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PREFACE

are being constantly evolved and many of these can be

applied to the elucidation of the problems met with in
medicine or modified to meet the pecuhiar conditions of clinical
investigations. It is, therefore, essential that clinicians should be
hept informed of the progress being made in the biological
sciences and especially the sciences on which the practice of
medicine is based. For this reason and because no clinician or
research worker has the time to keep 1n touch with the progress
that is taking place in the branches of science in which he is not
himself actively concerned, the British Postgraduate Medical
Federation arranges a series of lectures each winter on subjects
that iflustrate the use of new methods and of the progress taking
place. The lecturers are themselves actively engaged in research
and the lectures are designed for graduates in medicine and
dentistry Jooking forward to careers as clinical specialists as well
as for those seeking careers in research in the medical sciences,
This volume, the eighth in the series, contains twenty-four out of
the thirty lectures delivered during the winter of 1958-59, The
lateness of the volume in appearing gives cause for regret but,
in company with many other scientific publications of a serial
nature, it has suffered from the effects of the stoppage in the
printing industry that occurred in the summer of 195g.

The importance of the cell and its consutuent structures for
an understanding of health and disease is exemplified in this
volume by the lectures by Mercer on electron microscopy, by
Abercrombie on the control of growth and the cell surface,
and by Astbury on fine structural studies of the collagen-
apatite partnership; some genetic, aspects of cytology are dis-
cussed by Hayes on bacterial genetics and gene structure and
Armstrong on intersexuality, while Scowen describes his studies
on hyperoxaluna, establishing this condution as an inborn error
of bolism. Same ding probiems in bacteriology and

Nr.w methods for the investigation of biological problems
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vi PREFACE

immunology are dealt with by Stuart-Harris in his lecture on
the adeno-viruses and respiratory disease, by Williams on epi-
demic staphylococcal infections in hospitals, Evans on vacci-
nation against poliomyelitis and by Humphreys in his paper on
gamma globulins.

Maizels contributes an historical analysis entitled “The Role
of Biochemistry in Medicine’, and ather lectures on biochemical
subjects are those by Wrong on sodium excretion and the con-
trol of extracellular fluid volume, by Walshe on biochemical
studies in hcpatic coma and by Jenkins on the biochemical
background to the action of fluoride in dental caries. The cardio~
vascular system is represented by the lectures by Harrison on
pulmonary hypertension, by Byrom on the significance of
hypertensive encephalopathy and by Greenfield on the regula-
tion of the blood vessels of the limbs. The applications of new
methods to old problems in haematology are seen in the lectures
by Prankerd on the viability and survival of red blood cells and
by Cappell on some aspects of iron metabolism. Lynne Reid’s
lecture on chronic bronchitis and hypersecretion of mucus is
based on histological studies, Mole’s lecture on radiation as a
toxic agent is a contribution to a subject of world-wide interest
at the present time, and Cope’s on the measurement of adrenal
activity in man 15 a useful summary of a subject of fundamental
importance. Miles’s lecture on mediators of inflammation illus-
trates the essential importance of a critical assessment of the
contributions to a problem, and Salisbury’s on the influence of
botany on health emphasises that medicine is but part of the
wide science of biology.

A volume based on the lectures delivered during the winter
of 195960 is now being prepared and, among other subjects,
will again illustrate the intensive studies that are being made on
cells and the micro-structures they contain, their chemical con-
stitution, and their functions in the maintenance of health; in
addiuon there will be further contributions on the effects of
radiations on biological processes.

Francis R, FRASER
Drrector, British Postgraduate
1 July 160 Medical Federation
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I

The Influence of Botany on Health
and Disease

E.J. SALISBURY

FinD myself today in the vanguard of a series of lectures on
I a diversity of most interesting topics by very distinguished

lecturers. May I say that as an ecologist I find it particu-
larly gratifying to sce the catholicity of interests that those
attending these lectures will be privileged to enjoy. Whilst
most dealt with important aspects of the physiclogy and bio-
chemustry of the organism, whether in health or disease, others
are concerned with more general topics such as cell surface and
the control of growth, the structure of the cell as revealed by
the electron microscope or the genetics of bacteria.

As most of my audience will be aware, the effective pracncc

of the healing art involves the of many imp

ables, as well as the application of all that meticulous scientific
investigation can suggest, It cannot be too  strongly emphasxzed
that the ion which is an ble pre-

cursor of the advanccment of knowledge, can only yield its full
benefits if apprehended in correct evaluation against the back-
ground of biological knowledge as a whole. Wisdom is shown in
the blending of the general and the particular in these lectures,
realizing the validity of the view expressed by Sir Harold
Himsworth, in bis Linacre Lecture, that ‘If medicine is to
maintain its unity then it must include among its members, not
only the whole range of speciahsts in its bjects but
men who, within their own persons, link rclcvant dxscxplmes.

It is because I believe you would endorse such sentiments that
B
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of the active constituents are made by others we are perhaps apt
to forget that the need for meticulous identification still remains,
and has become not less but more important, as the intensive
study of superficially similar plants reveals the existence of more
active and less active strains and the biochemist discovers that
the physielogically significant constituents are not one but
several, present in varying proportions in the different popula-
tions that go to make that aggregate of convenience that we
term a species.

The desirability of the medical practitioner himself knowing
a number of plants nevertheless remains, since poisonous wild or
introduced species still continue to take their toll of human hves.
1 recall that during the last world war I was sent some tuber-
like roots for identification because similar ones had been added
by Italian prisoners to their stewpot when engaged in cleaning
out a ditch., They were the roots of the Water Dropwort
(O¢nanthe crocata) and not unnaturally the consequences were
fatal. This plant was known to our forefathers as Dead-tongue
because of the paralysing effect on the organs of speech that it
can produce. Fortunately, however, it is more often responsible
for the posoning of cattle than of human beings The Deadly
Nightshade (Atropa belladonna) is a plant everyone should know
by sight since it continues, almost annually, to account for ill-
ness, sometimes fatal, amongst children attracted by its glisten-
ing-black cherry-like berries. So too children playing with the
pods of the Laburnum Tree {Laburnum anagyrordes) have not in-
frequently eaten them with fatal results. The fruits of other
conspicuous wild plants such as the Black Bryony (Tamus
communis), the Black Nightshade (Solamum mgrum), the Woody
Nightshade (Solanum dul ), the Wild Arum (Aram macula-
tum) and those of the Yew, all continue to contribute their quota
of malaise if not worse, The pink aril of the Yew frmit which is
sweet and mucilaginous is itself innocuous, but as children are
very ltable to swallow the stones which contain about o 08 per
cent of the very poisonous alkaloid taxin, deaths from this cause
occur from time to time. All these might usefully find a place in
school gardens for the edification of the pupils. Probably the
fargest number of actual deaths from the eating of powsanous
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I venture to address you on a subject that is somewhat peri-
pheral to your main interests.

The spectacular progress of medical science in the fields of
antitoxins, chemotherapy and other directions has had a pro-
found influence upon the control of death. So much lower is
juvenile mortality than a century ago that anyone who has
given thought to the matter must realize that the future happi-
ness of the human race and the avoidance of major catastrophes,
including global war, will ultimately depend upon control of
births matching our control of infant mortality. But despite the
diminished severity of selection, which in the past usually only
permitted the more robust to survive, the improved hygiene and
generally better standards of life and livelihood have added
some ten years to the expectation of the human span. There are
still serious diseases, such as rheumatic arthritis and malignant
tumours, which challenge our efforts for alleviation and as yet
elude control, but, if we are to live longer, that will be no
incubus placed upon the community provided the maladies of
old age are kept at bay and decreasing vigour, both physical
and mental, is proportionately postponed. As I pointed out
some years ago when opening a discussion on the span of life at
the Royal Socicty of Medicine, there is much indirect evidence
to suggest that senescence is an accompaniment of the increasing
accumulation of the by-products of metabolic activity and if all
that has just been stated be true, it is apparent that the empha-
sis of the future will be on prevention and amelioration rather
than on cure. It is in this context that I would particularly wish
to direct your attention to the contribution that botany can
make to the problems of health and disease and the betterment
of human welfare.

It is unnecessary for me to remind you that the study of plants
onginated from the human compulsion to disunguish between
the nutritous and the harmful and to recognize the simples by
means of which pnmitive man alleviated his maladies. The
subject of botany as an integral part of the medrcal curriculum
was an essential element in the practical training when the
doctor himself was under the necessity of 1dentfying and pre-
paring the herbs which he employed. Now that the preparations
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develops the appearance of suffering from an attack of measles,
presents us with problems that are biochemical rather than
botanical unless there should prove to be interspecific differences
to be clucidated. The incapacitating and all too frequent
allergies, known as Hay-fever, have, bowever, been the subject
of fruitful botanical investigation from the aspect of the species
of plant whose pollen is responsible and the seasonal incidence
of its wind-borne dispersal.

The so-called pollen spectrum differs from one country to
another and to a lesser degree from district to district. In the
United States, for example, three main periods of occurrence
can be recognized. The spring phase, in which pollen of such
trees as Willows, Maples, Birches and Qaks is significant; the
summer phase, dominated by the pollen of Grasses and Sedges;
and the autumn phase in which the pollen of Ragweeds
(Ambrosia spp.) and Golden-Rods (Solidage spp.) are the chief
jrritants. The studies made by Dr. Hyde in this country upon
air samples, from various localities throughout the year, indicate
the preponderance of Grass pollen during June and July, a
significant occurrence of Tree pollen during March, April and
May, but only a relatively small amount of pollenin the autumn,
consisting mainly of Mugwort (4rtemesia zulgaris) and Cheno-
podiaceae. It is nevertheless important to remember that, except
for highly sensitized victims, the kind of pollen may be far more
important than the amount, and a particular individual may be
specially allergic to the antigens of a species whose pollen 1s less
frequently present in the atmosphere. The pollen of Coniferous
trees though locally produced in great quantities n spring is
stated to be not normally a significant cause of allergic response,
although the pollen of Cedars appears to be an exception, whilst
Elm pollen though it may be small in amount may be drastic
in 1ts effect upon some individuals,

Tao those who might doubt the continuing practical value to
medicine of intensive botanical studies in the taxonomic domain,
the example of Penicillin 1s I think instructive. As you are doubt-
less aware there are a very large number of species of the blue
moulds that are placed 1n this genus, of which most, if not all,
produce antibiotics. But only two appear to yield an antibiotic
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plants are attributable to consumption of the ‘Death Cap' toad-
stool {Amanita phalloides) in place of mushrooms, despite the easy
differentiation of the two by the colour of the gills which are
white or cream-coloured in the Death Cap instead of pink in
the young mushroom or purplish-brown in the mature one. If
only people were more epicurean and ate mushrooms when
they had expanded and developed their full flavour instead of
eating them as mere buttons when they are relatively flavour-
less, because they look attractive, there would be far fewer such
mistakes. Owing to the high toxicity and the lapse of from six to
fifteen hours before marked symptoms develop after eating the
Death Cap, it is then often too late to apply remedial measures.
There are those who advocate the destruction of all poisonous
plants, but the aim should be education rather than eradication.
Attempts at eradication are rarely wholly successful, and by thus
rendering the species concerned rare and unfamiliar such action
is calculated to defeat the greater safeguard. More comprehen-
sible, though now fortunately infrequent, is the unpleasant con~
tact poisoning by the American Poison Ivy (Rhus tovicodendron)
ionally planted in ke for Virginia Creeper. Some years
ago a house at Watford achieved a poltergeist reputation which
was only dispelled when a knowledgeable local practitioner
recognized the offending chmber and exorcised the evil pre-
sence, after which the maids were able to wave out of the win-
dows to their young men without untoward consequences.
The mistaken substitution of Aconite roots for Horseradish
and of Fool’s Parsley for the real Parsley is now rarely per-
petrated, but this brief reference to a few of the plants most
frequently causing illness or death perhaps justifies the assertion
that some knowledge of plants 1s still a desirable medical
qualification, quite apart from the fact that if the practitioner is
to inspire confidence in his patients he must be well educated
and a modicum of botanical lore is, I suggest, an essential part
of a liberal education. The familiar allergies are a constant
reminder of the old adage that ‘one man’s meat is another
man’s poison’. For example, most of us, luckily, can eat straw-
berries with impunity, but the fact that an occasional individ-
val, even after eating only one or two of these fruits, quickly
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by the Almighty, it was natural piety to expect that its structure
and habit would have some significance and probably be in-
dicative of the purpose of its ereation, It is no exaggeration to
assert that the search for such indications, by the pious seeker
after truth, was the means of adding greatly to the knowledge of
herbs. Indeed no better cxamplc could be given of the fact that
sincerity of puspose in ils pursuit is more :m/wlaul  for the M'xanmnml
of knowledge than the truth ly'lhe pothesss that 1
The tr of el that the alchemists believed in,
and for which they were long derided, has proved to be true in
a way they could not dream of, but those who pursued their
purpose with the wholehearted desire for truth laid the founda-
tion of modern chemistry and so too the sincere herbalists,
actuated by their pious beliefs, laid the foundations of a botanical
superstructure that developed into the pharmacogunoscy of
today. No one can, I think, doubt that one important contribu-
tion of botany to the promotion of health has been the cumula-
tive diagnosis of plant characteristics that has made the assess-
ment of their resemblances and differences increasingly assured,
50 that the subjective aggregates that we term families, genera
ar spccxes come to correspond more and more closely to their
1 relationships. The eytologists have added further fea-

tutes in the numbers and form of the chromosomes that have
sometimes modified the older assessments but, in the main, they
have confirmed them, whilst the soundness of taxonomic judge-
ments in general has been attested by the results of serological
experiments. Resemblances of structure, whether external or
internal, macroscopic or microscopic, have proved a valuable
guide to affinity and thus often the visible has been a guide o
the more important invisible physivlogical characteristics, in-
cluding the metabolic by-products such as those employed as
drugs, which often can only be ascertained by prolonged ex-
perimentation, [t is therefore no idle claim that the work of the
taxonomic botanist has been of great importance to medical
science.

1t has been asserted that the number of thcrapcunc drugs that
are really essential is very limited. No doubt opinions would vary
greatly as to what should be included in any such list but there
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that is at once highly toxic to bacteria and almost innocuous to
man, On the other hand the commonest and ubiquitous species
Penicallium glaucum produces an antibiotic that is worse than
useless therapeutically, since it is harmful to man as well as to
bacteria. It is clear that if botanists had not learnt to distinguish
these various species of Penicillium the task which Sir Howard
Florey so successfully accomplished would have been rendered
far more difficult, if not insuperable. It is I think salutary to
speculate on the answer that would probably have been ac-
corded fifty years ago to the question whether the study of the
various blue moulds, on food and other organic substrata, wasa
proper occupation to engross the attention of an intelligent
person. I rather suspect that the most tolerant answer would
have been either impolite or that it was a harmless pastime for
one who could find nothing better on which to squander his
leisure.

I suggest, however, that it may help us to place botanical
identification in 1ts modern context in relation to medical
science if we consider briefly a few examples where the thera-
peutic importance is associated with sub-specific distinctions.
The genetic studies of modern times have shown that within the
species there are strains that exhibit 2 wide range of variation
in their capacity to produce the active constituents and both
the inherited nature of the plant as well as its nurture combine
to determne the measure of its physiological activity.

