the viscera are included ia
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the term autonomic nervous system, probably because a ner-
vous system requires an afferent as well as an efferent pathway
and reflex centres. It is actually not important which conven-
tion we use, as long as we are clear about the content of our
terminology. We shall pot include the afferent fibres from the
viscera in the term autonomic nervous system, because they do
not differ from ordinary sensory fibres from other parts of the
body. But when we use the term autonomic nervous system in
this restricted sense, we have to realize that all so-called auto-
nomic nerves (vagus, splanchnici, or chorda tympani) are mixed
nerves containing efferent autonomic and afferent sensory
fibres. Another point which sometimes leads to confusion is

e s 4
oot ganglxa of the spinal nervcs and represent the !rophlc
centres of the sensory fibres running in these nerves, No synaptic
transmission occurs in these ganglia. In fact, it is not even cer-
tain that the nerve impulse passes through these ganglia which
in some cases are situated in such a way that they can be cut out
without severing the nerve. After such section, as long as the
nerve fibres have not degenerated, a nerve impulse can be sent
along the nerve and wall cross the cut region.

ANATOMICAL CONSIDERATIONS
The autonomic nervous system is an efferent pathway, but not
all motor routes or cranial nerves which leave the central ner-
vous system contain autonomic fibres. The outflow of autonomic
fibres from the central nervous system is confined to certain
regions. We distinguish a cranial, a sacral and a thoraco-lumbar
outflow, There are some variations in different species as to how
far the thoraco-lumbar outflow extends upwards and down-
wards, and the same apphes to the sacral outflow. In these vari-
ations we are not interested at present. The sacral and cranial
outflow or division is called the parasympathetic nervous sys-
tem, and the thoraco-lumbar outflow the sympathetic. The
sub-division of the autonomic nervous system into sympathetic
and parasympathetic is thus purely an anatomical one, and this
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terminology gives no information about the nature of the nerve
fibres, whether they are cholinergic or adrenergic. This we must
not forget.

Most, although not all, of our viscera are supplicd by both
kinds of nerves, which often act antagonistically. This antagon-
ism is 50 striking that when a student learns the avtonomic ner-
vous system for the first time, he is so much impressed by this
antagonism that he easily receives a wrong conception of the
funetion of the autonomic nervous system. The first impression
1 remember I had of the autonomic nervous system, whena
student, was that our viscera are, so to speak, led by twa reins
and that when we want to increase the activity we pull on the
onc or stimulate one, when we want to inhibit the activity we
pull on the other, For i the sympathetic stimulates the
heart, the vagus inhibits the heart. Now this idea about the two
reins for the regulation of the activity of each viscus is xais-
leading. We must take the view that, on the whole, our viscera
are regulated by one rein only.

In order to obtain the right understanding of how the wo
divisions of the autonomic system work, we have to cansider
their 1 arrang T mentioned that the periphesal
autonomic pathway consists of two neuranes; that the neve
impulse has to pass one synapse, but only one. The problem was
where were these synapses? This problem was selved by A{!dﬂ"
son’s and Langley's nicorine experiments. If nicotine is painted
on a nerve fibre in continuity nothing happens, but ifitisapplied
to 2 ganglion where a nerve fibre ends and a new pedrone Strts,
it excites the ganglion cells and we observe the effects in the
periphery. But after a time the ganglion cells become paralysed
and the nerve impulse can po longer be transmitted across the
synapse. Therefore, by painting ganglia with large doses of
nicotine, and then stimulating before and beyond the ganglton,
we can find out whether the nerve fibre forms a synaptic junt
tion in this given ganghon, or passes through it without synaptic
interruption. With this method Anderson and Langley were
able to map out the a ical arrang of the
nervous systent. .

T alwaysliked the following limerickwhich I think aCambridge
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student, who heard Langley’s lectures in Cambridge, once pub-
lished in a journal which has unfortunately ceased publication.
There was a young man of East Anglia
‘Whose nerves were a tangle of ganglia,
Aswas plamn to be seen
He abhorred nicotine,
‘That makes ganglia Langlier and Langlier.

‘These ganglion cells function as distributing centres, that is,
a single impulse reaching a ganglion may spread to up te
twenty or more postganglionic fibres. Naw the characteristic
organization of the sympathetic system is that many of these
distnbuting centres are near the central nervous system, maimly
in the sympathetic chain; that is, the sympathenc system is
clearly organized for diffuse distribution of the nerve impulses.
The innervation of the suprarenal medulla provides a further
illustration of the fact that the sympathetic nervous system is, so
to speak, little interested in localizing the nerve impulse, as it
leads in this instance to the release of a hormone into the blood
stream.

The medullary cells of the supratenals correspond to sympa-~
thetic ganglion cells. Both are denved from the same parental
cell of the neural crest. We have ouly one neurone in the peri-
pheral pathway to the suprarenals (pathway No. 3, Fig. 1); the
second neurone has, so to speak, changed into an endocrine
gland cell,

The characteristic of the parasympathetic ganglia is that they
lie peripherally, either close to the innervated tissue or even
intide the tissue; that is, the spread of the impulse is localized.
This diffe e in the ical ar of the two divi-
sions gives us the fundamental difference in the action of the
twa systems. It provides, as we shall see, a clearer understanding
of the physiological function of the two divisions than the
antagonism.

Forinstance, if we take the pupil: when light falls into our eye
the pupil contracts; this is due to stimulation of Parasympa-
thetic fibres. If we enter a dark room the pupil dilates; this is not
due to stimufation of the sympathetic but to inhibition of the
parasympathetic. That is, if the parasympathetic is out of
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action, the light reflex is absent, but the widely dilated pupilofa
frightened personisa sympathetically stimufated pupil, and this
sympathetic reaction is built into the pattern of a general
sympathetic discharge,

Tue Ivreraeviate Ganoris
Reference must be made to one other anatomical feature, the
so-called intermediate ganglia, located in the rami communi-
cantes. They were first described by Wrete in 1935 and later !3y
Pick and Sheehan (1946), and are of practical importance in
surgery of the sympathetic nervous system.

st frer
Fic. 2. 1 Joss of th sweating 10 pauen!r ;:
s g
olumbar sympathectomy on both sides, Stippling shows areay of
g‘:cr:-xccal skan resistance indicating absence of sweating (after Boyd and

Monro, 1540}.
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An operation of thoracolumbar sympath , .e. removal
of the lower ganglia of the sympathetic chains, does not result in
complete sympathetic dencrvation of the skin, The sympathetic

SYMPATHETIC
CHAIN

INTERMEGIATE

INTERMEDIATE
SYMPATHETIC
GANGLION

O

i T s alande and, if thoracolumbar sympa-

ATy ol - )
the body. This, however, is not the case, as SHOWI Witk uvneng
such a patient in a heating cabinet. In 2 normal person, this
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pr?cedure causes sweating over the whole body owing to stimy-
lation of the sympathetic fibres to the sweat glands. Afier
thoracolumbar sympathectomy, sweating is not completely
absent from the Jower part of the body; instead ‘escape areas’ ar
‘istands’ of sweating constantly persist in the lower abdomen
and front of the thighs, as shown in Fig, 2, In: these regions the
degree of sweating is less than before the aperation, but its
presence suggests that sympathetic denervation of the sweat
glands is only partial,

Boyd and Monro ( ¥949) have taken up this problem. They
examined a large number of human embryos and found numer-
ous sympathetic ganglia of varyingsize and distribution att along
the rami communicantes, sometimes close o the lumbar nerves.
These are the intermediate ganglia (Fig, 3). The position of
many of these ganglia is such that they would necessarily escape
removal in the usaal operation of thoracolumbar sympathec-
tomy. Boyd and Monro had the opportunity of confirming their
results in an adult when examining the post mortem material
from an operated patient who had shown such sudomotor
escape areas. Intermediate ganglia are also found in the cervical
region (Skaog, 1947) and may well be responsible for the
atypical sudomotor responses seen  after cervical sympa-
thectomies.