Apart from these distinctions within the species, however, 1t
is worth noting how few plants of medicinal importance have
been brought to hight that had not already been employed by
our forefathers, a fact that bears witness to the tribulations of
primitive man and the long experience that produced the
empirical knowledge as to what plants were active. In this con-
nection I should like to refer to the ‘doctrine of signatures’
which, though 1t attained 1 the hands of some of its disciples an
absurd extravagance, played, I venture to think, a very impor-
tant part in the progress of the lore of stmples. Stated briefly the
underlying conception—doubtless long antedating any recogni-
tion of a formal doctrine—swas that since what was in the world
should be regarded as having been created for the benefit of man
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by the Almighty, it was natural piety to expect that its structure
and habit would have some significance and probably be in-
dicative of the purpose of its creation. It is no exaggeration to
assert that the search for such indications, by the pious seeker
after truth, was the means of adding greatly to the knowledge of
herbs. Indeed no better example could be given of the fact that
sincerity of purpose in its pursuit is more important for the advancement
of hnowledge than the truth of the hypothesss that stis inrestigati
The transmutation of clements that the alchemists believed in,
and for which they were long derided, has proved to be true in
a way they could not dream of, but those who pursued their
purpose with the wholehearted desire for truth Jaid the founda-
tion of modern chemistry and so too the sincerc herbalists,
actuated by their pious beliefs, laid the foundations of a botanical
superstructure that developed into the pharmacognoscy of
today. No one can, I think, doubt that one important contribu-
tion of botany to the promotion of health has been the cumula-
tive diagnosis of plant characteristics that has made the assess-
ment of their resemblances and differences increasingly assured,
so that the subjective aggregates that we term families, genera
or species come to correspond more and more closely to their
ical hi 1 have added further fea-

relat ps. The cy
tures in the numbers and form of the chromosomes that have
sometimes modificd the older assessments but, in the main, they
have confirmed them, whilst the soundness of taxonomec judge-
ments in general has becn attested by the results of serological
expenments. Resemblances of structure, whether external or
internal, macroscopic or microscopic, have proved a valuable
gude to affimity and thus often the visible has been a guide to
the morc mportant nvisible physiological characteristics, -
cluding the metabolic by-products such as those employed as
drugs, which often can only be ascertaned by prolonged ex-
perimentation. It is therefore no 1dle claim that the work of the
taxonomic botawst has been of great importance to medical
scence,

It has been asserted that the number of therapeutic drugs that
are really essential is very limited. No doubt opinions would vary
greatly as to what should be included in any such Est but there
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swould perhaps be general agreement as to the indispensability
of some, amongst which the plant products digitalin and mor-
phine, and probably atropine also, would almost certainly be
numbered. Seeds of the Opium Poppy (Papater somniferum), the
Deadly Nightshade (Atropa belladonna) and the Henbane (Hyo-
sepamus niger) have been found in deposits of the Roman period
in Britain and were perhaps then all in use and cultivation, The
home of the Opium Poppy is unknown, but it was employed by
Egyptian physicians 1600 years before the Christian era and
was probably known in the East carlier still. It was not however
till 1816 that precision was given to the use of opium products
through the isolation of the active principle by a Hanoverian
apothecary.

When one considers the contribution that the study of plants
has made to medical knowledge it must not be forgotten that
most botanists until recent times were trained for the medical
profession, so that botany owes at least as much to medicine as
medicine to botany. The use of the Foxglove is an example, It
was mentioned by the herbalists but was not held in great repute
by all as the following passage from Johnson’s Gerard of 1536
attests. Johnson wrote: ‘The Fox-gloves in that they are bitter,
are hot and dry, with a certaine kind of clensing qualitic joyned
therewith; yet are they of no use, neither have they any place
amongst medicines, according to the ancients.” It was, however,
the distinguished physician and botanist William Withering
who as an outcome of careful experimentation produced con-
vincing evidence of the value of Digutalis for dropsy. This classical
account published in 1776 is not only much sought after by
bibliophiles but 1s still worth reading for 1ts own sake. Wither-
ing’s Botanical Arrangement of the Vegetables in Great Briain, a fiora
in two volumes, which also appeared in 1776, went through no
less than seven editions, of which the last was issued in 1830, so
that one may infer that his services to botany were on a par
with those he rendered to medicine. The early herbalists, who
did so much for plant dentification, had little concept of what
we understand by experiment, and the progress of empirical
deduction was greatly hampered by the practice of incorpora-
ting so many ingredients in the same specific, presumably in the
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hope that if one ingredient failed another would fulfil its role.
The fifteenth-century Leechbook, which was edited by W. R.
Dawson and published by the Royal Society of Literature, fur-
nishes a good illustration of this, It describes a cough cure which
contained Avens, Betony, Borage, Calamint, Chamomile,
Cinnamon, Cloves and Comfrey, Daisy, Elecampane, Eyc-
bright, Galingale, Ginger, Harts-tongue, Herb Robert, Hyssop,
Laurel, Lavender, Liquorice, Mace, Marjoram, Milfoil, Mint,
Mouse-Ear, Mugwort, Nutmeg, Radish, Rosemary, Sage,
Savory, Scabious, Thyme, Tormentil, Valerian, Violet, Way-
bread and Wormwood. Thirty-seven constituents! Of most of
these you were told to use a small handful except for the
liquorice, probably the efficacious part, of which a pound or
mote was included. With such recipes it is small wonder that
empiricism made little headway till simpler formulae became
the vogue. Today we enjoy the benefits of the trials, which must
often have been grievous, and the errors that were doubtless
multitudinous, of past centuries. This accumulation of empirical
lore has often been the starting-point from which exact experi-
mentation has emanated. If modern science has converted the
crude and often chancy medicaments of the past into present
instruments of considerable precision, we should not belittle the
contribution of acute observers who perceived the significant
amidst the fumblings and superstitions of the pre-experimental
era, These minds separated the true ore of facts from the dross of
superstiion and groundless speculation, Kipling indeed was
guilty of little exaggeration when he wrote

Everything green that grew out of the mould
Was a wonderful herb to our fathers of old

Owing to the impossibility of obtaiming the usual supplies of
Henbane from the Continent during the last world war, other
sources of hyoscin were exploited and it was found that the
small Solanaceous tree Duboisia hopwoodu, which is chewed and
smoked by the Australian natives as a stimulant and narcotic,
contained an appreciable content of hyoscin and also the less
desirable hyosciamin, But whereas the treesin Queensland gave
a satisfactory yleld further south the plants were found to be of
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little value because they contained a high proportion of
hyosciamin and little hyoscin, Since then this distinction has
been shown to be a genetic one. The two strains are similar in
appearance but their physiological distinction, which is doubt-
less responsible for the geographical segregation, is accompanied
by this biochemical difference that entircly changes their
medicinal importance.,

Incidentally we may note that the scarch for substitutional
drug sources has usually depended upon the explojtation of
other plants of the same affinity, and since these arce not in-
frequently wholly different in habit from their relatives it is
manifest that their recognition as possible sources is dependent
upon botanical research. We see this exemplified in relation to
the drug reserpine obtained from the root of the Indian plant
Rawwolfia serpentina, The story of the isolation of this active prin-
ciple from a plant long used in Indian medicine is a striking
illustration of the frequent dependence of advance upon the
development of new techniques. When, by the employment of
electrophoresis, the active constituents were finally separated
from the Oleoresin residue, which the Sidiquis had not the
technique to fractionate since this was only discovered some
years later, a crude medicament was converted into a drug of
precision and the demand became so great that an embargo
had to be placed upon the export of the roots of the plant from
India because of the danger of its extinction. This led to a search
amongst other plants that botanists had placed in the same
family of the Apocyanaceae and a plant from New Zealand very
unlike Rauwolfia was found to be a useful source of reserpine.

I think one could justly claim that it was the manifestly
deleterious effects of atmospheric pollution upon plant life
which first brought into prominence the probable indirect
effects of this accompaniment of the industrial revolution on
human health. 1t is certainly a fact that the first really signifi-
cant quantitative data as to the materials added to the atmo-
sphere werc obtained nearly seventy years ago by a botanist,
Professor F. W. Oliver, at the instance of the Royal Horticul-
tural Society. For our present context, however, our interest
must be directed not so much to the soot and grosser constituents
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of smoke as to the physiologically active gases. It is now over
half a century since Neljubov demonstrated that as small a
quantity as one part per million of the gas ethylene could bring
about distortion in the growth of the plumule of the pea and
thereby established, beyond equivocation, that the continued
operation of physiologically active chemical substances, in
amounts of extreme diminitude, could produce effects of pro-
found significance.

I need scarcely remind this audience of the prejudice that had
to be overcome at that period in the promulgation of such a
concepti gst physiologists whose ranks were then pre-
vailingly medical, since the bitter controversy between the
allopaths and the homocopaths was stll fresh in men's minds.
Hanneman®s doctrine of dynamization which he promulgated
in the early years of the nineteenth century, linked as it was in
the thoughts of orthodox practitioners with the more extrava-
gant claims of homoeopathy, such as that like always cured like,
was understandably looked upon askance by the allopaths and
thus the notion that very minute quantities of any chemical
substance could be efficacious in promoting human well-being
was regarded as a concession to medical heretics.

Subsequent experiments have shown that some plants exhibit
characteristic growth responses to as minute a trace as one part
in ten million. Since ordinary illuminatng gas often contains
about 4 per cent of ethylene, this implies that a gas escape of
1 part in 400,000 of air could produce a physiological result,
We know too that the minute quantities of ethylene produced
during the riperung of apples, unless removed by ventilation,
has a pronounced accelerating influence upon the maturation of
i fruits adj in the same phere. Itis
sary to remind you that traces of ethylene are known to affect
the human body and, inter ali, to promote an anaemic ten-
dency. What I am, however, anxious to stress here is that these
and smular discovenies n the botanical domain respecting
Iinute quantities of ethylene and sulphur dioxide, prepared
men’s munds for the concept that major effects could be the
outcome of mfinitesimal causes, a fact later to be spectacularly
demonstrated for human nutntion, in the domain of organic
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chemistry, by Gowland Hopkins' discovery of the vitamins and,
in the domain of inorganic chemistry, with respect to the trace
clements or micronutrients that have been shown as essential for
the nutrition of plants and animals alike,

Empirically, the value of plants containing vitamin C has
probably been appreciated from ancicnt times. One of the plants
so used in Britain was the Bistort (Polygonum bistorta) whose
leaves were some of the carliest that could be induced to sprout
after ‘the winter of discontent’ that our forcfathers endured upon
a diet of salted meat. It was incorporated in pulse puddings—
some years ago Dr. James Pearse informed me that it was being
used in this way by a family in the Lake District as part of the
children’s diet under the name of ‘Easter May Giants’. An
interesting and curious corruption of the linguistic hybrid
Easter mangeant.

Other instances of profound physiological cffects produced by
extremely small of chemical sub es found in plants
are afforded by the oestrogens present in clovers and the growth
hormones. The recent discovery of the great potency of Gibber-
relic acid to promote growth emphasizes how minute may be the
stimulating cause. So too modern rescarch has revealed the
widespread occurrence in seeds of highly potent growth in-
hibitors. If some of these or, more probably perhaps, their syn-
thetic analogues could be harnessed therapeutically the control
of growth processes in man, whether malignant or benign, might
not be chimerical.

Botanical science can perhaps make 1ts contribution to the
health problems confronting the human race which result from
the disturbing augmentation of the world’s populations, in
various ways Substances present in species of Lithospermum have
long been known to influence human fertility significantly and
it is possibly not too much to hope that the investigation of these
may, with the remarkable skill of the modern organic chemust in
the field of synthesss, pave the way to the hoped-for oral
CUDU’IXCCPUVO.

The role of the trace elements, which play so essential a part
in the enzymic systems of the plant and ammal body, is familiar,
especially with regard to the elements copper and cobalt. What
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is not 5o widely appreciated is that the earliest recognition of
the necessity of these trace elements was established by plant
physiologists stimulated by the effects produced by fortuitous
observations. Maze’s experiments demonstrating the necessity
of zinc for plant life are repu(cd to have been inspired by the

idental use of a g d ¢ iner for a spray that pro-
duced unexpected benefits, and the essential nature of molyb-
denum for plant life was brought to notice as a consequence of
its presence as an impurity in mineral fertilizer.

The plant is normally the source whence the human body
obtains the trace-elements it needs and, as we now know, the
capacity of different kinds of plants to absorb and accumulate
these metallic ions is extremely varied. The way in which Sea-
weeds accumulate iodine, which is familiar to most, is by no
means unique. Species of Milk Vetch (Astragalus) exhibit a
similar capacity for accumulating Selenium to an extent which
can render the herbage on a seleniferous soil fatal to cattle and
their ﬂesh unfit for human food So too the dxﬂ'crem grasscs

Ter

SO S N e e

health in respect to radiation fall-out. It is recognized that if
fall-out were to attain high proportions, radioactive strontium,
because of its long half-life and because it can replace calcium
in animal cells, would be one of the more serious risks. More-
over strontium is taken up readily by grass and cereals which
tend to concentrate the element. On the other hand Lucern is
much less prone to take up strontium than grass so that nsk of
absorption via milk 1s appreciably less if cows are fed upon the
one rather than the other.

In times past when village commumnities were nourished upon
plant and animal products almost wholly produced locally it is
obvious that any trace-element deficiency inherent in the dis-
triet’s so1l might have had a deleterious effect upon human
health in a way that is most unhkely to occur under modern
condutions when our food supplies are derived from so many dif-
ferent areas. In view of the high repute that many herbs had in
the dietary of the past one may, however, suspect that perhaps
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their differential eapacity for accumulating trace-clements may
have given some of them an importance in the past that does
not now obtain. Unfortunately our knowledge of the trace-
clement contents of the foods we cat is woeflully meagre.

One of our needs today is for a much wider survey of the
quality of the food plants we consume. So little is as yet known
concerning the new varieties that we raise and in the selection
of which, yicld-capacity and resistance to discase are the main
criteria. I am not suggesting that our breeding efforts in relation
to food values have been merely inflationary, or even wholly
calorific, but it must be realized that until our assessment of
new varieties is far more meticulous than at present we cannot
be assured of the extent to which our efforts represent a real
increase of our nutritional assets, or are largely illusions of in-
creased bulk, that at the best may be mere calories and at the
worst expensive water in an attractive guise. But I realize that
perhaps the measurement of good food may be as liable to evade
our existing techniques as the assessment of good health, the
more s0 nasmuch as they are not absolutes but relativities.

A second approach to the problem is for the botanist to breed
strains of crop plants not only capable of higher yields but with
higher nutritive values. Thus the plant breeder has produced
strains of Avocardo Pears which, it is claimed, have a protein
value comparable to that of a good beef steak. But it is impor-
tant to remember that plants, however great may be their
potential frtfulness, cannot build up substances that provide
fuel for the human machine without utilizing the raw materials
with which they are built up. This 1s so much a truism that it
would seem scarcely worth uttering were it not that today there
are not a few who appear to imagine that the increasing food
supply that the human race requires can be provided without
the use of artificial fertiizers. Not perhaps realizing it, they
advocate a policy that really amounts to ‘taking in one another’s
washing’. One such, whom I was able to convince that he could
not continue to harvest huis crops without putting back more

servay e 1 .
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upon the familiar political standby of robbing Peter in order to
pay Paul. The botanists may provide the more nutritional
strains, but to realize their potentialities the nutritional status
of the soil must be correspondingly enhanced.

It is I think instructive to remember that the usually very
mixed character of the human diet has militated against the
accumulation of empirical observations on the effects of pro-
longed consumption of food constituents that do not have an
immediate and obvious action. Only the very restricted diet of
the long sea voyages of the sixteenth century brought realization
that scurvy was of nutritional origin and could be remedied by
the use of fresh vegetables or Jemon juice, though it was long
before such observations led to the critical experiments that
brought the recognition and isolation of the vitamin itself.

The rauch more restricted diet of domesticated animals pro-
duced empirical observations and subscquent experimentation
that revealed not only important trace-element tesponses to
copper and cobalt but also the presence in some pasture plants
of oestrogenic substances, which, in certain strains of subter-
ranean clover, are present in sufficient quantity to have very
serious effects upon sheep grazed continuously upon it. The
marked differences in the biological effects of different strains of
one and the same species on stock suggests that this may well be
true for human nutrition also and indicates the need for botani-
cal and biochemical collaboration in respect of the less crude
aspects of diet. Too often in food analyses, whether concerned
with the grosser or more recondite constituents, no attention has
been paid to the variety of the species investigated, still less to
the circumstances of 1ts culture. Here is an almost untilled field
of human dietetics that might well yield a valuable harvest,
whlst careful clinical observation of those who, from choice or
from circumstance subsist on a very restricted diet, might well
furnish important clues for future research to enlighten us in that
terra incogmita of the long-term effects of repetitive mtake of plant
products that are not ifestly harmful or beneficial when
COn}idercd merely from the point of view of their short-term
action.

One aspect of botany 1n relation to health to which I feel X
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must refer is the alleged healthiness of plants and their suita-
bility as human food, when grown with organic manures in con-
trast to the asserted unsuitability for human consumption of
plants grown with mineral fertilizers, No informed person would
wish to belittle the practical value of the colloidal material
we term humus, which can abundantly retain upon its exten-
sive internal surface both water molecules and nutrient jons,
which alike supply the growing plant, whilst still permitting
adequate soil aeration, But while recognizing all its virtues,
we must not allow our imagination and scntiments unbridled
licence so that we become muck-minded in every sense of that
phrase,

‘When a plant grows in a soil containing organic material,
whether from manure or compost, it gradually depletes the
supplies of water and mineral nutrients that were retained upon
the colloidal surfaces. Continued healthy growth of the plants
demands that these supplies of water and nutrients should be
alike renewed. The large demands made by modern high-
yielding crop-plants which are repeatedly grown to maturity
and removed, necessitate such replacement and the use of
muneral fernhzers, properly applied, is in no real sense amf'cxal
but merely a replenist of what is 50 conti ly
Because minetal fertilizers are so concentrated and far morc
easily handled than organic manures they can more readily be
used to excess and abused, but I must most emphatically stress
that there ar¢ no data that one could dignify as evidence to
warrant the absurd assertion that plants grown with the use of
mineral fertilizers are any less healthy than those grown with
organic manures alone nor s there any real evidence to support
the contention that such plants are in any degree less suitable
for human food. The nostalgia for a countryside that is not
converted into a food-factory 1s a sentiment with which most of
us can sympathize, but this 15 the pricc we must pay for the
unrestricted growth of population that is the greatest menace
to civilization of today and holds the threat of global war as
nothing else.

To turn to another guite different aspect, I would refer again
to the relation of plants and animals to gaseous exchange. This
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has been the subject of great oversimplification and misrepre~
sentation. In its crudest form this is exemplified by the school-
boy howler that ‘Animals take in Oxygen and give out Carbon
dioxide whilst plants take in Carbon dioxide and give out
Oxygen. If therefore a Rabbit and a Cabbage were placed to-
gether in a hermetically sealed chamber they would live for
ever.

The many queries T reccived from nurses and medical men
when T was Director of the Royal Botanic Gardens, Kew, con-
cerning the justification for the belicf that it is harmless to have
flowers in a patient’s bedroom during the daytime but harmful
at night, is sufficient evidence of the extent to which this over-
simplification persists. It is true that green parts of plants, both
foliage and stems, can carry on photosynthesis in adequate
illumination and in this process they combine atmospheric
carbon dioxide and relcase oxygen, but simultaneously the en-
tire living plant is also g oxygen and releasing carbon
dioxide in the process of respiration and this is often appreciably
higher for flowers than for leaves. Even if this distinction be
ignored, the Jight intensity 1n most bedrooms is so low compared
with that in the open that the rate of photosynthesis that might
be carried on by a vase of foliage would be below the rate of
respiration. In technical language the leaves and flowers would
almost certainly be working below their compensation point.
So it is clear that the bedroom flowers if ever harmful in this
way would be almost equally so both day and night. However,
if the dufference they could make to the gaseous composition of
what the patient inhaled were in any degree significant the
ventilation of the bedroom would I suggest be so inadequate
that the presence of the flowers would merely anticipate but
could scarcely hasten the inevitable wreath,

Thus far we have adumbrated a few instances where botany
has been of direct benefit to the maintenance of health or the
alleviation of disease but perhaps the benefits that medicine has
derived from botamecal studies have been equally, if not more,
important from their contnbution to the advancement of fun-
damental biological knowledge. We recall that it was botanist

Gregor Mende{ who Iaid the foundations of genetical science
c
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and a plant physiologist Pfeffer who made the classical experi-
ments that enabled the Jaws of osmotic phenomena to be formu-
lated. So may I conclude by rcturning to the theme prompted
by this course of lecturcs. Knowledge can be likened to a house
with many windows through which we peer and endeavour to
construct a picture of the whole from what we sce. The narrow
specialist confines his attention to what can be scen through one
window only, but if e possesses the philasophical appraach will
realize the limitations of his perspective. If he is not of a con-
templative mind he is more Jikely to add to our information
than to our real knowledge. The dilettante is so interested in
passing from window to window that he does not give himself
time to apprehend the vision of any one. A true apprehension
can only be approximated if we rectify our contemplative vision
through one window by a reflective, though necessarily less
intensive, examination of the prospect through others, Aware-
ness of the unity of all knowledge is being more and more
forced upon us and, though increasing specialization is 2 price
we must pay for the ever-expanding bounds of science, the role
of the general practitioner, both in your profession and others,
assumes an augmenting importance, as a liaison officer, helping
us 1o maintain a just perspective and to apprehend that the
different viewpoints whilst presenting us with very diversified
vistas are in fact, though so dissimilar, consistent aspects of the
same fundamental unity.



II

The Control of Growth
and the Cell Surface

M. ABERCROMBIE

growth’ without explaining one’s meanings. Many biologists

like to restrict the application of the word ‘growth’ to increase
in mass, or more purist still, dry mass. 1 am going to be more
comprehensive, and include in my subject-matter cell move-
ment, which may bring about an increase in the space occupied
by a population of cells. This is to a small extent what is com-
mouly meant by growth of a malignant tumour, that is, in so far
as 1ts size depends on invasion. It is to a large extent what is
meant by growth of an explanted fragment 1n tissue culture.
Such a fragment may indeed lose mass, but by spreading,
diluting itself so to speak in its surroundings, its volume of
occupation increases. Pursts are no doubt right in dishkang this
use of growth: 1t is hable, in the absence of precise analysis, to
confuse disparate underlying processes But on the other hand
the association, and in fact the causal relations, between spread
by cell movement and increase in mass seem to be sufficiently
close to justify treating them together, though not of course to
jusufy confusing them.

The use of the world ‘control’ equally needs brief discussion.
It is used I suppose to mean the specification of rate or amount
of growth, the holding of growth to some quantitative pattern
(which may of course be zero growth), Such a notion of control
15, however, full of pitfalls unless all statements involving 1t are
formulated with an 1dea of appropriate experimental testing in

IT is asking for semantic trouble to use the phrase ‘control of
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mind. It has been all too casy to intone remarks like ‘cancer is
an escape from the normal control of growth exerted by an
organism on its parts’ and to fecl one has been informative.
But if a natural anarchist with no ingrained respect for control
asks how you would propose to test this hypothesis, he will soon
deflate the pronouncement to the mere fact that cancers grow
where normal cells do not. It helps in keeping near the reality
of experimental testing if one restricts analysis to the control of
changes or differences in growth. As long as one is making a com-
panson, the classical requirement for an experiment, a control
group, is part of the picture; this sccond sense of ‘control’ has
profound practical affiliations with the first.

Growrit or OroANs
A great deal of work on the control of growth has been con-
cerned with the size of embryonic and larval organs. Such work
forms an essential background to any analysis into cellular
events A striking feature of the developing vertebrate is that
with increasing age there is a continuous decline of specific
growth rate (that is, of growth per unit of material already
formed). Though subject to local fluctuations, this decline is
general and fairly consistent amengst the different organs of the
body. It is a change in growth, and thereforc discussion of its
control can be conducted in experimental terms, which makes
it a useful example to consider. A natural presumption is that
it represents a steady systemic change in some component of
the internal environment of the embryo. If this 1s so, then an
organ transplanted from, say, an older donor to a younger host
should show the higher growth rate of the younger stage. The
experiment has often been done 1n Ampbhibia, with limbs and
eyes transplanted from older to younger and vice versa (see
Twitty and Eliott, 1934; Twitty, 1940). It has turned out that
there is no systemic decline in growth-promoting power of the
internal environment capable of mnfluencing these organs. An
older graft in a younger host is not speeded up; apparently
indeed it grows rather more slowly than 1t would if transplanted
to an embryo of 1ts own age, it is overhauled m size by the
corresponding host organ, losing 1ts age advantage, Conversely
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a younger graft in an older host is certainly not slowed down,
and apparently grows rather faster than it would en a host
of its own age: it overhauls the corresponding host organ. In
their new situation transplants from young to old or from old to
young, judging by the published growth curves, before long
thow the gradual decline in specific growth rate so characteristic
of vertebrate development.

Since there is no general decline of the growth-promoting
power of the internal environment with age, but on the contrary
an increase, Twitty (1940) drew the conclusion that, in limbs
and eyes at least, there is within each organ an autonomous
decline in ‘assimilative ability’ which is independent of what
the rest of the embryo is doing, and is sufficiently pronounced to
offset the increased growth p: ion by sy ic comp
If one were to extrapolate from the behaviour of limbs and
tyes, one would lude that the develop 1 decline in
specific growth rate is general and consistent because all organs
have built into them a similar independent pattern of growth
control. There is some hint as to the mechanism of this autono~
mous control within each organ. It does not seem to work
simply by tapering off growth with advancing age. According
to Twitty, although younger transplanted eyes in older hosts
catch up the host eyes in size, they do not surpass them as might
be expected if growth rate depended simply on age and systemic
conditions; having reached the same size, they grow thereafter
at the same rate as the host eyes, in spite of the difference in
fertilization age. These observations perhaps need putting on a
firmer basis (see Handford, 1948); but if they prove to be
acceptable it seems that the control of the decline in growth rate
involves a tapering off of growth with advancing size of the
organ, not age, or at least with something normally closely
correfated with size; in effect some feed-back from the products
of growth.

The idea of feed-back from the products of growth brings us
to another hypothesis, which accounts for the sort of experimen-
tal result we have considered, but does not allow the local
autonomy asserted by Twitty’s hypothesis. This second hypo-
thesis is a feed-back system proposed by Weiss (1955; Weiss and
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Cavanau, 1957), which has proved very attractive to many
workers. He suggests that each cell type of a growing animal
produces into t'hc extracclllular space of the whole organism its
e e - o Ta .
tinued production of such anti-templates leads to a declining
growth rate. This mechanism puts the growth of any tissue
under the influence of thesize of the rest of the organism, because
the concentration of anti-templates and therefore their effective-
ness depends not only on their output by the tissue but also on
the volume in which they are dispersed. In terms of the trans-
plantations of limbs and eyes we have been considering, when
e put, say, 2 young cye on an old host we would be putting a
small producer of anti-templates into a large receptacle for
anti-templates, Their concentration should fall and promote the
growth of the transplant. By the time the size of the grafted eye
becomes appropriate to the size of the host, the anti-template
concentration and consequently the growth rate will have risen
to the normal for that stage, or at any rate roughly so. (In the
sophisticated version of the theory developed by Weiss and
Cavanau n 1957, anti-template concentration at any moment
does not depend simply on volume of receptacle and on total
mass of producing organ at that moment, so precise regulation
of transplant size to host size is not to be expected.)

Since Weiss’ hypothesis involves correlation of tissues via a
systemic pathway, it is tested by any procedure on an embryo
which changes the ratio of the amount of the organ in question
to the volume of the whole organism. Such a change should
produce a compensatory change in growth of the organ, as
indeed 1t does in the experiments of Twitty’s I have quoted. It
seems, nevertheless, unltkely that Weiss® hypothesis can apply
to imbs and eyes because other experiments that alter the ratio
do not apparently alter growth of these organs. Compensatory
hypertrophy of a limb or its parts has not as far as I know izeen
observed, nor depression of the growth of the homologons limb
when an extra limb 1s grafted on to an animal, nor, when grafts
are made between two closely related species one of which
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grows much bigger than the other, does there seem to be any
cffect on growth rate of limbs or eyes through the change in the
size of the whole organism (e.g. Church, 1956). It scems that
Twitty's hypothesis where the fecd-back, if any, is localized to
the organ, is preferable at least for eyes and limbs, and pre-
sumably for other parts of the musculo-skeletal system,
Nevertheless, it is highly probable that there are several im-
- portant organs that grow by a mechanism at least formally
similar to that proposed by Weiss. These are the organs that
undergo compensatory hypertrophy in the adult, such as liver
and kidney. During the later part of the life history it seems that
the size of such an organ is controlled by the blood level of some
regulatory substance produced by the organ itself (see Aber-
crombie, 1957), though whether such a substance acts directly
as an anti-template is an entirely open question, ‘We are perhaps
not yet on entirely safe ground in supposing that whcn com-

N S T FER LTI

hypertrophy (e.g. Fox, 1956). Such compensatory mechanisms
in a growing animal will adjust size of their particular organs to
that of the rest of the body. If the rest of the body shows a
declhine in its growth rate, they will too,

The hypotheses of Twitty and of Weiss of course far from
exhaust the suggestions that have been put forward about con-
trol of growth. One further idea, which might apply to the
decline of growth rate during development, must suffice. Crile
(1958) has suggested that a feed-back mechanism exists of
rather greater complexity than that of Weiss’ hypothesis; each
cell type he supposes produces a signal substance which inhibits
the production from some other site 1n the body of a stimulating
substance specific to that cell type. Such a mechanism will
induce compensatory hypcrtrophy if the number of cells pro-
ducing the signal substance is experimentally reduced; and
where we find that cumpensalory hypertrophy does not occur
we can rule out such a except as a pk 50
locahized that both sngna]lmg cells and st\mulatmg cells are
simultaneously reduced in number by the operation. There is
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no reason yet for supposing that this mechanism is widespread
in an organism. But as with Weiss’ hypothesis, it is highly prob-
able that the growth of some embryonic organs is influenced in
this way. Some of the endocrine glands that are linked to the
pituitary, notably the thyroid (which formed the model for
Crile’s theory), work like this in the adult, and the thyroid-
pituitary axis is established carly in development (see for in-
stance Jost, 1954). If the consumption of thyroid hormone varies
with the size of the whole erganism, so will the size of the thyroid.

In the particular example of a growth change which we have
been considering, the developmental decline in the specific
growth rate, we seem to find different mechanisms at work for
different major organs, Organs like limb and eye, which appear
so independent in their growth rate changes, need not of course
be a mosaic in their internal organization. Indeed for the eye it
is known that there are internal interactions: transplantations
show that an overlarge lens in an oversmall eye-cup grows more
slowly itself, and makes the eye-cup grow faster (Harrison,
1929; Ballard, 1939). Nor does the existence of a systemic
self-regulatory system like that of liver or thyroid imply that
there are no interactions between the various subdivisions of the
total cell population of the organ. For instance, in the adult
liver undergoing compensatory hypertrophy after part of it has
been removed, all the populations of different cell types grow
more or less appropriately, and the most prabable explanation
is that the parenchymal cells are setting the pace and in various
ways influencing the other cells (Abercrombie and Harkness,
1951; and see Santler, 1957, for a similar situation in the thyroid
stimulated by thyrotrophic hormone). The same may be true
during development.

Enough has been said about the particular problem of the
declining growth rate to support the point of view that patterns
of tic growth are specified by a var}'cty of mechanisms,
varying from organ to organ and tissue to tissue. This complex
situation must be worked out piece by piece. The tendency
which has so often shown itself to promote just one und of
control mechanism to pre-eminence in the embryo is probably
far too superficial an approach to the problems. The same
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picture of varicty of mechanism emerges when one considers
various instances of proliferation in the adult (Abcrcrombie,
1957; Swann, 1958).
‘Tite CoNTROL oF LocoMoTION
It seems, however, that the growth process itself, unlike the
mechanisms which control its rate and amount, may have an
unexpectedly far-reaching unitary character. It obviously con-
sists of protoplasmic synthesis plus mitosis, a cellular response
which may be considered to be induced by the controlling
mechanisms in somewhat the same scnse that differentiation is
induced (Swann, 1958). It comprises also locomotory activity
by the individual cells (Abercrombie, 1957; the formation of
intercellular substances is also probably part of the syndrome
but will not be considered here). This is the justification for
including cell movement under the general heading of growth,
The complexity of the growth response is understandable be~
cause its outcome is the production of organized, complex tissue,
which cannot be formed by mere multiplication of cells in situ,
but requires also that new cells move into the appropriate
arrangements.

The locomotory apparatus of cells, that is, whatever it is that
enables them to crawl, individually or in coherent groups, on a
suitable solid substratum, seems to be in an activated state
wherever growth involving mitosis is going on. This activated
state may be assessed by explanting fragments in tissue culture,
The more the activation, the greater the number of cells that
will emigrate from the fragment in a given time. Locomotory
activation thus tested is in general correlated with mitotic
actwvity. In the embryo both are high at early stages, and both
dechne together as development proceeds (see Medawar, 1940).
In episodes of induced proliferation in the adult, such as liver
regeneration or thyroid hypertrophy, both change substantially
together (see Abert bie, 1957). L y actwvity tested
in this way is, however, not necessarily a direct measure of the
amount of locomotion that occurs iz zwo in the prolferating
tissue. It probably represents a general excitation of the locomo-~
tory mechanism of the cell, which manifests itself in the form of
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mass emigration in the rather special situation in tissue culture.
In the organism, one would expect there to be detailed mechan-
isms for directing the movement of individual cells and for
stopping it at the right places. The study of cell behaviour,
which has a long history behind it, has in fact shown the exis-
tence of such mechanisms, and this brings up the first instance
of an important role of the cell surface in the control of growth
processes.