DistriBtTion oF CHOUNERGIC AND Anrenercic Nexve Fisres
The nerve fibres of the autonomic nervous system act by the
release of cither acetylcholine or of noradrenaline and adrena-
Iine. The first convincing experimental evidence i support of
such chemical wransmission of nerve effects was given by O.
Loew: in 1920, in his now well-known classical experiments 08
the frog heart. He showed that stimulation of the parasympa-
thetic fibres in the vagus to the heart released an inhibitory
substance, now recognized as acetylcholine, and stimulation of
the sympathetic accelerans fibres, a substance which, hke adre-
naline, stimulated the heart and is probably adrenaline itself
The nerve effects on the heart were due to an action of these

Tonsed chemieal f b,

Later work has shown that chemical transmission of nerve
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effects is not restricted to the autonomic nervous system and that
even here the anatomical designation of a fibre as belonging to
the sy hetic or parasympathetic nervous system does not
tell us whether it acts by the release of acetylcholine or of nor-

line and ad line. Anew ter logy became Iy,
designating a nerve fibre according to the transmitter substance
it releases. This terminology was introduced by Dale {rg3g),
and has been generally accepted. Since then we speak of
cholinergic nerve fibres as neurones which act by the release of
acetylcholine and of adrenergic nerve fibres as neurones which
act by the release of noradrenaline and/for of adrenaline,

Research in the last years before the war was mainly con-
cerned with the distribution of cholinergic and adrenergic
neurones. In order to understand this distribution, we must
keep in mind the fact that the peripheral pathway of the auto-
nomic nervous system, with one exception, conmsists of two
neurones. The results, which are illustrated in Fig. 1, can be
sutmarized as follows.

The majority of the postganglionic, sympathetic fibres are
adrenergic. ‘This explains the similarity of the effects of nor-
adrenaline and adrenaline with those of sympathetic nerve
stimulation.

The postganglionic, parasympathetic fibres are cholinergic.
This explains the similarity between the effects of acetylcholine
and of parasympathetic nerve stimul

A few postganglionic, sympathetic fibres are cholinergic. It
has long been known that the sweat glands in humans are sup-
plied by fibres which anatomically belong to the sympathetic
nervous systern, but that they are acuv:utd by parasympatho-
mimetic sub and that patt sweat secretion is
ahalished by atropine. This anomaly is now cleared up; the
postganghonic sympathetic fibres to the sweat glands of man,
and thc same applies 1o cats, are chuhnergxc There are also

1

rgic, sY: i ic vasodilator fibres to
(hc skcl:tal rouscles of dog and cat. In Fig. 1, these fibres are
y the di line,

There i ]S, so far, only one known 1nstance of postganglionic,
parasympathetic fibres which are apparently adrenergic® the
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procedure causes sweating over the whole body owing to stimu-
lation of the sympathetic fibres to the sweat glands, Afier
thoracolumbar sympathectomy, sweating is not completely
absent from the lower part of the body; instead ‘escape areas’ or
‘islands’ of sweating constantly persist in the lower abdomen
and front of the thighs, as shown in Fig. 2. Tn these regions the
degree of sweating is less than before the operation, but it
presence suggests that sympathetic denervation of the sweat
glands is onky partial,

Boyd and Monra (1949) have taken up this problem. They
examined a large number of human embryos and found numes-
ous sympathetic ganglia of varyingsize and distributionalfalong
the rami communicantes, scmetimes close to the lumbar nerves.
These are the intermediate ganglia (Fig. 3). The position of
many of these ganglia is such that they would necessarily escape
removal in the usual operation of thoracolumbar sympathes-
tomy. Boyd and Monro had the opportunity of confirming their
results in an adult when examining the post mortem material
from an operated patient who had shown such sudomotor
escape areas, Intermediate ganglia are also found in the cervical
region (Skoog, 1947) and may well be responsible for the
atypical sudomotor responses scen after cervical sympas
thectomies.

DistrisuTion oF CHOLINERGIC AND ADRENERGIC NERVE FIsRES
The nerve fibres of the autonomic nervous system act by the
release of cither acetylcholine or of noradrenaline and adrena-
line. The first convincing experimental evidence in support of
such chemical transmission of nerve effects was given by O
Loewi in 1920, in his now well-known classical experiments an

the frog heart. He showed that stimul of the parasymp

thetic fibres tn the vagus to the heart released an inhibitory
1 now recognized as acetylcholine, and stimulation of

the sy i 1 fibres, & sub whuch, like adre-

< . .
naline, stimulated the heart aud is probably adrenaline itselfl
The nerve effects on the heart were due to an action of these

released chemical transmitter substances
Later work has shown that chemical transmission of nene
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system. It has, however, long been known that the following
two structures have much in common pharmacologically: the
ganglion cells of the autonomic nervous system and the motor
endplates of skeletal muscle. This pharmacological similarity is
also shown in the innervation; the motor fibres to skeletal
muscle are cholinergic. R

The diagram of Fig. 1 illustrates that all efferent fibres which
leave the central nervous system are cholinergic. We may fur-
ther say that all peripheral efferent fibres are cither cholin-
ergic or adrenergic. The position is different with regard to the
afferent fibres. They are neither cholinergic nor adrenergic. We
do not know the transmitter for the sensory nerve impulses in
the posterior roots to the nerve cells of the spinal cord. That
brings us to the problem of the transmission in the central ner-
vous system. Acetylcholine is not the transmitter of the first
ascending sensory neurone, but there 1s good evidence that it
exerts this function on certain central synapses. It is, however,
not the universal central synaptic transmitter. Recent work sug-
gests that the central nervous system is built up of chohinergic
and non-cholinergic neurones which, in many but by no means
in all instances, alternate with each other. This alternation is
indicated in the diagram of Fig. 1.

‘Tue FUNCTION OF THE PARASYMPATHETIC NERVOUS SYSTEM
Ifwe look upon the parasympathetic system as the main efferent
reflex pathway for viscera which are localized and not widely
distributed over the whole body, we obtain a good understand-
ing of the functioning of this division. Its fibres are the efferent
pathway for the light and accommodation reflex. Cutting the
parasympathetic fibres to the lachrymal glands abolishes reflex
lachrymation. When we eat, or when we se¢ food or think of it
and our mouth waters, the salivary secretion results from stimu-
lation of the parasympathetic nerves. But when a cat spits in
rage it probably activates its sympathetic fibres to the salivary
glands, the secretion presenting, then, one of the many features
of the general emotional reaction pattern. As far as our gastro-
intestinal secretion is under reflex control, the parasympathetic
division provides the efferent pathway for the conditioned and

24
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parasympathetic innervation 1o the cardia of the rabbits
stomach (von Bricke and Stern, 1938).

The next advance in our knowledge of the distribution of the
cholinergic nerve fibres is best undexstood from the pharma-
cology of acetylcholine. This substance acts on gland cells,
smooth muscles and the heart. These actions, which are abol-
ished by small doses of atropine, are usually referred to as the
muscarinic actions of acetylcholine, because muscarine, the
poison of the common toadstool, exerts all these actions.

Taste 1. Penspheral structures on which acetyfchofine acts

{Muscane effects) {Nscotinue effects)
gland cells cells of suprarenal medulla
smooth muscles autonommue ganghon cells
heart motor end-plates of sheletal muscles

The structures affected by the muscarinic effects of acct).l-
choline are those innervated by the cholinergic, postganghionic,
parasympathetic and sympathetic fibres. But after atroping
more atropine-resistant actions of acetylcholine are unmasklcd
which resemble the actions of another drug, nicotine, and which
Dale {1914) termed the nicotinic actions of acetylcholine. The
structures affected are given in Table 1 and give us a clue
where to look 1n our diagram, Fig. 1, for further physiolo&'“:“l
actions of acetylcholine when released by nerve endings. The
synaptic transmussion: acrass 2 sympathetic ganglion is cffccted
by acetylcholine. We can say that all preganglionic, sympa~

thetic, and parasympathetic fibres are cholinergic

"The embryological cells of the suprarenal medulla originate
from the same parental cells as the cells of the sympathetic
ganglia It is, therefore, not surprising that the naturc of the
innervating nerve fibres to the sympathetic gangha and to the
suprarenal medulla is the same. In other words, the sympathetic
fibres to the suprarenal medulla are chohmergic. In fact, the
chelinergic nature of these fibres was established before that ?f
the other preganghonic, sympathetic and parasympathetic
fibres.

So far we have

fined Ives to the ic nesvous
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rate per minute is less than 70 but increases to over 250 after
section of the vagi. On the other hand, the pulse rate of the
tame rabbit 1s about 200 but only increases to a little over 300
after section of the vagi. Racehorses, like athletes, usually have
slow heart rates. The significance of this vagal brake is best
understood when we realize that slowing of the heart, which is
mainly accounted for by a lengthening of the diastole, means
that a given amount of work is performed by the heart with less
oxygen consumption, i.e. with less energy liberation, when it
beats slowly than when 1t beats quickly.

The vagal tone of the heart 1s influenced continuously by
many reflexes; for instance, when the heart is suddenly called
upon to work harder, i.e. when the venous return increases or
the arterial blood pressure rises. Wath increased venous return,
the great veins and the right auricle become distended, and the
rise in venous pressure clicits reflexly a quickening of the heart—
the Bainbridge reflex. It is brought about by decrease of vagal
tone; sympathetic stimulation contributes to a minor extent, if
at all, to this acceleration. When the work of the heart is
increased by raising the arterial resistance, the heart rate is
slowed. This is actually the old observation which Marey (1863)
made—often termed the “Marey law’—that the heart rate varjes.
inversely to the arterial pressure. We now know that it is
brought about by refléxes elicifed on stretching the aortic arch
and the carotid sinus, the aortic arch and the carotid sinus
reflexes, and resulting 1n increased vagal tone to the heart. In
other words, the parasympathetic is agaimn the efferent pathway.

Reflexes generally serve a useful purpose and the reflex slow-
ing of the heart in response to increased arterial pressure is no
exception to this rule. Its ‘purpose’ is best understood from the
following findings: (1) A heart works more efficiently at a slow
than at a quick rate. For nstance, if 5 1. of blood per minute
were gjected against a given peripheral resistance, the oxygen
consumption would be smaller if the ejection were done with 50
instead of with 100 beats. (2) Increasing the work of the heart
by raising the artex?'al pressure, but keeping the rate consistent,
causes an increase in oxygen consumption which is nearly pro-
portional to the increase m work (Evans and Matsuoka, 191 5;
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unconditioned reflexes, Concerning the autonomic fnnervation
of the urinary bladder, the student often first leans that the
parasympathetic contracts the detrusor muscle and relaxes the
internal sphincter, whereas the sympathetic exerts the oppoasite;
cifects, From this antagonism he endeavours to obtain an
understanding of the reflex control of micturition. The bladder,
however, is a localized viscus, and accordingly we find the para-
sympathetic as the efferent pathway for the different miciuntion
reflexes, so far as they are not affected through the pudendal
nerves. Injury of the parasympathetic leads to paresis of the
bladder, whereas scetion of the sympathetic does not interfere
with micturition, According to Barrington’s analysis of the
bladder reflexes, the sympathetic is only favolved in the weak
and transient reflex contraction of the detrusor muscle when the
proximal part of the urethra is distended, Probably the main
physiological function of the sympathetic innervation to the
bladder is concerned with vasomotor reactions and with sex
orgasm.

The iunervation of the heart provides another instance in
which the antagonism of the sympathetic and the parasympa-
thetic fails to shed light on the physiological function of the tho
divisions of the autonomic nervous system. ‘The statement that
the sympathetic stimulates and accel , the parasympath
whibits and slows the heart gives too easily the impression that
two reins regulate the heart action, whereas in fact reflexes
which project on the heart as such, work mainly, if not wholly,
through the parasympathetic. Through its fibres, which run
the vagus nerve, a continuous discharge is exerted upon the
heart, This is shown by the fact that the heart rate in man may
double when the “vagal brake’ 1s suddenly remaved, as aficr
atropine. At birth vagal tone 1s weak, 1 a new-born baby, {2"
instance, atropme causes little mcrease in pulse rate, The degrec
of vagal tone 1s dependent on the way of living. The slow heast
rate of the athlete, the so-called sinus bradycardia, is well
known, and 1t is also known that schoojboys who train for
endurance tests develop a slow pulse rate. Corresponding obser-
vations are made in Is adapted to endure prolonged exer-
cise (Clark, 1927). The bare has a strong vagal tone; its pulse
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defence and to produce those chang y for preparing
the organism for “fight and flight’. It is in this connection that
Cannon referred to the emergency function of the sympatho-
adrenal system, and it is also in the light of this protective
mechanism that the effects of sympathetic stimulation are best
understood and remembered.

Cannon has raised the interesting problem that the mechan-
ism of sympathetic discharge may actually be harmful unless the
emotion is transformed into action, Heart and circulation may
be worked just as hard from an armchair as from a rower’s seat.
‘If no action succeeds the excitement, and the emotional stress—
even worry and anxiety—persists, then the bodily changes due
to the stress are not a preparatory safeguard but may be in
themselves profoundly upsetting the organism as a whole.” Thus,
the manner in which our sympathetic system reacts demands
that we either take an objective attitude or permit our excite-

a child have a run in the garden when it gets excited may thus
have a physiological meaning: that of ‘working-off’ the sympa-
thetic discharge.

That a sympathetic discharge may be harmful in pathological
conditions is well known clinically. In traumatic shock or in
shock after haemorrhage, the sympathetic discharge, by con-
stricting the vessels and impeding the flow through the tissues,
may be so harmful as to lead to death. We have, therefore, to
eliminate the reflex vasoconstriction which ordinarily sustains
the blood pressure in order to ensure an adequate blood flow.
Therapeutically we proceed by blocking the sympathetic ganglia
with ganglion blocking drugs such as hexamethonium, or by
preventing the adrenaline and noradrenaline released at the
periphery from contracting the muscles of the vessel wall by the
so-called anti-adrenaline substances, also called adrenergic
blocking sut such as dib ine (for refe see
Nickerson, 1949).