As a result of investigating the movement of fibroblasts in
tissue culture, it has appeared that a significant part in its
control is played by the mutual relations of the cells; one reac-
tion, termed contact inhibition, scems particularly important
as a mechanism of precise adjustment of movement (Aber-
crombic and Heaysman, 1954; Abercrombie, 1957). This reac-
tion occurs when a moving fibroblast comes into contact with
another fibroblast, and as a result stops moving forward. It may
soon, however, start moving again in a new direction. This
effect acts as a potent orientating agent for fibroblast movement
m tissue culture, since it produces a strong tendency for 2
population of active fibroblasts to move into any neighbouring
cell-free space (Abercrombie and Heaysman, 1g54). Contact
inhibition can also of course stop locomation, since a fibroblast
so situated that in whichever direction it starts to move it makes
contact with another will be reduced to mere osaillations. The
relatively stable adhesions that fibroblasts form with each other,
PR C e e e RS Y S
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result 1n contact mnhibition, movement within a population may
to a limited extent be possible.

It seems that behaviour similar to that we have called contact
inhibition occurs between sheets of epitheha. It was described,
long before we analysed 1t in fibroblasts, by Howes (1943) who
investigated epidermal movement m.mammal}an skin wounds,
and concluded that movement continues until one sheet runs
into another. Chiakulas (1g52) studied in amphibia the mutu'al
behaviour of a variety of epithelia tra‘nsp.lanted to the slu,n
surface, and showed that some kinds inhibited each other’s
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movement on contact while others did not. Hence it seems that
at least the stopping role of contact inhibition can be discerned
amongst epitheha,

If we now consider the nature of contact inhibition, the only
point that is pretty clear is that it pre-eminently concerns the
cell surface. Contact inhibition only comes into action when
contact is actually made: we have never been able to detect any
action at a distance, so that mutual interference with diffusion
away from the cell surface into the medium seems unlikely to
be the mechanism. Since the inhibition occurs notonly when two
similar cells but two similar parts of such cells touch, it seems
hardly likely that one cell can give the other a substance it has
has not got already: so it surely does not involve an exchange of
inhibitors. Some kind of direct juxtaposition of the cell surfaces
seems to be the relevant inhibitory situation.

As well as contact inhibition there is another potent influence
on cell movement, the contact guidance of Weiss (1941 and
earlier). An orientated structure of the substrate imposes orien-
tation on the cells: movement along the grain of the substrate is
strongly promoted, movement across it is difficult. The impor-
tance of the cell surface in this reaction is obvious. Unidirec-
tional movement is not specified 1n this way for that, cells have
to be gwven some other clue, which in culture is normally pro-
vided by contact inhibition.

Reverting now to the test for locomotory activation by ex-
planting fragments, it clearly provides in the vacant regions of
the culture medium cell-free space into which cells subject to
contact inhibition will tend to move. Nevertheless, as we have
seen, cells do not automatically take advantage of this space, but
only to the extent that the tissue explanted 1s already in a pro-
Iiferative state. It appears that the sort of activation associated
with the induction of mitoses and freedom from contact inhibi-
tion are both required for successful movement. It should be
emphasized that tissue culture has so far provided the only way
that these problems can be investigated and extrapolation to
behaviour t zizo requires the bridging of a considerable gap.

A prolferating tissue differs from a resting tissue in the state
of the locomotory mechamsm of its cells, The difference may be
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in the cell organization by which energy is diverted to particular
functions, ar it may even be that the structural materials re-
quired for locomotion are present in the former and missing in
the latter, But it can be argued that the cell surface may also be
involved in the state of activation to an important degree. The
attachment of a cell to surrounding structures may impose a
significant limitation to its movement. We found evidence that
close attachment to a substrate may have a profound effect in
limiting ability to move in the admittedly rather special case of
the attachment of Schwann cells to nerve fibres (Abercrombie,
Johuson and Thomas, 194g). If attachment to substrate is im-
portant, the process of activation may involve a release from
such inhibitory adhesions. It is interesting that trypsin, which
may be supposed to de just that, distinctly increases locomotory
activation as tested by explanting treated fragments (Simms
and Stillman, 1937).

Tue ConTroL OF MiTosis

There is then evidence that, for some cell types at least, there is
a fine-grain control of ion effected by contact r ions,
superimposed on the large-scale controls regulating proliferation
which we considered at the beginning and which themselves may
also involve contact reactions between cells and substrate. Can
we implicate the cell surface to any important extent in the
control of mitosis, the second main component of the prolifera~
tive syndrome? The hypothesis has taken clear form with the
suggestion made by Dr. E. J. Ambrose, and independently by
Swann (1958), that mutual contact of cells may influence their
mitosis through an effect on uptake of nutrients. As Ambrose
and I have observed (1958} a striking effect of mutual contact
between fibroblasts is the abolttion of membrane movement and
hence of the associated uptake of fluid droplets (pinocytosris) in
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{l;éividual mitases could conceivably be linked 1o mutual con-
tact i this way, in the same way that locomotion u.controncd;
though no evidence of this has yet been detected in cultures.
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And the general control of amount of mitosis in a cell popula-
tion which occurs through the various mechanisms discussed
earlier in terms of whole organs, could also take place through a
mobilization of the cell surface, by detachment from substrates
or in some other way that infl intake of sut es. It is
conceivable, though far-fetched at present, that the proliferative
syndrome in both its mitotic and locomotory aspects is mediated
through changes in the cell surface, both in general level of
activity and in precise location of individual acts of mitosis and
movement.

Mavrienancy

Finally I want to consider the relation of malignant growth to
the normal growth I have been discussing. A population of cells
undergoing malignant growth manifests the usual combination
of mitosis and of locomotory activity (as tested by explantation).
The proliferative syndrome 1s apparently permanently switched
on. But this well-known relative autonomy of preliferation is not
apparently the only malignant property. So far as our limited
tests go (Abercrombie and Heaysman, 1954; Abercrombie,
o PR i A

culture the stopping of movement when they collide with normal
fibroblasts that normal fibroblasts do when they meet each
other. This 15 not unexpected 1f we grant the possibility that
contact inhibitton @ e holds even activated fibroblasts in
place and consequently does not permit invasion. The fallure
of contact imhibition would then make invasion possible for
sarcoma cells. This difference in mahgnant cells, if for the sake
of argument it may be so generalized, points strongly to a
peculiarity in their surface properties. Much other evidence
points the same way for instance Coman’s classical demonstra-
tion of reduced adhesiveness of carcinoma cells to each other
(see Coman, 1953) and the work of Ambrose and his colleagues
showing a change 1n electrophoretic mobihty of malignant cells
(Ambrose, James and Lowick, 1956).

In malignancy we can therefore suggest that there are two
deviations from normal within the field I have been discussing:
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permanent proliferative activation and loss of contact inhibition
by normal cells, a change in both coarse-grain and fine-grain
controls. It is not of course ruled out that these may be indepen-
dent changes which have coincided in a cell and hence in its off-
spring. The statistics of cancer incidence allow one to postulate
independent changes in carcinogenesis. But I have already in-
dicated the possibility that the various normal controls of the
proliferative syndrome may involve the final common pathway
of surface change. It is therefore possible that these two changes
from normal in malignant cells may both be brought about by
a transmissible change in surface properties of the cell,

Concruston

This discussion has clearly been slanted to emphasize a point of
view, that the control of growth may be very closely linked with
the properties of the cell surface. One must heware, however, of
gwing undue primacy to one component of the cell, and of
merely enthroning the surface in the place of the pya. If the
surface is important in growth processes, it is probably only as
part of a complex mechanism involving the rest of the cell. I do
not want to do more than conclude that the cell surface should
not be neglected in the study of growth.
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Electron Microscopy and the Living Cell

E. H. MERCER

in need of some apologia, particularly when it makes bold
to have opinions concerning structures in the living cell.
In his specific capacity, the electron microscopist never looks at
a hiving cell, nor 1s there any immediate prospect of his doing so.
His material is, to say the worst about 1t at the very beginning,
the fixed and dried-up residuc of a cell which is fried in vacuo by
a beam of electrons. Nevertheless, he hopes, along with the light
microscopist, the biochemist and others, to make a contribution
towards the understanding of the ving cell and, being the
inheritor of a long tradition in which the reproachful word
‘artifact’ regularly crops up, he has had to hecome more
sophisticated 1n his approach than his predecessors. What [ wish
to describe here 1s something of the tactics of electron microscopy
in biology and 1o show that, properly appraised, it has much the
same sort of vahdity as other methods of study. Like them, in
jsolation it can be deceptive, but when integrated with other
D « 7 v ete- eI direetly on the
uhimate goal

. rms.

The electron microscopist’s information comes to m in the
form of an image on a photographic plate. He knows that this
is not the image of something hiving; it is in fact the image of a
reaction product formed between an originally hving structure
and certain chemicals, He has in effect carried out a mortal
experiment on a living object and the photograph records an

Eu:cmo.\' microscopy is a novel practice and it still stands
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aspect of the results of that experiment. The problem is to
deduce something of the nature of the original object from the
image and to correlate this information with information drawn
from other sources—paramount among these being the observa-
tion of the cell in life. Boiled down to laboratory tactics, this
means in practice that we need to know all we can about the
cell before we start, and that the experiment must be controlled
as long as possible, during the life of the cell and during pro-
cessing, by observation in the light microscope. This may prove
difficult in practice, for example, owing to the location of the
cell in a tissue, and of course it is limited in resolution, The real
arguments after all are going to concern what cannot be scen
in this way. Nevertheless it remains that, at the very least, a
sufficient amount of work must be done to show that nothing
deleterious has occurred as far as can be seen using light, We
cannot say that we aim at perfect preservation of the cell, for
this has no meaning unless we imply instantaneous freezing at
~273° C. The aim is a useful preparation, which is one that
enables us to obtain the information we want even at the cost of
losing other information we do not need to obtain in that par-
ticular experiment. A moment’s thought will make it clear that
in principle all experiments have the same limitation; we cannot
observe the external world without disturbing it, and we trade
the disturbance we produce against the information received
(Bnllouin, 1956, 1959).

1t is necessary to make these very general remarks in order
to introduce a point of view and a vocabulary. Discussions with
hostle critics tend rapidly to become bogged down in disputes
as to the validity of one method as against another, Whereas the
real problem 1s how to extract from each the information it can
give and to integrate it all into a coherent picture. Electron
microscopy is not alone posing this problem—the physicists
have 1t too—but the new mlcroscopy has certamly brought
bxolog:sts face to face with it. For ly the new d
in information theory pomnt the way to a solution (Bnlloum,
1959). We shall try to adopt the view that experiments are
carned out to obtan information about the external world in
order to adapt ourselves to it. We do not ‘see, hear or feel’ this

D
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external world but from ‘information received’ we built a pic-
ture of it {Russell, 1958).

‘TECHNIQUES OF PREPARATION
There is no need here to go into the details of fixation, embed-
ding, etc., but sufficient must be said to indicate the nature of
the problem and the steps taken to assess the changes it produces.
The procedure follows the sequence of fixation, dehydration,
embedding and scctioning already familiar from light histology
(Fig. 1). Changes in structure are produced by everything we

Operatuon State of cell
1 lilling ying
2 fixation dead and stabilized
3 dehydrati dehydrated
4 embedding embedded
5 sectiomng cut into thin scctions
Fic 1. S f fo biological material for

q of r
electron microscoptc examnation in thin sections

do but these are only dangerous when we do not admit they
have happened and thus cannot make allowances for them. The
fixative also kills the cell. Some workers, hoping to coax it into
the grave without harming it, at first advocated a ‘gentle fixa-
tion® or ‘slow killing’. This 15 probably misplaced humanitarian-
ism. Organisms suffer less when killed quickly and translated
into cytological terms this means: when a poison enters the cell,
the homostatic mechanisms begin at first to make adjustments
within the normal range. Then, as various elements fail, the
adjustments take abnormal forms. Since, at least to begin with,
we do not wish to study these abnormal forms, the aim should
be to knock out everything 1n one step. Ths is the reason for
using very small blocks (<1 mm.3) or single cells to facilitate
penetration and to maintain a high concentration ofﬁxativg; it
is probably one of the reasons for the effectiveness of osmium
tetroxide, the fixative par excellence of electron microscopy
(Palade, 19522). Being soluble both in aqueous and non-aqueous
phases 1t penetrates cach with equal facihity. .

During fixation some components are stabilized, others not
and some are removed. We do not know enough about this step.
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Ttis one of our blind spots since the chemistry of osmium tetr-
oxide is poorly understood and alternative procedures are still
being developed. When at first the procedures found valuable
for light microscopy were tried, it was immediately obvious that
these grossly deranged the fine structure. This might well have
been expected since one object of fixation is to produce some-
thing to see and, for the light microscope, this meant the pre-
cipitation and aggregation of fine structurc to produce a texture
of the order of at least 0-2-0-3p in diameter. Fixatives such as
osmium tetroxide, which were known to produce a life-like
preservation of the cell (Strangeways and Canti, 1927), were
for this (among other reasons) not greatly favourcd. No doubt
other suitable fixatives exist. Buffered neutral formaldehyde has
its uses and, unexpectedly, potassium permanganate was found
to be an excellent selective fixative (Luft, 1956).

Washing can have disastrous effects when unstabilized com-
ponents swell; dehydration, on the contrary, has given less
trouble, since the physical strains in the small blocks are well
tolerated. The embedding process has occasioned more difficul-
ties because, under some conditions, the comronly used poly-
methacrylates can cause swelling during polymerization. This
has been largely overcome by the introduction of cross-linked
condensation polymers (Glauert et al., 1956; Kellenberger ez al.,
1956).

The changes produced by each of these steps can be followed
by means of light microscopy if matenal suitable for constant
observation is chosen. Tissue cultured cells are admirable for
this purpose {Porter, 1957), as also are large protozoa. My col-
league, M. 8. C. Birbeck, and I have studied the preservation
of the large amoeba (4 proteus) and this work may be described
as an example (Birbeck and Mercer, 19572 and b). Phase
microscopy and dark-ground methods were found most con-
venient, As far as could be judged by eye, preservation by the
buffered osmuum tetroxide was perfect and was not impaired by
washing and dehydration. Prolonged exposure to absolute eth-
anol (24 hours) led to increased light scattering in the cytoplasm
andin the plasma b The most d ing step was found
to be the embedding in methacrylate. During polymerization
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localized swellings were obvious and were later confirmed
electron microscopically, These scemed to be due to uneven
polymerization caused by local catalytic effects. When a small
volume polymerizes in advance of its neighbours, monomer
from these penetrates and causes the polymer to swell, thus dis-
torting the embedded structures. Damage due to this cause was
eliminated by adopting the entirely different type of embedding
medium, the Araldite mixture introduced by Glauert, Rogers
and Glauert (1956). Our cxperiments on amoebae (1957b)
showed that its use led to no detectable swelling damage and the
electron microscopic image was excellent.

Scveral other studies of this sort have been made and it has
been established that for most materials the preservation is per-
fect as judged by light microscopy. A much more difficult ques-
tion arjses in assessing the validity of structures beyond the
resolving power of the light microscope. How are we to know
whether these existed in life? Obviously we must make appeal
to alternate methods of structure determination and to criteria
of a different kind,

(@) Independent techmgues
When a structure contains crystalline or quasi-crystalline struc-
tures, their presence may also be detected by X-ray diffraction,
sometimes 1n the living matenal. Examples are found among
the many tissues having a fibrous texture, genuine crystals of
proteins or virus particles, regularly laminated formations, such
as the myelin sheath of mammalian nerves. Many of these
formations may also be birefringent and thus be detectable by
means of polarized light microscopy (Schmidt, 1g37) which has
an advantage over X-ray diffraction in being able to detect
more minute organized structures in a cell.

A close quantitative agreement between the measurement of
a periodic structure by means of X-ray diffraction and by
microscopy gives confidence not ‘On|l)" that the periodic structure

Yoo 4t e il s semenrrpes,

sur-
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" (b) Internal evidence

Judgements based on the internal evidence of the micrograph
are somewhat more subjective; nevertheless, as experience
grows, we gain confidence in our ability to recognize a good
Ppreparation, since we are able to compare it with many others,
some of which at least have had their validity established by
other means. Various forms of damage or distortion have already
been characterized and are now routinely recognized.

(¢) Processing of artificial models
The behaviour of biological materials during preparative pro-
cedures may be evaluated by preparing artificial models from
purified sub es of biological origin and submitting these to
routine fixing, embedding, etc. These models may be made to
resemble more or less closely structures found in cells and they
may be more open to alternative determination than their
cellular analogues. We can in this way estimate the probable
reactivity of various constituents with fixatives and stains and
possibly also their modifications.