The possibility of being able to activate the whole sympa-
tho-adrenal’ system suggests a central representation of the
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Ey:ms, 1939). In other words, a rise in arterial blood pressure
without slowing puts a great demand or load on the heart. But,
owing to the increased vagal tone, the increase of work due toa
rise of arterial blood pressure is often effected without any
increase of oxygen usage at all. (Gollwitzer-Meier, Krotz and
Kriiger, 1938). Thus the heart works much more efficiently at
the higher Ioad than at the lower. The reflex slowing has there-
fore aptly been termed by Lovatt Evans ‘the unloading reflex’

In the Bainbridge as welf as in the unloading reflex, the heart
is influenced as an organ by itself and not as part of the general
circulation. In alt such heart reflexes the parasympathetic pro-
vides the efferent peripheral pathway. But reflex chenges
brought about in the heart in response to general circulatory
demands, for instance in response to strenuous muscular exer-
cise, involve the sympathetic as well,

TrE Funcrion oF e SympatsETC NERVOUS SYSTEN
Its function 1s readily understood when we realize (1) that it can
be activated as a whole—the so-called emergency function of
the sympatho-adrenal system, but (2) that it is also the cfferent
reflex pathway for viscera which are widely distributed in the
body, and (3} that tonic activity is a typical feature for a large
fraction of the sympathetic systen.

dActwation of the whole sympathets system. According to Cannon
(1920) the sympathetic innervation fulfils an important function
in making an animal fit for states of emergency. A widespread
discharge of impulses occurs in the sympathetic system in the
following conditions: during severe muscular work, in situations
of danger, in extreme temperatures, asphyxia, haemorrhagt,
under strong emotions such as fear or rage, or when in pain.
The discharge also affects the fibres to the suprarenal medulla,
leading to an output of adrenaline and noradrenaline. We may
look upon this widespread discharge as a kind of reflex action of
the organism in response to a condition of stress, As sentionc

before, the characteristic feature of many reflexes, like coughmg'
or swallowing, is that they serve a useful purpose, the ‘purpose

of the sympathetic discharge being to strengthen the powers of
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are under sympathetic control. We may add another innerva-
tion, that to the liver whereby the blood sugar level can be con-
trolled. As far as blood sugar changes are brought about by
nervous mechanisms without interaction of hormonal factors
{insulin, pitnitary hormone and adrenaline}, the sympathetic
nervous system provides the pathway. Although the viscus
responsible for the blood sugar changes is not widely distnbuted
in the body, the result of the sympathetic stimulation to the
hver, the hyperglycaemin, affects the whole organism,

The sympathetic forms the whole connection besween the
temperature regulating centre and the sweat glands and pilo-
notors, Heat loss is almost entirely dependent on the sympa-
thetic nervous system, whether we consider the increased heat
loss in man by radjation through vasodilatation or by evapora-
ton of sweat, or whether we consider the regulation in animals
by exection of the feathers or hairs.

Furthermore, it cannot be emphasized strongly enough that
the sympathetic forms the sole connection or efferent pathway
‘betsveen the vasomotor centre and the blood vessels. How, then,
is vasodilatation brought about? Dale once contrasted the main

hanisms of iction and vasodilatation in the body
as follows, vasocomstriction is usually a widespread effect cen-
teally induced, vasodilatation a focatized effect brought about
peripheraily, for instance, by vasodilator metabolites produced
in the active tissues. This contrast, although 1t does not give the
full picture of vasomotor control, stresses a fundamental differ-
ence in the mechamsms by which active vasoconstriction and
vasodilatation are brought about in the body, Nevertheless,
centrally induced vasodilatation is a frequent occurrence in the
regulation of vasomotor tone, but brought about by inhibition
of vasoconstnctor tone Any regulation of vasomotor tone
through the vasomotor centre is via the sympathetic and 1s pro-
duced by changing the degree of the vasoconstrictor discharge,
The parasympathetic does not participate i this regulation.

It is true that the parasympathetic contains vaspdilator fibres
ta certar argans, oach as the salivary glands, but these Shaea do
not take part in the regulation of vasomotor tone and cannot be
activated from the vasomotor centre {Bernthal, Motley  wis
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whole system, Such a centre is located in the hypothalamus and
its electrical stimulation produces widespread sympathetic dis
charge, as first demonstrated by Karplus and Kreidl and later
by Ranson and Magoun (1939}, We have further representa-
fions in the cerebral cortex, and, on the other hand, also en
lowerlevels in the medulla and spinal cord,

The fact that the system can be activated as a whole must not
lead to the idea that it is always activated in this way, For
instance, if we consider the sympathetic reaction pattern to
increased enviroumental temperature, we find activation of the
secretory fibres to the sweat glands with inhibition of the vaso-
constrictors. On the other hand, the ‘cold sweat' in strong
emotions results from activation of both secretory and vaso-
constrictor fibres 10 the skin. A typical instance of a hmited
sympathetic control is the emotional blushing which shows that
the vasaconstrictor tone to one skin area can be inhibited with
out affecting the tone in another, In wemen who blush fre-
quently and vividly, the blush area is usually confined to the
face and to an area in the neck and sometimes the arms® areas
of skin net covered by the cut of modern dress, Inhibition of
vasoconstrictor tone thus ocours in these regions only. Thereis a
discussion between Charles Darwin and Burgess on how thisis
brought about Burgess beheved that it is due to specific ana-
tomical arrangement of the facial vessels, whercas Darwint
believed that the blush 1s confined to the face because the face
is subjected to much closer and more earnest self-attention than
any other part of the body. Darwin’s argument revolved largely
around mental concentration upon certain parts of the skin and
he remarks that in races that wear little clothing and whose
faces fail to attract undivided attention, blushing i less con-
fined to these areas In other words, according to Darwin, those
people who wear no clothes at all either do not blush or, 1f they
do, they blush over the whole body, and this appears to be the
case.

The sympathetic as ¢fferent pathway of reflexes to vascera undely distri=
buted in the body. Such viscera are the pilomotors, the sweat
glands and the vessels. Body temperature and vasomotor tone
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and Mendelhall, 1915; Freeman and Rosenblueth, 1931; Bacq,
Brouha and Heymans, 1932, 1933, 1934; Bishop, Heinbecker and
O'Leary, 1933; Tournade and Malméjac, 1933; Rosenblueth
and Cannon, 1934; Pinkston, Partington and Rosenblueth,
1936; Back, 1945/46), but in most of the recent work no evi-
dence could be obtained for Bayliss’s idea of reciprocal vaso-
motor innervation {Jarisch, 1925; Bacq, Brouha and Heymans,

Fi. 4. Arterial blood pressure of normal (A and B on the left) and sym-
pathectonuzed (A and B on the right) cat. Effect of central stmulation and
of cut tibial nerve (A) before and (B) during curarine {3 mg. ntravenously)

er Brown and Maycock, 1940).

1933; Thomas and Brooks, 1935; Wybauw, 1938; Brown and
Maycock, 1940; Dole and Morison, 1940; Bernthal, Motley,
Schwind and Weeks, 1941; Folkow, Strom and Uvnas, 1950;
Celander and Folkow, 1951).

The experiments of Brown and Maycock are particularly
stnking because they illustrate, in addition, how deceptive
results can be. In the decerebrate cat, stimulation of the central
end of a sensory nerve, or briefocclusion of the vertebral arteries,
produces vasoconstriction, whereas in the sympathectomized
cat the response is mainly vasodilatation. In Fig. 4 is illustrated
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and Weeks, 1945; Celander and Folkow, 1951}, These vaso-
fiﬂ:\t_or fibres provide a good example to show that the antagon-
ism in the autonomic nervous system does not help us to under-
stand the functions of the two divisions. Often the student fist
becomes acquainted with the ic innervation of the
vessels when he learns of the two classical discoveries of Claude
Bernard, who showed that the sympathetic contains vasocon-
strictor fibres to the external ear of the rabbit, and that the para-
sympathetic contains vasodilator fibres in the chorda tympani
to the salivary glands. From there it may take him a long time
before he finds out that this simple antagonism of the two divi-
stons does not provide him with a key for understanding vaso-
mator tone, and that the increase and decrease of tone are not
the result of increased sympathetic and parasympathetic dis-
charge respectively; in other words, no reciprocal vasomotor
control exists, The parasympatheti dal serve specific
functions in strictly localized organs. For instance, without 2
sufficient supply of fiuid, the salivary glands would be unable
to keep up secretion; it is therefore not surprising that the pat-
tern of the salivary reflex incorporates a localized vasodilatation,
which is mediated by the parasympathetic. The sympathet
vasoconstrictor and the parasympathetic vasodilators are thus
not antagonists for the same function but form efferent path-
ways for different reflex centres,

Tur Prosen o REcProcaL Vasomotor CoNTROL

The opposite view of reciprocal vasomotor control has been put
forward by Bayliss (1goe, 1908). His authority on this subject
was 50 great that his view 1s sull widely held, although no longer
supported by the bulk of the more recent experimental evidence.
According to Baylts, the sympathetic is not the sole cfferent
pathway from the vasomotor centre but reflex vasodilatation is
brought about by activation of vasodilator fibres which belong
to the parasympathetic as well as to the posterior root system.