Such experiments help to identify the cellular components
which react sufficiently with the fixative to display an increased
density, i.e., to be ‘stained’. The reaction of cell constituents
with osmium cannot yet be placed on a predictive basis. Every-
one seems to know that unsaturated lipids react strongly; in
fact the test-tube experiments of Bahr (1954) revealed reactivity
with a wide range of purified sut and,asa
Iittle selective staming.

q €

{d) Compatibality with other evidence

Lastly there is the compatibility of the findings with all the
other evidence bearing on the behaviour of the living cell. This
is the integrative step, the attempt to bring all our information
together to form a unified conception of the cell which will
enable us to understand and predict its behaviour. In case the
operation of this test is not clear, let me take a simple example.
The mitochondrion is to the light microscopist a small object
about a ¢ in diameter, possessing some fairly well-defined stain-
ing reactions, found in great numbers in the cytoplasm of almost



36 L. H. MERCER

localized swellings were obvious and were later confirmed
electron microscopically. Thesc seemed to be due to uneven
polymerization caused by local catalytic effects. When a small
volume polymerizes in advance of its neighbours, monomer
from these penetrates and causes the polymer to swell, thus dis-
torting the embedded structures. Damage due to this cause was
eliminated by adopting the entirely different type of embedding
medium, the Araldite mixture introduced by Glauert, Rogers
and Glauert (1956), Our cxperiments on amoebae (1g57b)
showed that its use led to no detectable swelling damage and the
clectron microscopic image was excellent.

Several other studies of this sort have been made and it has
been established that for most materials the preservation is per-
fect as judged by light microscopy. A much more difficult ques-
tion arises in assessing the validity of structures beyond the
resolving power of the light microscope. How are we to know
whether these existed in life? Obviously we must make appeal
to alternate methods of structure determination and to criteria
of a different kind.

(a) Independent technigues
When a structure contains crystalline or quasi-crystalline struc-
tures, their presence may also be detected by X-ray diffraction,
sometimes in the living material. Examples are found among
the many tissues having a fibrous texture, genuine crystals of
proteins or virus particles, regularly laminated formations, such
as the myeln sheath of mammalian nerves. Many of these
formations may also be birefringent and thus be detectable by
means of polarized light mcroscopy (Schmidt, 1937) which has
an advantage over X-ray diffraction 1 being able to detect
more minute organized structures in a cell.

A close quantitative agreement between the measurement of
a periodic structure by means of X-ray diffraction and by
microscopy gives confidence not‘on‘ly" thf\t the periodic structure
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(b) Internal eridence

Judgements based on the internal evidence of the micrograph
are somewhat more subjective; ncvertheless, as experience
grows, we gain confidence in our ability to recognize a good
preparation, since we are able to compare it with many others,
some of which at least have had their validity established by
other means, Various forms of damage or distortion have already
been characterized and are now routinely recognized.

(¢) Processing of artificial models
The behaviour of biological materials during preparative pro-
cedures may be evaluated by preparing artificial models from
purified substances of biological origin and submitting these to
routine fixing, embedding, etc. These models may be made to
resemble more or less closely structures found in cells and they
may be more open to alternative determination than their
cellular analogues. We can in this way estimate the probable
reactivity of various constituents with fixatives and stains and
possibly also their modifications.

Such experiments help to identify the cellular components
which react sufficiently with the fixative to display an increased
dc.nsity, i.e., to be ‘stained’. The reaction of cell constituents
with osmium cannot yet be placed on a predictive basis. Every-
one seems to know that unsaturated lipids react strongly; in
fact the test-tube experiments of Bahr (1954) revealed reactivity
with 2 wide range of purified sub es and, as a co!
little selective staimng.
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(d) Compatibility with other evrdence

Lastly there is the compatibility of the findings with all the
other evidence bearing on the behaviour of the lwing cell. This
is the integrative step, the attempt to bring all our information
fogether to form a unified conception of the cell which will
enable us to understand and predict 1ts behaviour. In case the
operation of this test is not clear, let me take a simple example.
The xmtoc.hondrion is to the light microscopist a small object
about a p in diameter, possessing some fairly well-defined stain-

Ing reactions, found in great numbers in the cytoplasm of almost
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all cells. To the biochemist it is a small container in which is
found a number of enzymes, some closely associated with its
surfaces, some more free in the sense that they enter solution
when the container is broken. When electron micrographs of
mitochondria were produced showing a double-walled enclo-
sure containing numerous internal sub-compartments separated
by membranes (Palade, 1952b), there was little hesitation in
accepting the finding since it satisfied so adequately the bio-
chemists’ demands (Plate I, Fig, 21).

MEMBRANES AND ORGANELLES

The first step in correlating light and electron microscopy is to
recognize the electron microscopic images of familiar objects,
such as nuclei, mitochondria, inclusions, etc, This presents little
difficulty since at low magnifications the electron microscopic
images are essentially similar to their light counterparts. Much
of this work is now familiar, It will perhaps be more interesting
to turn to the description of certain structures, now coming to
occupy an important place in cytology, which were scarcel
suspected to exist, or were much misunderstood, until ined
clectron microscopically, What brings these together in a struc-
tural classification is that they are all constructed from mem-
branes. The revelation of the extent of membrane systems in the
cytoplasm is one of the most important contributions of the new
microscopy, one again in excellent accord with the anticipa-
tions of biochemists who long predicted the existence of some
form of cytoskeleton or framework (Peters, 1937).

Cytoplasmic membranes are particularly well developed in
glandular cells which are secreting protein and their typical ap-
pearance is shown in Plate I, Figure 4. These consist of mem-
branes covered with small dense particles (diameter 100-200 A}
forming usually stacks of flattened sacs but capable of assuming
a great variety of other forms leading to an immense profusion
of confusing profiles when seen in section. These ‘rough-surfaced
membranes’ were discovered almost as soon as sectioning was
attempted in France, the U.S.A. and Sweden (Hagenau, 1958)
and most observers immediately guessed that they were involved

1 The plates referred to in this lecture will be found between pages 40-1.
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in protein synthesis. It has required a great deal of cross-com-
parison of the results from living cells, fixed cells, electron
microscopy, light microscopy, physiology and biochemistry to
prove this connection. Now it is well established that the ultra-
violet absorbing regions of the living cell and the basophilic re-
gions, alreadyinculpated in protein synthesis, are the regions con-
taining the particle-studded membranes (Palade, 19553 Palade
and Sickevitz, 1956). The break-up of these membranes produces
microsomes (Plate I, Fig. 3) which are immediately recognized
as smaller versions of the particle-studded membranes. We shall
return to this characteristic behaviour of membranes later. We
owe to Palade {1955) the idea that the membranes themselves
are not basophilic; that this property resides in the small dense
particles which contain the ribonucleic acid more directly
associated with synthesis.

Such particle-studded membrane systems are only found in
glandular or secreting cells. The other great class of synthetic cells,
which may be called retaining cells, since they accumulate their
protein and do not extrude it, have large numbers of dense
particles but these are not attached to membranes (Birbeck and
Mercer, 1957¢) (Plate II, Fig. 5). It would seem likely then that
the membrane system is concerned with the handling of meta-
bolites, the orderly transport of material to and from the sites
of synthesis or assembly.

Another group of organelles is formed from smooth-surfaced
membranes and among these the Golgi ‘apparatus’ is con-
spicuous (Plate IY, Fig. 6). The volume of the cell considered
by Light microscopists to be the Golgi region is usually found
in electron micrographs to contain a curious cluster of smooth
membranes usually forming a characteristic pattern of flattened
sacs and smaller vacuoles (Fig. 7a).

It is the opinion of the influential Rockefelier group that all
these membranes form an interconnected whole, parts of a
§ingle system which divides the internal volume of the cytoplasm
into two parts. They refer to it as the endoplasmic rehrculum, The
term does emphasize the \: us framework of
many cell organelles but is not universally accepted (Hagenau,
1958). Certainly ‘endoplasmic® is not acenrate, Further, not
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Fio. 7. Organelles based on mcm\:rancs (a) lhc cluster of vwclcs and
flattened sacs formed from
found in the Golgi region (see Plate II Fxg 6); (3) flattened sacs of particle-
covered membranes (u-cylomcmbrancs) as found in the basophilic regions
of the cell (see Plate [, Fig, 4).

everyone agrees that all the surfaces are interconnected. Such
a picture (Fig. 8) seems too static. Nevertheless from time to
time lucky sections have revealed all the postulated connections,
leaving little doubt of a transient continuity at least and offering
a proof of the identity of all the membranes.

Fic. 8 A hypothetical conception of the possible interrelation of all the
membranous organelles of the cell M, cell memhranc, 7 cymmcmbr:\ncs
formed by infolding of the plasma b
{=-cytomembranes); G, Golg: type membranes (p), m, mtochondna and
N, double nuclear ‘membrane.

Needless to say, there are other systems of nomenclature,
S_]ostrand (1953) believes that the membranes always occur in
pairs and names them as follows:

«-cytomembranes == rough-surfaced basophilic membranes

p-cytomembranes = smooth-surfaced paired {ncmbrancs,
arising from invagnations of the
plasma membrane

y-cytomembranes = smooth-surfaced pairs
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Membrane dynamics
Current speculation is much concerned with the idea that a
good deal of cellular activity will be explained in terms of the
pleomorphism of membrane systems, that is, their ability to
transform readily from one form to another. The following
simple ‘basic operations’ seem capable of extensive application:
(a) sac =* vesicle transformation (Fig. ga)
b PR

gi and invaginations as tubules or pleats
(Fig. gb) .
(¢) budding off or absorption of vesicles {Fig. gc)
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Fic. 9 Membrane dynamics based on pleomorphic changes: {a) the
transformation vesicles—fattened sacs which occur when microsomes
(Plate 1, Fig. 3) are duced from the b hil and which
probably also oceur in zto; (5) involuton of the plasma membrane as a
pleat consisting of two closely opposed surfaces with the separation of
vesicles from the end (B-cytomembranes), (¢) budding off of small vesicles

from larger (Plate 1L, Fig 11) or, conversely, the coalescence of small vesicles
to form larger (contracule vacuole).

These operations may be used to transfer matenals across mem-
branes or to transport them about the cell. Their molecular
mechamsm 13 obscure but might well have parallels in the
P of Isification. That s, the change in surface
curvature and area may be brought about by the absorption or
desorption of surface-active substances, e.g. proteins (Fig. 10).
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By specifically absorbing certain substances on special sites on
membranes, these substances may be selectively transferred,
adsorbed or transported.

.
A . Zk

Fic. 10. Hypothesis to explain some of the phenomena shown in Fig, g,
based on the reversible absorption of surf i tecules on b
leading to their emulsification,

In the study of cellular dynamics of this kind, electron micro-
scopy is definitely at a loss, since it deals with a fixed state and
provides only a snapshot of that state. There can be no question
of following a process in a particular cell as it develops in time.
The difficulty can be got around by examining a succession of
states in different cells; that is, by means of light microscopy or
in some other way, the times of fixation are selected to record a
succession of events, For example, the course of food absorption
and digestion in a large cell, such as an amoeba, may be easily
controlled by light microscopy and stages corresponding to cap-
ture, vacuolization, digestion, and absorption may be chosen.
An electron micrograph of the absorption stage is shown in
Plate 111, Figure 12. The reduction of the large vacuole by the
budding-off of small vesicles is evident.

The pleomorphism of membranes 1s certainly associated with
their molecular composition and fine structure, which can be
studied to a limited degree electron microscopically. High-resolu-
tion micrographs reveal a lamella structure consisting of two
dense layers enclosing a Iighter (Plate 11, Fig. 11). Often further
material adsorbed external to the denser layers may be noted.
Physicachewucal studies on the conductwity of membranes and
therr permeability suggest a predomunately lpid character
(Davson and Damelli, 1943). Chemical analysis reveals both
lipid (phospholipids) and protein. The hypothesis of the hpo-
protemn sandwich, largely developed by Danielli (19.'42), com-
bines these findings andisin accord with the electron microscopic
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evidence if we assume that the fixatives (both osmium and
permanganate) reacted mostly with the outer layers of the
sandwich (protein plus the active groups of the lipid), see

M P
< L
—— P
Fic. 13. The Danielli model of the plasma membrane.
» = protein; .= lipid layer (cf. Plate II, Tig 11).

Figures 13 and 14. We arc, however, far from possessing a
precise enough picture of this structure to predict with con-
fidence its dynamic behaviour.

he
g
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=
.
m~§——L-
b % g’\_—:].'”‘

Fic, 14. Artificial myelime forms and therr molecular mterpretation.
{a) The alternation of hght and dark bands (periodicity ~ 40 A) noted 1n a
cross-section of an osmuum fixed myelmic tubule. On the right-hand side 15
shown an interpretation m molecular terms 1n which the dark bands are
located in the ipid regrons, Alternatively the osmium deposit may be thought
to accur at the hydrophilic ends of the molecules (4) giv
wity (R Tha eusfara ~AF n nae al PO N DA SO

Model structures formed from membranes
The use of artificial models of biological structures to examine
the action of fixatives, etc., was mentioned earlier. The approach
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promises to be particularly valuable in the investigation of the
difficult problems associated with cytomembranes. The two
classes of substances likely to be implicated in the construction
of membranes are proteins and phospholipids and a great deal
of information concerning their structural possibilities, from
sources other than electron microscopy, already exists {Gold-
acre, 1958; Nageotte, 1936). Recent papers by Revell, Ito and
Fawecett (1958) in the United States, Stoeckenius in Germany
(1958) and myself (1957 and 1958) show a growing interest by
microscopists.

Protein films of the order of thickness of biolagical membranes
can be made most easily by spreading at an air-water interface
in a Langmuir trough. The spread film may be swept up to one
end of the trough and collected as a thin thread ready to be pro-
cessed for electron microscopy by fixing, staining and embedding-
Sections cut at right angles to the length of the thread reveal
cross-sections of the protein membrane (Plate I1I, Fig. 15). Such
experiments show that osmium tetroxide and potassium per-
manganate stain strongly, formaldehyde and alchol-fixed films,
at first barely visible, stain strongly with phosphotungstic acid
and uranyl acetate, both commonly used stains, The behaviour
of phospholipids is of greater interest since the earlier work of
light microscopists and crystallographers (Schmitt, Bear and
Palmer, 1941; Finean, 1g953) has established a close identity
between the myelinic forms produced spontaneously n vitro by
these matertals and the membranous sheaths of nerve fibres.

Phospholipids can be extracted from brain (Nageotte, 1936)
in quantities and have been used mostly in these experiments.
The cell structures from which these lipids are removed are
probably the myelin sheaths of the processes of the neurons.
When placed in water, a small lump of the extract immediately
beguns to sprout birefringent myelnic forms (Plate IV, Fig. 17)
whose variety and behaviour have interested many observers.
Observations by means of polanzed hight and X-ray diffraction
showed that the long tubules consisted of concentnc shells of
bimolecular leaflets of the phospholipid molecules (Fig. 14).
Since brain phospholipids react strongly with osmium tetro:fxde,
these myelinic forms may be fixed, embedded and examined
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electron microscopically, Cross-sections reveal, as expected, con-
centric circles of alternating light and dense layers. Undoubtedly
these represent sections of successive layers of phospholipid, but
itis by no means immediately obvious what part of the phospho-
lipid complex is actually stained by the osmium to form the
surface of enhanced density,

The most accurate me of the di ions of these
structures are those of Stoeckenius, whose remarkable micro-
graphs were displayed at the recent Conference on Electron
Microscopy at Berlin (September 19568). In Figure 14 the
dimensions (as found) are shown and on the right-hand side is
his interpretation of the image in molecular terms.

When the myelinic forms are developed in a protein solution,
the superficial layer is seen to be darker and thicker (Fig. 14b)
and this would seem to indicate the adsorption of protein.
Again the exact interpretation is not clear, but it seems Jikely
that this cutside Iayer is analogous to kalf a single free membrane
as explained at M in Figure 14, in which the symbols make a
minimum of assumptions as to exact structure.