The literature on this subject is rather confusing. There are 2
number of publications, none of them convincing, in support
of this view {Mislavsky and Fofanow, 1go8; Asher, 1903;
Fof: and Tschat , 1913, Tschal 1913; Martn
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p to released acetylcholine, and that inhibitory nerves to
the heart in the original sense did nat exist. The theory of
chemical transmission of nerve effects has had the same impact
on our approach to the problem of vasodilator nerves. The
emphasis has shifted from the neurological to the pharmace-
logical side, with the result that the term ‘vasodifator nerves®
has Jost some of its clear and well-defined meaning, as seen from
the following conclusions.

(1) A sub may have a effect at one past of
the vascular tree, say the capiltaries, and a constrictor effect on
another part, say the arterioles. If such a substance were released
at these sites from different twigs of the same nerve fibre, this
fibre would be vasodilator as regard to one twig and vaso-
constrictor as regard to the other twig, but neither the term
vasedilator nor vasoconstrictor nerve fibre would be applicable.

(2} A substance may cause vasodilatation when applied in a
weak but vasoconstriction when applied in a somewhat stranger

ion. For our iderati it would be isrelevant
whether the effects were at the same or at different sites of the
vascular tree, but if such a substance were released from nerve
endings, the same nerve fibre could be considered to be vaso-
dilator or vasoconstrictor according ta the frequency of excita-
tion,

(3) A sub may have diffe effects ding to the
condition of the vessel. Certain drugs may abolish or reverse the
effects of another drug. If a nerve fibre acts by the release of &
substance, this substance may therefore be vasoconstrictor or
vasodifator according to the special state of the vessel*at the
moment of nesve stimulation. Again, it may be difficult to apply
the term vasodilator or vasoconstricior nerve fibre to such a
special case. In the elucidation of vasodilator nerves, the reversal
of vasaconstrictor effects by drugs has played an important role.
The best known instance is Dale’s reversal of the adrenaline
esponse by ergotoxin (Dale, 1913). Such a reversal may mean
either unmasking of vasodilator fibres or simply reversal of the
action of a ter sub Without knowing its nature
and its behaviour under the action of the reversing drug, nosafe
conclusions are permissible.

11
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the rise in arterial blood pressure in the normal and the depres-
sor response in the sympathectomized cat on stimulation of the
central end of a sensory nerve. The vasodilatation in the sympa-
thectomized cat is not reflex in origin but can be accounted for
the muscular contractions which oceur during stimutation,

When these are Pprevented by curarine, stimulation of the cen-
tral end of 2 sensory nerve or occlusion of the vertebral arteries
no longer affects the blood pressure in the sympathectomized
cat, asis ilustrated in the figure.

In a few completely sympath ized cats, Brown and
Maycock found that transection of the spinal cord or ischacmia
of the medullary centres caused a falf in arterial blood pressure,
although the vagi had been cut and the animal fully curarized.
They concluded that the effect might be conveyed to the peri
phery by some extra-sympathetic path, but the presence of
intermediate ganglia would fully account for the result.

Muscular contractions and the presence of intermediate
ganglia are two main sources of error which may simulate fhc
existence of a vasomotor control through vasodilators outside
the sympathetic nervous system,

SYMPATHETIC VAsODILATOR NeRvES T0 SKIN AND SKELETAL
Muscrss
Our view that the vasomotor control is exerted solely through
the sympathetic and that its fibres form the only efferent con-
nection with the vasomotor centre does not exclude the possi-
bility of vasodilator fibres within the sympathetic jtsclf. Such
fibres do ndeed exist, and apart from the vasodilators to the
soronary arteries which need not be considered in this con-
/ nection There is good evidence of a sympathetic vasodilator
supply to the limb muscles of various animals and man, and, in
man, apparently also to the skin.

Before discussing these nerve fibres, it is worth while to
exarnine the meamng of the term *vasodilator nerves’, The pro-
blem is reminiscent of that of ‘inhibitosy nerves’ to the heart
which, in former times, led to interesting philosophical specu-
lations. These lost their meaning when it was found that the
inhibition was not a direct action of the nerve impulse but 2
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extremities. In these patients, cold induces and maintains spasm
of the digital vessels. This spasm could be released by warming
the body. For this purpose the patient was scated in a warming
chamber, asillustrated n Fig. 5. A purse string was fitted round

Fi¢ 5. Warmung chamber to record skin temperature of the hand and
fingers whlst warming the body (after Lewis and Pickering, 1932).
his neck, his hands were resting on a cork plate and the skin
temperature of his hand and fingers was recorded thermo-
clectrically. Warming the body raised the skin temperature in
these regions This did not occur in patients after sympathec-
tomy; therefore, the release of the vascular spasm must be trans-
mitted via the sympathetic, but it could not have resulted from
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. The difficulty in defining vasodilator nerves would not exist
if all sympathetic vasodilators were cholinergic. In fact, thisis
the conclusion to which Uvnas and Folkow in Sweden have
come as the result of their ive work on sympathetic vase-
dilators in animals. They assume_that.cven. the, sympathetic)
. vasodilators to the coronary arteries are cholinergic (Folkow,”
Frost, Haeger and Uvnds, 1948). Their view is opposed by
Bulbring and Burn. Why these two schools came to different
conchisions is understandable to a certain extent when we
remember that in the period between Bulbring and Bum's
experiments and those of the Swedish workers, our view about
the nature of the transmitter of the adrenergic sympathetic
vasoconstrictors has changed. Bulbring and Burn thought the
transmitter was adrenaline; Folkow and Uvnas performed their
experiments from the viewpoint that the transmitter is not
adrenaline but noradrenaline which, unlike adrenaline, has
scarcely any vasodilator component. What we can definitely
say is, the sympathetic vasodilators to the limb muscles in dogs
as well as in cats are cholinergic, but the transmitter for all
other sympathetic vasodilators is not proved: it may be acetyl
choline, it may not.

The question is, what is the physiological function of these
sympathetic vasodilators to skeletal muscles and skin? Have we
perhaps to modify our idea that central regulation of vasomotor
tone is solely brought about by variation in sympathetic vaso-
constrictor tone, and, in spite of what I said before, to assume
that it is under the influence of two reins, but both belonging
to the same system, the sympathetic? The evidence available
suggests that this is not so, but that the sympathetic vasodilators
are activated in those conditions which have been designated by
Cannon as states of emergency, but that they do not participate
in the reflex regulation of tone th h the vaso-
motor centre. Thus regulation is by one rein only, the sympa-
thetic vasoconstrictors.

Sympathetic vasodilators to the human skin. The first evidence for
the existence of such fibres was obtained by Lewis and Picker-
ing (1g932) on patients with Raynaud’s disease in the upper
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and Holling think it is more likely that the effect is brought
about through nerve fibres supplied to the vessels themselves,
thatis, through activation of vasodilator fibres. If that is so, it is
interesting to emphasize that this activation occurs only when
the warming of the body is intense, in other words, inacondition
of stress or in a state of emergency. A similar conclusion will be
reached when we consider the sympathetic vasodilators to the
skeletal muscles in man.

Sympathetic vasodilators to the skeletal muscles of man. Barcroft and
Edholm (1g945) showed that a sympnlhenc dlschargc mto
the limbs may result in riction,

with vasodilatation in the muscles. They studied the rate
of blood flow into the forearm and hand as follows. The
forearm or the hand is in a plethysmograph and a rubber armlet
placed proximal to it. If pressure is thrown abruptly into the
armlet, sufficient to impede the blood flow in the veins but
msufficient to interfere with that in the arteries, the rate of
increase in volume gives the rate of blood flow into the arm or
hand respectively. In the forearm, the muscles make up 85 per
cent, the skin only g per cent of the volume, whereas in the hand
and fingers about 15 per cent of the volume is muscle and
50 per cent skin; the rest is bone, the volume of which remains
constant. Changes of blood flow into the forearm therefore
reflect mainly vascular changes in the muscles, changes of blood
flow in the hand and fingers, vascular changes in the skin.
Barcroft and Edholm measured the changes in blood flow which
occurred during post-haemorrhagic fainting mainly in students
who volunteered for this experiment. Fainting was induced by
putting rubber bands over the thighs so that the blood accumu-
lated in the lower imbs, and then bleeding through venesection
from an arm vein until fainting occurred. When this happened,
there was a sudden and profound fall in arterial blood pressure
associated with the following changes. In the hand the blood
flow decreased and the skin became pale; i.e. vasoconstriction
occurred in the cutaneous vessels. In the forearm the blood flow
increased, i.e. vasodilatation occurred in the muscles. Since
the vasodilatation was absent in patients with upper limb
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m}xibidou of vasoconstrictor tone because nerve anaesthesia
failed to release the spasm. Therefore it must have resulted from
activation of sympathetic vasodilator fibres. The results have
been confirmed and extended to the lower extremities by
Fathe}*rce and Allen (1938). Instead of using 2 hot air bath for
warming t.he body, they immersed the body in hot water to
meet a criticism made against the hot air bath method by
Uprus, Gaylor and Carmichael (1936).

Lewis and Pickering were unable to display vasodilator,
sympathetic fibres to the hand and fingers of healthy persons,
be_c:xuse, in these, removal of the vasoconstrictor tone already
raises the temperature of the skin so close to that of the blood
entering it that activation of vasodilator impulses has little
chance of displaying itselfin a further rise of temperature. Grant
and Holling (1937/8) showed that this does not hold true for the
forearm and leg. This difference is attributed to the distribution
of arterio-venous anastomoses which are present in the extre-
mities of the limbs but not in the forearms and legs. In order to
display in these parts activation of sympathetic vasodilators to the
skin, such intense warming of the body 1s necessary that, when
prolonged, itis notwell tolerated. Warming was accomplished by
immersing two, or better three, limbs in water maintained at
45° or 46° C. and covering the rest of the body, leaving exposed
only the face and the Iimb under observation. This led to pro-
fuse sweating and, as evidenced by the flushing of the skin and
the great rise n its temperature, to intense vasodilatation. The
experimental proof that this vasodilatation resulted from activa~
tion of sympathetic vasodilators was the same as in the experi-
ments of Lewis and Pickering. There was the following addi-
tional observation which showed convincingly that it must have
been due to ‘activation’ and not to ‘removal’ of nerve impulses.
‘When the skin vessels were first dilated and a cutaneous nerve
then blocked whilst the intense heating was maintained, the
area that became anaesthetic ceased to sweat, paled and cooled.

There is, however, this question: are we actually dealing with
vasodilator fibres or is the vasodilatation in these experiments
the result of activation of the cholinergic sympathetic fibres to
the sweat glands? We cannot give a defimite answer, but Grant
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Sympathetic vasodilators in species other than man. We only need to
discuss this innervation for the skeletal muscles. Proof for the
presence of such fibres to the viscera rests on a few observations
{Bunch, 1899, Bulbring and Burn, 1936) which are anything
but convincing (Folkow, Frost and Uvnas, 1948; Eliasson,
Folkow, Lindgren and Uvnas, 1951), and the skin lacks sympa-

been performed to find the conditions in which they are acti-
vated. There are also some observations suggesting @ sympa-
thetic vasodilator supply to the skin of the external ear (Bulbring
and Burn, 1936), but the evidence is not sufficient and the
observations have not been confirmed (Folkow, Frost, Haeger
and Uvnas, 1949).

On the other hand, there is ample and convincing evidence

wild hare is not so strong, and there are apparently none present
m monkeys (Macacus rhesus) nor in the tame or wild rabbit
(Burn, 1932; Schneider, 1934; Bulbring and Burn, 1934/5; 1936;
1936/7, Rosenblueth and Cannon, 1935; Folkow and Uvnas,
1948; 1950; Folkow, Haeger and Uvnis, 1948; Eliasson, Fol-
kow, Lindgren and Uvnas, 1951).

Bulbring and Burn have put forward the attractive hypo-
thesis that the different development of sympathetic vaso-
dilators to muscle is related to the power of endurance or
capacity for muscular exertion of the animal, The monkey is
easily fatigued; the rabbit is capable of running for a relatively
short distance only; it can dash to the nearest rabbit hole. The
cat can probably exert itself for a longer time than the rabbit,
but both animals are greatly inferior to the dog which can run
for mules without fatigue. The wild hare resembles the dog in
this respect, and we may include man in this scheme as an
animal with great power of endurance and a good sympathetic
vasodilator supply to the muscles (Burn, 1938).

28
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sympathectomies, it must have been mediated via the sympa-
thetic. In order to decide whether it was the result of inhibition
of vasoconstrictor tone or of excitation of sympathetic vasodifator
fibres, Barcroft and Edholm compared the blood flow, during
fainting, in a normal arm with that in an arm ‘acutely sympa-
thectomized’ by nerve block: the vasodilatation was greater in
the normal arm. Thus excitation of vasodilator sympathetic
fibres must have occurred. Further, this vasodilatation is the
actual cause of the profound and sudden fall in astesial blood
pressure, because during the fall the cardiac output does not
decrease. What happens when the haemorrhiage reaches the
critical stage is a sympathetic discharge which leads to vaso-
constriction in the skin, but to a vasodilatation in the muscles
which is so extensive that we bleed, so to speak, into our own
vessels and thereby famnt.

Asimalar excitation of the sympathetic vasodilators may occar
under a number of circumstances, such as in sudden strong
emotions, or in severe pain in which the subject is lable to
fainting attacks. It is interesting to speculate with Barcroft and
Edholm on how far this vasodilatation can be regarded as a
protective mechanism which leaves the subject’s circulation
after recovery from the faint in a more stable condition than
before, and if, in the special case of hacmorrhage, it prevents 2
subject from bleeding outside by storing the blood in the
muscles.

Theze is, as yet, no evidence that excitation of these sympa-
thetic vasodilators to the les is Ived in the normal
physiological regulation of vasomotor tone. In this connection,
it is worth while to emphasize that the vessels of the human
skeletal muscles probably also receive vasoconstrictor fibres and
possess Vasoce ictor tone (B ft, Bonnar, Edhelm and
Effron, 1943). It would be of mnterest to know if in man—as
scems Likely to be the case in animals—increase and decrease of
vasoconstrictor tone is the sole hanism of normal regut:
of vasomoter tone, and if excitation of the sympathetic vaso-
dilators is reserved for certain conditions of stress including
severe muscular exertion, or if there is, in addition, a continuous
interplay between the state of excitation in both nerve fibres.
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Sympathetic vasodiiators in species other than man. We only need to
discuss this innervation for the skeletal muscles. Proof for the
presence of such fibres to the viscera rests on a few observations
(Bunch, 18p9; Bulbring and Burn, 1936) which are anything
but convincing (Folkow, Frost and Uvnas, 1948; Eliasson,
Folkow, Lindgren and Uvnas, 1951), and the skin lachs sympa-'
thetic vasodilators except in certain special regions such as the

vated, There are also some observations suggesting a sympa-
thetic vasodilator supply to the skin of the external ear (Bulbring
and Burn, 1936), but the evidence is not sufficient and the
observations have not been confirmed (Folkow, Frost, Haeger
and Uvnas, 1949).