In these preparations one may find by chance formations
resembling cell organelles. Although the conditions governing
their appearance are not known, this at least demonstrates
something of the structural potentialities of phospholipids and
proteins,

Another way of studying these potentialities is to take advan-
tage of the fact that some cells appear to store lumps of the
material in special vacuoles (Chou, 1957). In the germinal cells
of the ovotestis of Helix one may observe numbers of such
vacuoles in which the phospholipid complex {?) can be seen
giving rise to a remarkable series of parallel membrane struc-
tures, tubules and vacuoles (Plate IV, Fig. 16). Looking at such
forms one can, in at least a geometrical sense, conceive that the
material offers the means of forming a great variety of structural
elements fully adequate to account for the membranous organ-
clles actually abserved. We can observe in particular the spon-
taneous formation of the two ial ‘bricks’ of

organelles: the double membrane and the tubule (Plate IV,
Fig. 16, at B and T).
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promises to be particularly valuable in the investigation of the
difficult problems associated with cytomembranes. The two
classes of substances likely to be implicated in the construction
of membranes are proteins and phospholipids and a great deal
of information concerning their structural possibifities, from
sources other than electron microscopy, already exists (Gold-
acre, 1958; Nageotte, 1936). Recent papers by Revell, Ito and
Fawcett (1958) in the United States, Stoeckentus in Germany
(1958) and myself (1957 and 1958) show a growing interest by
microscopists.

Protein films of the order of thickness of biological membranes
can be made most easily by spreading at an air-water interface
in a Langmuir trough. The spread film may be swept up to one
end of the trough and collected as a thin thread ready to be pro-
cessed for electron microscopy by fixing, staining and embedding-
Sections cut at right angles to the length of the thread reveal
cross-sections of the protein membrane (Plate I11, Fig. 15). Such
experiments show that osmium tetroxide and potassium per-
manganate stain strongly, formaldehyde and alchol-fixed films,
at first barely visible, stain strongly with phosphotungstic acid
and uranyl acetate, both commonly used stains. The behaviour
of phospholipids is of greater interest since the earlier work of
light mucroscopists and crystallographers (Schmitt, Bear and
Palmer, 1941; Finean, 1953) has established a close identity
between the myelinic forms produced spontaneously iz zitro by
these matenals and the membranous sheaths of nerve fibres.

Phospholipids can be extracted from brain (Nageotte, 1936}
in quantities and have been used mostly in these experiments.
The cell structures from which these lipids are removed are
probably the myelin sheaths of the processes of the neurons,
When placed in water, 2 small lump of the extract immediately
begins to sprout birefringent myehnic forms (Plate IV, Tig. 17)
whose vanety and behaviour have interested many observers.
Observations by means of polarized light 2and X-ray diffraction
showed that the long tubules consisted of concentric shells of
bimolecular leaflets of the phospholipid molecules (Fig. 14).
Since brain phospholipids react strongly with osmium tetroxide,
these myelinic forms may be fixed, embedded and examined
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electron microscopically, Cross-sections reveal, as expected, con-
centric circles ofalternating light and dense layers, Undoubtedly
these represent sections of successive layers of phospholipid, but
itis by no means immediately obvious what part of the phospho-
lipid complex is actually stained by the osmium to form the
surface of enhanced density.

The most accurate measurements of the dimensions of these
structures are those of Stoeckenius, whose remarkable micro-
graphs were displayed at the recent Conference on Electron
Microscopy at Berlin (September 1958). In Figure 14 the
dimensions (as found) are shown and on the right-hand side is
his interpretation of the image in molecular terms,

When the myelinic forms are developed in a protein solution,
the superficial layer is seen to be darker and thicker (Fig. 14b)
and this would secem to indicate the adsorption of protein.
Again the exact interpretation is not clear, but it scems Iikely
that this outside Jayer is analogous to Aalf a single free membrane
2s explained at M in Figure 14, in which the symbols make a
minimum of assumptions as to exact structure.

In these preparations one may find by chance formations
resembling cell organelles. Although the conditions governing
their appearance are not knows, this at least demonstrates
something of the structural potentialities of phosphelipids and
proteins.

Another way of studying these potentialities is to take advan-
tage of the fact that some cells appear to store lumps of the
material in special vacuoles (Chou, 1957). In the germinal cells
of the ovotestis of Helix one may observe numbers of such
vacuoles in which the phospholipid complex (?) can be scen
giving rise to a remarkable series of parallel membrane struc-
tures, tubules and vacuoles (Plate 1V, Fig. 16). Looking at such
forms one can, in at least a geometrical sense, conceive that the
material offers the means of forming a great variety of structural
elements fully 2dequate to account for the membranous organ-
elles actually observed. We can observe in particular the spon-
taneous formation of the two essential ‘bricks’ of membranous

organelles: the double memt and the tubule (Plate IV,
Fig. 16, at B and T).
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A more complete study, preferably in zitro, of the behaviour
of cellular constituents will certainly increase confidence in our
ability to deduce the nature of original structures from electron
micrographs, nevertheless there will remain much morpho-
logical detail which can neither be confirmed by an alternative
experimental technique nor, in its particulars, be inferred from
a general knowledge of the chemical behaviour of its com-
ponents, To return to the point of view of the introduction, the
validity of such images is to be assessed by the contribution they
make towards producing an integrated picture of the cell. They
bring ‘genuine’ information, not because any other experi-
mental approach confirms it, but because it helps to make sense
when combined with all other sources of information. Informa-
tion theory teaches us that no data have any other sort of
validity but that it is entirely adequate for the construction of
scientific theories.
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JIntersexuality

C. N. ARMSTRONG

same individual, there are male and female characteristics

to an abnormal degree. In former years, the recognizable
sexual characteristics in man were external body form, external
genitalia and hair distribution; later, the histology and sex of
the gonads was added; today, nuciear sex, and tomorrow, per-
haps, sexual behaviour, the psychological sex.

I would say the criteria of sex are four:

-
I suouLD define intersex as that condition in which,(in the

~1. chromosomal sex, i.e. the nuclear sex;
2. sex of the ganads, i.e. ovaries or testes;

V4. body sex, external genitalia and form. (What Professor
Jost (1958) of Paris describes as the Nursery sex which becomes
the Legal sex. In Britain, it would be more correct to say the
Registered sex—there is no legal definition of sex in this
country);

A- psychological sex or sexual behaviour.

I do not include hormone secretion, response of the target
organs and envi 1 factors by they are more cor-
rectly the mechamsms by which the sexual characteristics are
developed or influenced rather than the final sexual features or
criteria.

1 include sexual behaviour, which is psychological sex, in the
criteria of sex because 1 am of the opinion that sexual behaviour
is instinctive on a genetic and constitutional basis, and not
wholly depend upon i al 1nfl and, there-
fore, 1 include in i lity those conditions in which the




INTERSEXUALITY 49

psychological sex and the recognizable criteria of physical sex
in an individual are not the same sex.

The two important psychological intersex syndromes are:

¥y transvestism, which is quite distinct from homosexuality,
and in which there are likely to be aetiological constitutional
factors, probably on a genetic basis. I dealt with this condition
in my contribution to the ‘Symposium on Nuclear Sex’ held in
September 1957, and time does not allow any fuither reference
in this lecture {Armstrong, 1958); m{

——{(2) homosexuality, which is the other abnornlality of sexual
behaviour. In these individuals libido is directed towards a
person of the same physical sex, and should be recognized as
distinct from merely the performance of abnormal sexual acts.
There is direct evidence from studies of homosexuality, and in-
direct evidence from psychological studies, of a genetic factor in
the differentiation of psychological sex orientation.

There is need for research in constitutional psychological sex
abnormalities into the possible physical aetiological factors:
genetic, constitutional, and hormonal, and I do not intend to
refer again to transvestism and homosexuality after having
explained why I include them in Intersex.

Grumbach and Murray Barr (1958) state their opinion that
all those individuals in whom the chromosomal sex is contrary
to the phenotypic sex (physiological sex) should be regarded as
intersexes.

NorMaL Sex DETERMINATION, DIFFERENTIATION
AND DEVELOPMENT
\ﬁle various problems of intersex can only be approached by
clearly appreciating normal sex determination, differentiation,
and development, The sex of an individual is determined by
chromosomal factors at the time of fertilization when the sperma-
tozoon fertilizes the ovum. This is the chromosomal sex. If
subsequent development is normal, the gonads, the external
genitalia, the body form and sexual behaviour are masculine or
femimine in accordance with the chromosomal or genetic sex.

Thus the genetic sex and phenotypic sex (physiological sex) are
the same sex.
E



50 C. N, ARMSTRONG

The factors in development are chromosomal, genic and
endocrine. In man each cell has 46 chromosomes, 2 sex chromo-
somes (two Xs or an X and 2 Y) and 22 pairs of autosomes,

«/There are female-inducing genes in the X female chromosomes
and male-inducing genes in the autosomes in the proportion
normally that the male-inducing genes in the autosomes are
greater than the female-inducing genes in one X chromosome,
but less than in two X chromosomes. Al ova are X. Thus an
ovum fertilized by an X spermatozoon develops a female
balance, and an ovum fertilized by a Y spermatozoon develops
a male balance, For convenience, an arbitrary method of repre-
senting this is to regard an X chr as 1 Fand
as 1} M: thus an XX ovum=2 F: 1} M, female factors pre-
dominating, and an XY ovum=1 F: 1} M, male factors pre-
dominating, or X =4, a 6, thus XX =8 F:6 M, and
XY =4 F:6 M. Y plays no part so far as is known. (Fig. 1.)
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Chromosomal and nuclear sex
Except under unusual circumstances, it was not possible to
detect the chromosomal sex of a person untif in 1949 Murray
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Fic 2 Cell from oral mucosa (- 1200) showing special mass of chromatin
(chromocentre) adjacent to the nuclear membrane

F16 ¢ Neutrophil leucocyte {1800} showing the projection or ‘club’ found i females
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Barr dxscovcrcd that there was a specml mass of chromatin
) which is ch istic of female cells, This was
a discovery of very great importance in the study of intersexu-
ality, and has been the means of clarifying many of the prob-
lems, Murray Barr observed in neryous tissue.an_intranuclear
SZ‘Cm“‘ Ladi cmncans anles in sha farwala T4 can ha Adasacsad 2o
“other 1
other
Fig. 2,
8o per cent of nuclei in females as a small body adJaCCHt to the 1
nuclear membrane compared with only 5 per cent of a similar
structure in males. The question arose whether this was a
secondary sex characteristic through hormone or other influ-
ences, but conclusive evidence suggests that the presence or
absence of sex chromatin is not a secondary sex characteristic,
buta basic property of somatic cells according to the individual’s
original sex in the early embryo, rcgzu’dlms of any dcvmtmn that

o [Nt e | EE

chromatic regions of the two X chromasomes. Lennox and
his colleagues (1958) have shown recently that the two X
chromosomes extend from the nucleolus to the membrane of the
nucleus and the heterochromatic region is adjacent to the
membrane (Fig. 3).
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Fic 3. Drawing showing how the two X chromosomes cxtend from the
nucleolus to the membrane of the nucleus with the heterochromatic region
adjacent to the membrane.
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In 1gs4, Davidson and Robertson Smith (1gss5) found a
projection or ‘club’ in normal average 6 out of 200 neutrophil
leucocytic nuclei from females and a normal minimum 6 in 500
and none in those from males (Plate V, Fig. 4). These clubs
may be a sccondary sex characteristic and the percentage ap-
pears to be less than normal in certain cases of intersex who
are genetic females, e.g. I have found this to be so in true
hermaphroditism of XX constitution and in a female homo-
sexual who attended my outpatients, an extremely rare and
unusual occurrence. Davidson and Robertson Smith report it
:n/Klinefelter’S syndrome of XX constitution.

‘Sex determination by chromosomes, which is a genetic phe-
¢ has to be distinguished from sex differentiation which
is a hormonal process dependent mainly upon the development
or non-development of a testis, Before seven wecks, the gonad of
the foetus is undifferentiated and acquires two major somatic
com;?ems, the cortex and the medulla, in addition to the germ
cells¥The cortex plays the major role in ovarian differentiation,
the medulla in testicular differentiation.

“In the ovary, the cortex increases in size and eventually be-
comes a typical ovary. In the testrs the cortex degenerates, and
in the medulla the semintferous tubules develop and there are
changes of special interest in the interstitial cells, According to
Jost (1958) genetic sex factors are responsible for the prevalence
of exther the cortex or the medulla. The genital tract differen-
tiates later than the gonadsMIhe genital systems develop from
two ducts, the mesonephric urinary duct, the Wolffian duct, and
another duct which develops on the anterior and €xternal
margin of the mesonephros, the Mullerian ducts. In the female,
the Wolffian ducts do not become sexual structures, they retro-
gress, while the Mullerian ducts persist and differentiate into
tubes and uterus In the male, the Mullenan ducts retrogress
while the Wolfflan ducts become part of the sexual system with
development of vas deferens and epididymis. The medu.Ha of
the gonad gives rise to semuniferous tubules. The testicular
interstitial cells of the male foetus become hypertrophict} and
show signs of activity. Jost has shown by animal experiment
that the endocrine secretion of the foetal testis governs further
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s s, 0 Mto. -e-edutesGhe Foetal Testisis &
-t .

. . + d to apply this to

. . -+ it simplifies the
d ding of the development of the Intersex syndromes.
NORMAL
x-1F
Auosomes o PAM
v.0

@ CHROMOSOMAL &
X

Fie. 5 Diagram il the 1, genetic, and \!
factors m nonml scxual dcv:)opm:m, and l.hat 1t is the foetal testss which
governs , which 1s a deviation from the normal basie
female

Female sex the basic or neutral sex
Castration of the female foetus does not interfere with feminine
differentiatron of the female rabbdit foetus; ovarectomized fe-
males develop a complete ferunine genital tract. Thus feminme
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organogenesis does not depend upon the presence of the ovaries.
Castration of male foctus shows the primordial importance of
the testes as body-sex differentiators. In foetus castrated before
initiation of somatic sexual differentiation, no male characteris-
tics develop and the whole genital tract becomes feminine
similar to that observed in castrated female foetus. The Wolffian
ducts disappear, the Mullerian ducts are retained and differen-
tiate into tubes, uterine horns and Millerian vagina: the uro-
genital sinus and the external genitalia become feminine. Jost
has therefore shown by his experimental work that the ‘neutral’
or ‘gonadless’ type developed in the absence of any sex gland
(or in the presence of ovaries) is feminine. It is the foetal testis
which prevents male embryo from acquiring a female body by
suppressing very early the Mullerian ducts and by stimulating
masculinization of the Wolffian ducts and the resultant develop-
ment of masculine structures. This is of very great importance:
it proves that the basic or neutral sex is female and the develop-
ment of a male body is a deviation from the normal basic
course of development, If this fact is appreciated, it becomes
easier to und i how the i develop.

Tte Intersexes due to testicular deficiency
Inother experiments aimed at partial foetal testicular deficiency,
it has been possible to influence the genital tract to a reduced
extent. Castration, if carried out early in foetal life, results in
feminine external genitalia, if carried out later, various under-
development of masculine characteristics results according to
the time and stage at which it was carried out, the last being
hypospadias only; and finally, castration, if late, does not in-
fluence the development of normal male characteristics. Also it
has been shown that unilateral castration results m a lateral
asymmetry of the genital tract, one side being normally mascu-
line and the other, the castrated side, feminine. This indicates
that the activity of the foetal testis is to some extent spatially
restricted.

. o LI U JC .

of "' -
or ",
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have already said, are chromosomal, genic.and endocrine. I
mtend to suggest at what level thcsc factors are effective in the
of the main cl L intersex synd

INTERSEX &

a-(:)_®®~
H
§

et soor pease 2o v e por
Ao AT T N A AT T

Fic 6. Diagram allustrating the genetic and hormonal factors in the
development of intersex 1n indviduals of XX constitution, genetic females,
and that the basic or ‘gonadless’ sex is female,

ExaMmpLEs oF INTERSEX IN GENETIC FEMALES

Chromosomal or genetic females—XX constitution (Fig. 6)
M) Turner's Syndrome (gonadal d is: ovarian is)
In this syndrome described by Turner (1938), in its typ:cal
form, the body 1s female and often associated with multiple
congemital anomalies (e.g. webbed neck), external female
characteristics, some pubic and axillary hair, sexually infantile.
Gonadotrophins high. No gonad is present, only a narrow ridge
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in the region of the uvary.'"rﬁe nuclear sex may be female or
male: male in the majority of cases.

I

N .

tract with development of a penis-like phallus, masculine

o |birsutism, absent breast development, and primary amenor-
rhoea. It is probably genetically determined producing an
inborn error of métabolism in which there is a defect in the
praduction of hydrocortisone by the adrenals; the deficiency of
hydrocortisone leads to an increased secretion of corticotrophin
by the pituitary which produces hyperplasia of the adrenals,
and an increased output of androgens. MDiagnosed by deter-
mining nuclear sex and urinary 17-ketosteroid excretion and
treated successfully, as Lawson Wilkins (1950} has shown, by
cortisone administration.)