On the other hand, there is ample and convincing evidence
for the presence of cholinergic sympathetic dilator fibres to the
vessels of the limb muscles in dogs and cats, The evidence for the
presence of sympathetic vasodilators to the limb muscles of the
wild hare is not so strong, and there are apparently none present
in monkeys (Macacus rhesus) nor in the tame or wild rabbit
(Burn, 1932; Schneider, 1934; Bulbring and Burn, 1934/5; 1936;
1936/7; Rosenblueth and Cannon, 1935; Folkow and Uvnas,
1948, 1950; Folkow, Haeger and Uvnas, 1948; Eliasson, Fol-
kow, Lindgren and Uvnas, 1951).

Bulbring and Burn bave put forward the attractive hypo-
thesis that the different development of sympathetic vaso-
dilators to muscle is related to the power of endurance or
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cat can probably exert itself for a longer time than the rabbit,
but both animals are greatly inferior to the dog which can run
for miles without fatigue. The wild hare resembles the dog in
thus respect, and we may include man in this scheme as an
animal with great power of endurance and a good sympathetic
vasodilator supply to the muscles (Burn, 1938).

28
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If we accept this hypothesis, we should expect activation of
these fibres during muscular exertion, but not in the normat
regulation of vascular tone, Muscular exertion is one of the
examples given by Cannon in which 2 widespread sympathetic
discharge takes place. Since the centre for this discharge is In
the hypothalamus, we should therefore expect that these fibres
can be activated by hypothalamic stmulation,

The pon-partivipation of the sympathetic vasodilators in

depressur reflexes but their activation by hypothalamic stimu-
lation was strikingly demonstrated by Folkow, Uvnas and their
co-workers in beautifilly designed irculation expert
on cats. The arrangement was such that the hind lmbs of 2 cat
in which a depressor reflex was clicited were perfused from
another donor cat. By giving dibenamine to the donor, the vaso~
constrictors of the perfused hind limbs could be eliminated with-
out inactivating the cholinergic sympathetic vasodilators. In
this condition, stitmelation of the sympathetic abdominal chain
no longer elicited a constrictor response in the perfused imbs,
but a vasodilatation. But when depressor reflexes were clicited
either by raising the arteral blood pressure or stimulating a
sensory nerve, the vessels of the perfused limb muscles did not
dilate, That is, the vasodilatation usually occurring in depressor
reflexes is fully accounted for by inhibition of vasoconstricter
tone.
On the other hand, Eliasson, Folkow, Lindgren and Uvnas
(1951} found that stimulation of certain points in the hypothala-
mus produced a vasodilatation in the hind Bmbs which per-
sisted after dibenamine. The regions from which this effcct was
produced were not identical with those which produced vaso
constriction in skin and intestine. Fig. 6 gives the points that
when stimulated, gave muscle vasodilatation, they are between
the area ~5 6 -g; vasoconstriction in skin and intestine was
pbtained in the area betwesn -2 and ~g. The muscle vaso-
dilatation om hypothalamic stimulation was assomiated with
other widespread sympathetic effects, which inus(ratcs_that
activation of the sympatlietic dilators to the muscles is an
imcgml part of the reaction pattern of a geaeral sympqthcuG
discharge. that is,in Cannon’s so~called emergency xeaction. 1
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the emergency leads to a strenuous muscular exertion, the useful
purpose of the discharge is more or less obvious. The ensuing
dilatation of the muscles, reinforced by the local vasodilator
metabolites, ensures a sufficient blood flow to the working
muscle and, by reducing the peripheral resistance, keeps the

intundibiares
Hypoghysial s1alk b
24 22 20 8 16 14 12 © & 6 4 z

Fig, 6 Median section of hypothalamus showing pomnts yrelding muscular
vasodilatanon  Antenor and vertical Hossley-Clarke co-ordinates are
marked (after Eliasson, Folkow, Lindgren and Uvnas, 1951)

arterial blood pressure within physiological ranges in spite of
the enormous increase in cardiac output. The same discharge,
h , unaccompanied by lar exertion may, at least in
man, precipitate a vasomotor collapse and fainting, as shown in
the experiments of Barcroft and Edholm.

In times of emergency there is also an output of adrenalne,
We must therefore inquire how the circulating adrenaline and
noradrenaline affect the efficient working of the sympathetic
vasodilators. Burn and Bulbring have shown that adrenaline

28*
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{does not oppose byt actually increases the vasodilatation, e.
. Cause adrc'ngljine apparently sensitizes the muscle vessels 1o the
dxlafrii‘wgnon ofacetylcholine,
Tone Acriviry 1y THE SyMeatisetic Sysrey
There §5 no continugus sympathetic discharge to the sweat
glands, to the intestina] muscles, the pilomotors or the Supra-
renal medulla, However, 5 large fraction of the preganglionic
sympathetic outflow is constantly discharging nerve impulses,
This so-cafed topic activity is responsible for a nusmber of sus-
tained bodily functions, sych a5 the vasomotor tone, whereby an
adequate blood Pressure is maintained, There is also some tonic
Sympathetic innervation to the heart. The tonic sympathetic
Innervation to the head region of the body is best illustrated by
the effects which follow section of the cervical sympathetic:
there is 3 certam degree of miosis, a sinking in of the eye
(cnophlhalmus) and drooping of the upper lid, giving the eyc a
sleepy appearance. The tonic activity in the sympathetic forms

SuMmary
If'we contrast the functions of the two sub-divisions of the auto-
TIOMUE BETVOUs system in the way we have—i.e, Iooking upon the
parasympathetic as the efferant pathway for viseeral reflexes
where the viscera are localized, the sympathetic as the efferent
pathway where the viscers are widespread and, in addition,
realize that the sympatho-adrenal system can be activated as 2
whole and that tonic activity s both Systems, but particularly
in the sympathetic, forms 2 background on which the reflexes
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Fic 1 Siheatic nodulauon. X-ray and section through part of the lung of
a flint worker



Prate 1I

Fic 2 Reuculation X-ray and section through part of the lung of a
worher 1n shale and coal dust.



Prate IV

Fig. 3. Muxed nodulation and reticulation section through the lung of 2
worker in sandstone and shale

Fic 4 Human sihcotic nodule low and high power magmfication of sections of
the lung of a flnt worker



Fig 5 A human sihcotic nodul

: e high power magmification of a single nodule
Egacztl:::r;::us‘}::w pattern of collagen fibrosis (‘ball of twine’ ap%carancrl,
B lm]o')ra;m; to show pattern of siliccous dust (note “core’, sacant

Fic 6. Quartz. expenimental silicotic nodules low power magnitude of a
section of lung from a rat which recen ed powdered quartz Hacmatow fin stam

and mucro-incineration X 24



Prate VI

F16. 7, Quartz, experimental siliconic nodule silver stam to show pattern of colla-

genous fibrosis m a single large nodule from the lung of a rat dusted with quartz for
400 days. x 75

Fic 8 Expenmental silicotic fibrosis high pow er magmification of a section of a
stheotic nodule to show intimate structure of collagen fibres Silverstain x g
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Fig 9 Kaoli
rtllcull?'losls; l':l?msr:::::? of the lung of a rat treated with South Wales kaolin Loose
grade 1) fibrosts despite presence of much dust. Silver stain.

"\.} A
~o

0 days after 75 mg of felspar dust Tocal accumulation

Fic 1o Felspar-rat lung 50
ticulin, grade 1 fibrosis Iew dust cells in some alveolt.

of dust ceils with some loose re!



Prate VII
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Fi6. 11. Horneblende: rat Jung 300 days after injection of 100 mg of hornebiende
schist, showmg reficulinosis (grade 1 minimal) Sihverstam » 30

T e TR
e

2N
“"fif% Lot

Fic 12 Mica (senaite) foral accumulations of dust, mild reticulinons and thicken~
10g of alvcolar walls Haematoxylia and rosin stam » 6a
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-treated mica (sericite): nodules of reticulin fibrosis (grade 3} Hacma-

Fic. 13. Acid
toxylin and eosin » 6o



LR 1 ., 51 per cent nuca,
I .y ‘=i Onlyafew fibres of
et dis o U Le ~" orstam, and micro-

C e eteg dee wu
ncineration X 135

Fic. 15. Shale (8
Per cent quartz, 77 per cent mica, g per cent kaolin). focal lesion
showing mild fibrosis {grade 1). Sumalar to Fig 14 or ) "
L\



Fie 16 Quartz confluent collagenous fibrosis (grade 5) Large silicoic
nodules 1n a rat’s lungs 300 days Silver stan X 30

u-
uartz plus 1 per cent alurminium hy droxade scattered accum!
laufo:s lo'l;' (‘gusl n godulzs of reticulin (grade 2 fibrosis), 360 davs. Silver

stam X 30



Prate XIT

y packed collagen (grade 4

5 fibrosis) Rat dusted with powdered quartz for 400 days Silver stain

Quartz- crowded nodules of densel

Fe. 18
and

X 30
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PraTe XIII
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Fio 20. Xeray diffrac gphs of (1) quartz, (2) trn-
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Praze X1V

124 ¢ 5 {10 » 10° par-
ucles) Coofluent cotlagesious fibrosis
of grade §

2-4¢ 100 mg (2 x 10” particles).
Compietedv collagenous fibrosis of
grade §

4B 1w, (o5 v 10¥particles) Almost collagenous podules, partly acellular
with ordinary nuclear stam Grade 3 fibrosis early < 25







Prate XV
Key to sdenbification of emeno-atnds shown vr Plates XV-XXT

1, eysteic aad {from cysune); 2, aspartic acd, 3, glutamuc aad, 4, phos-
phoethanolamine, 5, serine, 6, faurmne, 7, ghycme, 8, threonmne; g, alamne,
10, glutamne; 1 t, atculline, 12, hrosing; 13, tryptophan; g, pheny lalanine,
15, ‘cat-spot’; 16, leucine and,of soleucine, 17, \aline; 18, s-amno-ne
buty e acid, 1g, 3-2nuno-sobutynt acid, 20, bstsdine, 21, y-ammobuty ric.
acid; 22, proline, 23, 1- and 3-methythstidines, 24, arginune; 25, lysine and
orpithune, 26, protein (umdentifiedy, 27, chionde

\ .
. ‘
13 N
16 .
® (3
Wi -
[ ¢ [
ST ey .
H 7 2 .
! -4
T i
Fic 3 Ph hs of ch 1 the *copper tack’ The same

muxtare has been analysed m both cases with the same two solvents m the same
cabiet The paper on the right had howerer been first bightly dusted with basic
copper carbonate m a hine from wight 1o feft starting from the peneidled cross where
the muture had been placed In the first solvent the aming-acids track through the
copper componnd and the ‘v’ ones form compieaes while the ‘non-#'s' do not Cinly
e fatter therefare appear as spots w thrir wsual places on the final chromsatogram,



Prate XVI

23 19

¥i1c. 5 Photograph of chrematogram obtamed from normal human urine,
The volume of urine containing 250 ug. of total N has been taken for the
analysis 1n ths and all subsequent chromatograms of urine

Fic 6 Photograph of chromatogram obtained from 625 ul. of normal
human plasma ultrafiltrate
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PrLate XVIII
e

e

Tro. 10. Photograph of chromatogram obtained from mouse urine.

e

(21

o i e e T

Fic. 11 Photograph of chromatogram obtatncd from the urine of a domes

uc cat.



Prate XIX
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Fic. 12 Photograph of chromatogram obtained from the urine of the
blotched genet

Fi6, 13 Photograph of chromatogram obtained from the unne of a case
i Fancons syndrome (adult type)



Prate XX

27

Fic_14 Pholograph of chromatogram obtained from the urine of a case of
stone-forming cystinuria.

27
16

22 18

L
25

. T

Photograph of chromatogram obtained from the unne of a case
Avepracs




Prare XXI
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Fic 16 Photograph of chromatogram obtained from the unne of a case of ‘Hart
syndrome’ The numbers refer to tolour strengths on an arbitrary scale
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Fic 4 Rat ovanan ussue 28 days after graftng The tissue bad been
¢hopped 1 15 per cent gl cerol-saline, cooled slowly to - 79° C , and stored
at —190° C. for 117 days before grafting (From Parkes and Smuth, 1953.)
X 23

been
t ovanan tissue 13 wecks after grafung The tssue had

I o cent lyceral coolcd sloxily 0 - 79% C. and srored at
<hoPPE Tor By days before grafing (From Parkes and Smuih, 1953) 7 93



Prate XXIV
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Fic. 6. Rat testss tissue 111 days after grafting The testes of fanule rats lgad
been teased out and soaked i 15 per cent glycerol-saline, cooled slowly to - 79> C.
and stored at - 79° C for 7 days before graftng to another indisidual- X 240

16 7. Rat adrenal tssue 42 days after grafung Four half-adrenals had been
15 per cent glycerol, cooled slowly to - 79° C. and kept at -79° G.
ur before grafung. x 240



Prate XXI111

Fic 4 Rat ovaman tissue 28 days after grafung The tissue had been
chopped 1n 15 per cent glyceral-saline, cooled slowly to ~ 75° C , and stored
at - 190°C, for 117 days before grafting (From Parkes and Smuth, 1953.)
* 23

—
PP AN

e

1an ussue 13 weehs after grafuing. The tissue had been
Iy et glyscrol cooled siowly 1o . 76 £ and stored at
& ‘;g!’c for 83 days before grafting (From Parkes and Smuth, 1953 ) x 23



Prate XXVI

polartzer
=-axis hes
>

:‘ Yellow

Fic 2. Crystals of human reduced haemoglobin between crossed-nicols,

Z;ge- ﬁ;sx.l order gypsum plate mtioduced to show positve sign of birefring-
s X 75

bufTr:f, rc/:y;x;: n Figs 1 and 2 wete separated from pH 6 7 phosphate



PLate XXV

Fio 8 Amochacsuspended in 5 per cent gly cerol in rain-water, and cooled
under the microscope. ¥ 370 (From Smith, Polge and Smules, 1951 )
(abore) Medium crystallized at — 10 C.
(belou) Intracellular crystallization at - 15° C.






Prate XXVII

Fic 6 Solubility of human reduced haemoglobins in pH 6 4 phosphate buffer at
Tj2
2475 8g. Normal maternal sample
g0 Full-term mfant, cord sample
81,95 Sickle-cell anacmia
01, Sickle-cell anacmua, > microdrepanocytic disease
o1 Sickle trait






Prate XXIX

Fic 10 A typical con;
genital hacmolytic ‘m*
};;;(T;red, 1sotonic sodium dithionite (Ilano},’ 1‘{ f\?a:r:(;al"aljlrn)rl:?r?q(! ?4]91;
Blod, 4, 66). L/ Normal lumunavon, Fugis bolariaed Light, showing
wefringent crystals of reduced haemoglobin distorting the cells ;< 500,

-

N ‘ -',-5.‘;.""

{
: .
( PR -

paration as n Fig 5 LI Normal

Fio. 11 Suklexell anacma, piel
showing birefringence of sickle cells.

lumnation  Right. Polanized Lights
X 500