<A3) Masculinization can also obriously occur from excess of androgen

Jrom other sousces, i.e. without evidence of abnormal secretion in the
patient, e.g. the mother, or if the mother during pregnancy has
been given p ne, which is i Iministered for
the treatment of threatened abortion {(Lawson Wilkins, 1958).

* As the androgen effect comes in late, the gonads in all these
cases are ovaries and the abnormalities of other sexual organs
and body form will depend upon the amount of androgen and
the time when introduced,

%) Masculinization unthout enidence of abnormal endocring secretion
or androgens from maternal sources. Rare, probably of genetic de-
termination (€.g. more line infi on ). A
case has been reported by Armstrong (19552). \’{ .

A5} Ktwefelter's syndrome® (primary micro-orchidism,“%emini-
ferous tubule dysgenesis). This syndrome originaily described by
Klinefelter (1942} includes female nuclear sex, gynaecomasta

was delwvered, Ford and his colleagues have shown it is prob.
am ennetitrttion 1n Khnefelter's syndrome 13 X X ¥ with a
. ' total of 45 chromo-

xrra Y, or a maje

« \ '
ot * vhaslosta Y or a
- IrrIes some mascy-
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and atrophic testes, atrophy and hyalinization of the semini-
ferous tubules, Leydig cells are abundant, and there is usually
azoospermia, but in some cases spermatogenesis has been ob-
served and may be fertile (Ferguson-Smith and Munro, 1958).
The aetiology has not yet been determined, It has been reported
in identical twins {Grumbach and Barr, 1938) and is probably
at genetic level, Possible explanations are:

(i) LebedefT in 1944 described a gene ‘ix’ in drosophila which
produces male morphology in XX insects. Thus one can specu-
late that in humans such a gene in an XX embryo would inhibit
the female-inducing factors and give the predominance to the
male-inducing factors in the autosomes. This would result in
male balance causing the development of a testis and subse-
quent male anatomy, but as such a testis is not likely to be fully
normal, might result 1n some of the feminizing characteristics,
and absence of Y may be responsible for deficient spermato-
genesis;

(ii) the syndrome may result from a compensatory develop-
ment of the gonadal medulla of the undifferentiated gonad fol-
lowing a defect of the cortex;

<
4

composition would bring about the development of a normal
testis. A normal number of XX sex cells (i.e. twice the quantity
of X in the normal male) would result in a normal ovary. It
could be presumed from this that an intermediate number of
XX sex cells would give rise to a fairly normal testis which, I
suggest, would be sterile if Y contains a gene necessary for
maturation of the testes. Following the same arguments, the
relative deficiency of XX cases of gonadal agenesis (Turner’s
syndrome) 1s balanced by the XX cases of Klinefelter's syn.
drome.

The case agamst Witschr's attractive theory is that if the sex
cells in the frog are destroyed by irradiation, the animal still
develops an ovary or a testis—as demonstrated by Burns (1g55).
The important fact to appreciate is that development of the



58 G. N. ARMSTRONG
testes causes the formation of a male somatic body in a chromo-
somal female,

Exampres oF INTERSEX IN GENETIC MALES
XY Constitution (Fig. 7)

INTERSEX &

rewast soor- ST FESATION aune acor
rumNEns SiwoRaME STNGAOME i mracLoABS

F16. 7. Diagram illustrating the genetic and hormonal factors in the
devel of mtersex 1n mndividuals of XY genetic males,
that the basic sex 18 female, and the degree of masculme development
depends upon the functioning of the foetal testis If 1t ceases to function very
early, a female body develops, and, if later, or poorly functioning, female
mictuntion will be the only femnme charactenstic

(1) Tumer’s Synd (gonadal d 1 \*/In this syndrome
the typical form is as already described in genenc females:
external female charactenstics, sexually infantile; multiple con-
genital anomalies are frequently present such as webbed neck,
wide carrying angle, etc. No gonad is present. The importance
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of this syndrome Yies in the fact that a genetic male sho does
not form a testis develops a female body—illustrating that the
female is the basic sex.

A1) Testiculer Feminization Syadt ‘This synd , cases of
which have been reported by Goldberg :md Maxwell (1948),
Schneider, Omman and Hoerr (1952); Morris (1953); Wilki
A A T VA e

ends in a blind pouch, there is no. utcrus du: nuclear sex is malc
and there are intra-abdominal testes. The level of oestrogen and
androgen excretion is about normal and it is reported that
castration results in a fall in urinary oestrogens, The actiology
is no doubt genetic, and various genetic mechanisms have been
suggested: sex-linked recessive, or a sex;] hrmtcd dominant gene,
or an aberration of the sex ch in which affected
individuals are postulated to have an XXY sex chromosome
constitution. An important feature of these patients is that
administration of androgen does not cause growth of pubic hair
(Lawson Wilkins, 1957) which raises the whole question of
response of the target organs to hormones and whether, during
dzvelopmem a part of the body, or section of an organ, becomes
sensitive to a spccxﬁed hormone while other parts have no
sensitivity.VI'he sensitivity of tissues to hormones and possible
local anti-hormone activity requires further study.

It is obvious that, dependent upon the stage of intra-uterine
life at which the testis ceases to function normally, variants will
result ending in:

{(3) Male with !g;pa.\‘jmdm.r, in which the only feminizing feature
is the female micturition. In my experience, such hypospadias
patients brought up as gu-ls havc male psychologncal sex and
experience no psych in g their social
seX to male,

VIRUE HERMAPHRODITISM
In these cases, one gonad is an ovary and the other a testis or
ovotestis, or both gonads are ovotestes. The external gemtalia
may vary towards male or female characteristics. There must be
a cortico-medullary imbalance during the differentiation of
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testes causes the formation of a male somatic body in a chromo-
somal female.

ExaMPLES OF INTERSEX IN GENETIC MALES
XY Constitution (Fig. 7)

INTERSEX @

euate agor rrsricuse ez
TUAKERY SINDAOVE iho il il AL bas

Fi6 y. Diagram llustrating the genetic and hormonal factors i the
devel of mtersex m individuals of XY genetic males,
that the basic sex 15 female, and the degree of masculine development
depends upon the functioning of the foetal testis, If 1t ceases to function very
carly, a female body develops, and, if later, or poorly functioning, female
mucturition will be the only femimine characteristic.

(1) Turner’s Syndrome (gonadal dysgcncsis):/ln this syndrome
the typical form is as already descnbed in genetic females:
external female characteristics, sexually infantile; multiple con-
genital anomahes are frequently present such as webbed neck,
wide carrying angle, etc. No gonad is present. The importance
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of development of some of the classical syndromes, and the
possibility of variants. The recent discovery by Murray Barr of
an easy method of determining the chromosomal sex, and recent
advances in modern medicine, open a broad and exciting field
for further research in the fascinating unsolved problems of Sex
and Intersex.

HYPOTHETICAL GENETIC CAUSE OF TRUE HERMAPHRODITISM

AX = Autosomal gene CHROMOSOMAL Am- o Agoromal gene

whbirory lo X wih deficiend mafe
wducmq property
GENETIC:
o res
MOLLERIAN  WOLFFIAN MULLERIAN  WOLFFIAN
SYSTEMy SYSTEMS SYSTEMS) SYSTEMS

ThuE NeawasmRCOTT

Fi6. 8. Diagram illustrating the possible genetic and hormonal factors
m the develop of truc

Suavary
(1) Intersex is defined as that condition in which, in the same
individual, there are male and female characteristics to an
abnormal degree.
(2) The cniteria of sex are regarded as being (i) chromosomal
sex; (ii) sex of the gonads; (iii) body sex; external genitalia and
form; (1v) psychological sex. Reasons are given for including
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either one or both gonads. The actiology is unknown. Possible
explanations are:

wAi) The unilateral influence of the testis may be an explana-
tion of some cases of true hermaphroditism if there was failure
of one testis only, and feminine development on that side only,
and it must be recognized that the develop of the body, in
any case, is not always symmetrical.

(if) Witschi’s suggestion that the primordial sex cells act
quantitatively, so that spatially irregular migration of the pri-
mordial sex cells (which have an extra-gonadal origin and
migrate to the gonadal site), too many to one side, too few to
the other, or too many to one pole and too few to the other in
both sides, might result in the development of a testis or an
ovary on one or other side, depending upon the number of the
sex cells on either side and ovotestes depending upon polar
distribution.

(iif) In any case, the effect of X is no doubt quantitative
whether a small dose of X stimulates the medulla and a large
dose stimulates the cortex, or a small dose of X permits the early
differentiation of the gonad and a large dose of X delays
gonadal differentiation; always remembering that an eatly
differentiation must be a testis, a late differentiation an ovary.

Whichever is true, the quantitative action of X allows 2
multitude of genetic mechanisms whereby the value of X, or
XX, could fall nearly equally between normal X and normal
XX, to allow a mixture nearly equally between normal X and
normal XX and thus allow a mixture of testicle and ovary on
the two sides.

The value of X can be diminished by the presence of an
anti-X autosomal gene A, or by deletion of part of X, or the
value of X can be increased by reduplication of 2 segment of X
or by the presence of an autosomal gene with deficient male-
inducing property A, (Fig. 8).

The result in either case could be Hermaphroditus.

T have endeavoured to throw some hight on the whole spec~
trum of Intersex by focusing attention on the chromosomal,
genic and hormonal factors concerned in th'e dcvclopmcnf of
intersex with the object of attempting to explain the mechanism
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psychological sex in the criteria of sex and for including trans-
vestism and homosexuality in intersex.

(3) Normal sex determination, differentiation and develop
ment are as described. Attention is drawn to the fact that the
nuclear chromocentre reveals a female chromosome constitu-
tion. The influence of genetic factors and hormones on sexual
differentiation and development are discussed,

{4) Professor Jost’s experimental work has proved that the
basic or neutral sex is female and the foetal testis is the body
sex differentiator.

(5) 1 have regarded the development of the male body as a
deviation from the normal basic course of development and
applied this to the study of the classical intersexes, all of which
are reviewed, and explanations as to how some of the intersexes
are due to complete or partial foetal testicular failure are dis-
cussed.

(6) Theories of abnormal genetic factors concerned in the
development of certain intersex syndromes are mentioned and
suggested.

(7) Attention is drawn to the fact that many of the problems
of intersex, physical and psychological, are as yet unsolved and
there is a broad field for further research.
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Radiation as a Toxic Agent

R. H. MOLE

harm and there is often an unexpressed feeling that there is

something special or unique about the toxic action of
radiation. Certainly no other human invention is as uniquely
destructive as an atomic bomb but the fear and anxiety which
radiation engenders seem to depend partly on the belief that
we are conspicuously ignorant of what radiation does and how
it does it, and partly on the belief that small doses of radiation
are harmful, indeed that no dose, however small, is without some
harmful effect. Yet there is a large body of knowledge, both
chnical and experimental, of the toxicity of radiation and, al-
though numerous powerful and potentially lethal chemical
agents are in everyday medical use, no one seems to feel that
these also are inevitably and always doing harm, Thus there is
an interesting contrast between the toxic action of chemical
agents and of radiation, in our mental approach to them at least
(cf. World Health Organization, 1958), and it may be worth
while to examine the salient features of biological damage by
radiation from this comparative point of view.

IT is now generally recognized that ionizing radiation can do

EasE OF MEASUREMENT OF RADIATION
In one way ionizing radiation must appear to be a mysterious
agent since its presence cannot be detected with the unaided
senses. But this is just as true of some chemical agents, like
carbon monoxide, and of harmful levels of many toxic sub-
stances 1n the air we breathe or the food we eat, even though in

higher concentrations they may be sensed. On the other hand
¥
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quantitative phenomena as amount of drug given and sensitivity
of recipi In fact the usage is excusable since with
many drugs the most important factor is the sensitivity of the
recipient, which is not very amenable to measurement: the
individual who suffers a toxic reaction is usually the exceptional
individual with 2 much greater sensitivity than the average. The
situation is very different where ionizing radiation is concerned.

Absence of exceptional susceptibility to

Firstly no one has ever described an innate idiosyncrasy or ac-
quired hypersensitivity to radiation in the usual sense of reac-
tivity to a single dose a hundred or a thousand times less than
the dose required to affect an average individual. If such ex-
ceptional susceptibility did exist, occasional individuals would
have shown marked toxic effects from the small radiation doses
unavoidably received when undergoing routine radiological
examinatjons for diagnostic purposes and the clinical experience
of the past sixty years is enough to rule this out, (On this issue
chnical experience is clearly of far more value than animal
experiment.)

Wdely differing radiosensitivity of different tissues
Secondly it 1s hardly possible to make a useful statement about
the toxiaity of radiation without bringing in the dose required
to produce the effect under consideration. Thus it is perfectly
true that radiation can cause sterihty, cataract, cancer and even
sudden death, but such a statement is really grossly misleading
if it omits to add that the doses required to produce these
vanous effects differ by up to a thousandfold. And, fcr(unately,
since exceptlonally suscepublc mdnvnduals do not seem to emst

R PP

organs and functions is 1llustrated in Table 1.

The uniformuty of the acute lethal response

One striking difference between 10nizing radiation and chemi-
cal, including bactenal, toxins, is a remarkable umformity 1n
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the detection of ionizing radiation by physical means is now a
straightforward matter. It is casy, and comparatively cheap, to
get a measure of the radiation reaching any desired spot and
to obtain, if desired, continuous records to show fluctuations or
mean levels of radiation intensity over any desired period of
time. This is an important property of radiation from the present
point of view since the easy availability of radiation measure-
ments positively stimulates, not only the making of more mea-
surements, but also the asking of questions about their meaning,
that is their correlation with biological damage of any kind. In
these circumstances 1t should not be surprising that many of the
possible questions as yet have no answer. In contrast, measure-
ments of chemical concentration are nearly always much more
complex and, unless they can be made by physical means, are
much less adaptable to routine or automatic use. Thus questions
about chemical toxicity are not as a rule provoked by the
accumulation of chemical measurements, as questions about
radiation toxicity are by the accumulation of radiation measure-
ments. For example, it 1s only after geographical differences in
cancer incidence have been revealed in epidemiological surveys
that chemical measurements have been undertaken of the con-
centration of possible toxic agents in the air or soil of different
places, whereas the possibilaty of geographical differences in the
incidence of leukaemia or of genetic mutations is currently being
investigated because geographical differences in background
radiation levels have suggested the investigation.

QUANTITATIVE AsPECTS OF Rapiation Toxrerry
Another consequence of the relative difficulty of making
chemical measurements is that we tend to say that some chemi-
cal agent is a cause of some particular kinds of harm without
reference to the amount or concentration of agent required. It
might be said, for example, that the causes of agranulocytosis
include the sulphonamide drugs, thiourea and its derivatives,
amidopyrine, organic arsemcals and chloramphemcyl, and .thc
form of statement leads one to think of causation in qualita-
tive, not in quantitative terms. But. clearly the harm that may
follow the exhibition of these chemical agents depends on such
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Specific treatment eritically dependent on dose
Large doses of whole-body irradiation may kill because the
bone marrow is depleted of too many cells and such doses may
also markedly depress the immune reactions of the bedy,
especially the Teaction to a new antigen not previously encoun-
tered. Thus the possibility arises of preventing the fatal outcome
by substitution therapy, by providing the needed marrqw cells
from some other healthy individual (Loutit, 1956). The irradi-
ated recipient may be a special case and an exception to the
general rule that in man tissue transplantation between indivi-
duals is not successful because of the inevitable genetic and
therefore antigenic differences between donor and recipient.
Treatment with living cells from the bone marrow or from the
haemopoietic foetal liver may be specific treatment for exposure
to large doses of whole body irradiation.

However, treatment, as well as prognosis, may depend criti-
cally on the estimate of the radiation dose. If the dose was four-
fifths or less of an LD, expectant treatment is probably all that
is required, and an attempt to graft bone marrow cells from a
donor would be contraindicated since experimental work sug-
gests that this might then be positively harmful (Table 2). If the

‘TasLe 2 The effects of specific treatment and of
size of radiation dose on the mortality of CBA mice
after whole body srradiation (data of Trentin, 1956)

Mortality
Dose Injected mtravenously
of Not  withasuspension of cells
radiation treated from bone marrow*
330r nil ml
550 129% 100%
660 ¢ 90% 17%
770t 100%, nt

* The marrow was from an F, hybnid, Cbx CBA

dose of radiation was larger, by as httle as half as much again
or more, the prognosis is so bad that many would consider that
active treatment with suspensions of marrow cells should be
instituted as soon as possible. The same relatively small increase
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the acute lethal response to whole-body irradiation. With
chemical agents species differences are to be expected in the
dose required to kill, sometimes of up to a thousandfold, and
within one species therc will be quite a range in sensitivity

TABI;E 1. Differential tissue sensitivity to single doses of X or gamma
> : | animal: all f 1

in the adult animal: d
Dose
rads
25-50 Marked ympairment of fertility in the female mouse
Definite but ble damage to the ic elements
of the testis
‘Temporary marked red: in bl ioninthe

bane marrow

Immediate (2-24 hours) death of some small lymphocytes

Delay m emptying time of the stomach

Accelerated onset and increase in incidence of the ovarian
tumours characteristic of old age in the mouse

Gene (point) mutation rate doubled

500 Acute radmxo:l death wxlhm‘a few weeks after whole body ex-
FRe Yo o o Pt S

1000 e . .

2000-3000 Marhed vascular damage, local necrosis of tissue with perma-
nently unstable scarring
Radiotherapeutic range
100,000 Sudden death within a few hours

There may be marked vaniations in radiosensitivity durng the period of
development from zygote to mature adult, and in the foetus, infant or child
differential tissue sensitivaty, as well as absolute sensiuvity, may be very
different from the adult,

amongst different individuals even if they are of the same sex,
age and weight. With ionizing radiation, however, the LD,,
for an unusually wide variety of mammals has been determned,
and the largest value 15 not more than about four times the
smallest (Bond and Robertson, 1957). There 1s a corre%popq-
ingly small difference in sensitivity between different indivi~
duals, so that a 20 per cent increase in dose might well increase
the probability of dying after an acute whole-body exposure
from 10 per cent to 50 per cent.
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gcncrnl the slow evolution of radiation damage is even more
ristic of d tok than of d to

The testis has now been the subject of radxobwlogxcal in-

vcsugauon for over ﬁ(’ty years and the pattern of cellular changes

in the irradiated testis appears to be very simply explicable. The

radiation interferes with the process by which the numbers of

100 q

80; a

*—e30mins

60 o- Olday
©---0 4 days
4—alddays
5
For . PN .
Abs ‘e .
Ora ' -
am. . . .
n the figure.
are kept , both by killing spermatogoma

(4

dxrectiy and by prwemmg successful cell division of the primi-
tive stem cells. The reduction in the numbers of spermatogonia
has no immediate effect on the mass of the testis because these
cells form such a small proportion of the whole organ. However,
reducing the number of stem cells must lead to a reduction in
the number of thcu' progeny and lam— on thcre wﬂl be a smaller

° -

[ TR S

sperm count in an ejaculate will be decreased, The time taken
from the moment of irradiation to the point where the sperm
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in dose of radiation which wotsens the prognosis so drastically
that specific treatment is needed, also makes this specific treat-
ment possible, by reducing the immune responsivity of the body
below the level at which harmful reactions to the injected
foreign cells will occur, thus allowing the grafted marrow cells
to survive and multiply within the irradiated host, to its benefit
rather than to its harm. The exact dose of radiation received is
thus of paramount mmportance, since it determines whether
specific treatment—by injection of marrow cells—will do good
or harm. There seems to be no parallel amongst other kinds of
toxic agent.

The estimation of the radiation dose received in accidental
exposures is likely always to be a matter of considerable diffi-
culty and complexity and the health physicist’s task is made no
casier by the speed and accuracy demanded of his calculations,
and the knowledge of their overriding importance to the patient.

TiME AND THE ASSESSMENT OF RaDIATION DAMAGE
As important as dose 1n assessing radiation damage is time, for
special features of radiation damage are its slow rate of evolution
and the way 1n which spreading a dose in time affects the amount
of damage.

The teshs
The testis is one of the most radiosensitive organs. The change
in weight of the mouse testis after a single small dose (5-10 per
cent of the acute lethal dose) is shown in Figure 1. There is no
change during the first week after which the weight begins to
fall rapidly reaching a minimum at three to four weeks. There
is then a loss of about half of the sperm-producing moiety of the
organ. Recovery appears complete in another two to three
weeks,

The same pattern of change has been seen in the sperm
counts of men exposed to doses of a similar magmtude (Haster~
Lk and Marinelli, 1956). The delay in reaching the period of
maximum damage was cven more obvious: the time scale in the
human was greatly extended, 7 to 10 months being needed to
reveal the full effect of the small momentary exposure. In
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TaBLE 3. Average number of young born to female
C57 Bl rmce during different penods after a single
dose of radiation

Doseof ‘Weeks afier irradiation
Xerays 06-12  13-24 25-36 3748 49—
Control 11 17 10 E] 2
25r 11 10 1 0 []
The mice were intensively mated in order to measure
he ¢ lreserve’ of their ductive ability (Mole,
1959b).

Two additional points may be made. First, the dose of
radiation used was of the order of dose which geneticists feel is
important for genetic reasons.? It should not be overlooked that
such doses may also have important somatic consequences
which are highly relevant to the interpretation of genctic ex-
periments designed to measure the mutation rate per unit of
radiation dose {(Mole, 1959b). Secondly, it is commonly taught
that even as early in life as at birth the mammalian ovary con-
tains all the primordial oocytes it ever will have and has already
lost all its cogonia. Without these stem cells new oocytes cannot
be produced. Thus a loss of oocytes cannot be compensated for
and radiation damage to the ovary is permanent and irrecover-
able unlike radiation damage to the testis. ‘There is no essential
difference in the kind of radiation damage produced by radia-
tion in ovary and in testis: in each organ radiation specifically
reduces the numbers of the least mature cell types, primordial
oocytes and spermatogonia respectively, The difference in out-
come depends on the intrinsic biological differences between the
two kinds of cell, one of which can reproduce itself, one of
which cannot.

Tre QurcoMe or Toxic DaMAGE DepENDS PRIMARILY
ON THE INTRINsIC POTENTIALITIES OF THE AFFECTED TISSUE
The companson of testis and ovary illustrates an important
general principle. The outcome of toxic damage to a tissue does
not depend primarily on particular properties of the toxic agent
but rather on the ways in which cells can respond to it, and

* The human ovary may be rather less radiesensitive than the ovary of the mousc
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count is Jeast will be a measure of the time taken for the normal
physiological sequence of cell divisions from stem cell to finished
product. Recovery in numbers of spermatogonia is already well
under way at the time the number of spermatozoa is minimal,
but again time is needed for the newly arising stem cells to
undergo the successive divisions and maturations necessary to
restore the normal population of cells in the organ, Hence the
delay in recovery,

The same general picture will be found after irradiation in
any tissue, such as bone marrow, intestinal epithelium or skin,
which normally Ioses its most mature and differentiated cells and
normally continually replenishes itself by an ordered sequence
of cell divisions starting from primitive stern cells. Such tissues
seem always capable of recovery if sufficient time is available
and if nutrition js not interfered with by vascular damage or
infection. The time required for recovery is closely dependent
on the normal renewal time of the tissue concerned so that
recovery of the intestine is faster than the recovery of the bone
marrow and recovery of the testis is slowest of all.

Figure 1 also shows the change in weight of the mouse testis
after a fixed dose of radiation when the period of time over
which the radiation was given was varied nearly seven hundred-
fold, from half an hour to a fortnight. Spreading the dose in
time, i.e. decreasing the rate at which the dose was given, did
not decrease the effect, quite unlike what would be expected
from spreading the dose of a chemical agent in time. (Spreading
the dose still further in time does change the response of the
testis as discussed later.)

The ovary

A small dose of radiation, such as 25 r, may also have a marked
effect on the ovary (Table 3). Again time was needed for the
full extent of the damage to fertility to become visible; no effect
at all was apparent during the first three months after irradia-
tion. Only after the first quarter of the mouse’s reproductive
life span had elapsed did the reduction in fertility begin. Yet
the degree of damage was not negligible: the overall reproduc-
tive capacity was halved.
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DeLavep LETHAL ErrecTs
Apart from damage to the gonads, the practical aspects of
chronic radiation toxicity centre around the delayed killing
effects of radiation. Acute aplastic anaemia should no longer
be seen | in radxauon workers since the level of radiation dose
ired to cause a physiol 1 deficiency in the bone marrow
s far higher than the safety levels of ten years ago which in their
turn are several times higher than present-day maximum per-
missible levels, I do not know of any published record during
the past twenty years of aplastic anaemia due to occupational
radiation exposure.
The delayed killing effects of radmuon whlch may be impor-
tant are lignant disease, incl ia, and acceler-
ated or premature ageing. There is gaod evidence that malig-
nant disease of several different kinds has been produced in
man by irradiation, and perhaps at present the greatest interest
is centred on the question of how much radiation is required to
produce cancer or leukaemia. As for premature ageing, it has
been claimed that American radiologists died at an earlier age
than other medical men, and the evidence has often been cited
(as in the United Nations Report, 1958) as showing that occu-
pational exposure shortens life in some other way than pro-
ducing cancer. Experimental work has also been interpreted as
meaning that radiation can cause accelerated or premature
ageing, and, although in my view the interpretation is probably
mistaken, the 1dea has stimulated 2 great deal of interest and a
proliferation of hypotheses which there is no space to discuss
here The chinical evidence seems clear. British radiologrsts hved
longer, if anything, than other British medical men (Brown
and Doll, 1958) and a re-analysis of the American data has
shown that there never was any real evidence of life shortening
in American radiologusts either (Seltser and Sartwell, 1958).
The meaidence of leukaemia in American and skin cancer in
Briush radiologists was certainly increased so that the induction
of malignant disease seems a much more important practical

problem tham man aeootel 2 .
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there is only a limited number of ways in which any one kind of
cell can respond. The cells of the central nervous system, for
example, have only one way of responding to anoxia and this is
independent of the particular agent responsible for the cerebral
anoxia. Similarly the consequences of radiation damage depend
on the intrinsic potentialities of the affected tissues and are not
likely to be qualitatively unique to radiation in any fundamental
sense.

The complexity and pattern, or specificity, of pathological
reactions is commonly a consequence of the interaction of many
different kinds of cell. It is characteristic of radiation damage by
doses in the range which concern those interested in environ-
mental or occupational hazards that this interaction is usually
absent. The underlying cause of the lack of interaction of differ-
ent cell types is the wide range of radiosensitivity so that in any
one tissue only one kind of cell may be affected: in the testis,
for example, spermatogonia but not spermatocytes, spermatids,
spermatozoa, Sertol cells, or the cells of interstitial, vascular or
connective tissue. The characteristic lesion of radiation damage
is simple cell depletion. Tissue changes caused by radiation are
thus non-specific unless the dose 1s up in the radiotherapeutic
range, when a variety of different cell types is affected, cellular
interaction becomes possible and aetiologically specific tissue
reactions may become recognizable, as in the lung (Whitfield,
Bond and Arnott, 1956) or the kidney (Luxton, 1953).

ApapTaTION TO CHRONIC IRRADIATION
The difference between tissues which can reconstitute them-
selves from their own stem cells and tissues which cannot is of
great importance to the assessment of damage from long-con-
tinued daily irradiation, With a small daily dose of radiation
the daily loss of cells may be small enough for it to be com-
pensated for by an increased number of cell divisions, leaving
the cell population effectively unchanged. This is what happens
in the chronically irradiated testis and a similar compensation
or adaptation to chronic irraqiau'on has been observed in the
peripheral blood count and in other indices of damage (cf.

Mole, 19592)-
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fractions was increased to 20 and more. In view of the possibility
of other sudden changes in the kind of biological responseat
other points in the scale of fractionation, it would not be wise
to extrapolate beyond the data and say that 1,000 fractions
would be more harmful than 100, especially as there was no
evidence of a progressive increase in effect as the number of
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Fic 2. Mortality of groups of female CBA mice each given a total dase
of 1000 t of X-rays but in a dfferent number of fractions to each group (Mole,
1959¢)-

fractions increased from 20 to 100. It is not possible with ex-
petimental amimals like the mouse to give 1,000 1 in 1,000 daily
doses and still leave time for the effects of radiation to develap.
The animals do not live long enough.

With the smaller total dose of 750 T there was a similar in-
crease in damage and a similar change in the biological response
to the radiation when the duration of the exposure was increased
(Mole, 1959a). In other experiments on mice it was found that
when a protracted course of daily irradiation sufficient of itself
to produce a high incidence of leukaemia was followed by an
additional large single dose, the incidence of leukaemia was
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only when the killing disease is naturally uncommon. In ex-
perimental work, however, the number of individuals in a group
is never large enough for a real increase in some killing disease to
be compatible with an unaltered life span. In fact the average
life span may be closely dependent on the frequency of occur-
rence of some particular type of malignant disease and this
must always be borne in mind when considering the interpreta-
tion of experimental results on shortening of life by irradiation.

Effects of protraction and fractionation

With mechanical and chemical injury we commonly expect that
the extent of an injury will be progressively decreased by in-
creasing the fractionation of the injurious agency and the time
over which it acts. The loss of two litres of blood in two minutes
is likely to be lethal; the same loss spread out over two days will
produce symptoms and probably lead the victim to seek medical
care. Yet if the two litres are lost over two years the loss might
well be difficult even to detect and would certainly cause no
harm. The same principle underlies all drug therapy; the effect
of any one dose wears off and successive doses need to be given
to maintain an effect. And the principle is also true of the acutely
killing effects of radiation: spreading the dose out in time in-
creases the dose needed to kill.

But with delayed effects of irradiation, unlike the acutely
killing effects, this may be far less true: in fact spreading a dose
in time may even increase its killing effects. In these experi-
ments the overall dose of radiation was given in times ranging
from a few minutes to 4} months. The animals were then kept
for the rest of their lives free from added irradiation. Every op-
portunity was thus given for any delayed effects to become
manifest. As can be seen (Fig. 2) a given total dose of 1,000 r
killed mice earlier when 1t was given in 100 daily fractions
(irradiation period 20 weeks) than when it was given in 10 suc-
cessive daily fractions (irradiation period a fortnight), This
seemed to be because of a change in the kind of biological
response as the fractionation of the dose or the time over which
it was given mcreased. The incidence of leukaemia and reticulo-
sarcomata increased markedly when the number of daily
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work that point mutations are produced in strict proportionality
to the dose of radiation, that the time over which the radiation
is given and the rate of its administration are immaterial and
that there is no threshold dose below which radiation has no
effect. The same relations should hold for point mutations in
somatic cells, and work with radiation therefore provides a
means of testing the hypothesis that point mutation is the cause
of malignant disease. As will be scen the point mutation hypo-
thesis stands up to test very poorly, while on the other hand
direct observation suggests that directly visible chromosomal
mutation may be of fundamental importance. The two sorts of
mutation lead to quite different conclusions about the amount
and kind of irradiation required to cause cancer so that the
discussion has a practical as well as an academic interest.

Point mutations and dose intensity

Experiments cited earlier showed that the delayed effects of a
given total dose of radiation varied markedly with the way the
dose was spread in time. This of itself is not easily compatible

TabLE 4. Leukaemia incidence 1 female muce after a four-week
exposure to 8%Co gamma radiation (Mole, 1959c)

Irradiation  Daily Doserate  Total Leukaermua 15 months after

schedule  dose  ghour  dose start of irradiation

r r  CBA* CS7BI* combined
5 days/week 50 81 1000 1230 1129 399
5 daysfweek 50 21 1000 830 13730 359
5 mightsjweek 50 33 1000 725 329 199
Continuously 32 13 900 2/30 125 5%
Controls ml ml ml 030 1/28 2%

* Number of mice with leukaermafnumber 1n group at start of experiment

with the point mutation hypothesis, but a2 much more strngent
test is provided by an experiment in which a fixed total dose of
radiation was given 1n a fixed overall penod of time but where
the dose intensities of the individual radiation exposures varied
between the different groups. The results (Table 4) show that
the higher the dose intensity the greater the incidence of
Teukaemua. Such a result may be thought to amount to a formal
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markedly reduced (Mole, 1956). These may all be particularly
dramatic examples but it is clear that the amount of damage
produced by a dose of radiation, whether it s measured by
degree of life shortening or by the incidence of particular kinds
of tumour, depends not only on total dose but to a very marked
extent on just how the radiation is given, i.e. the circumstances
of the irradiation. No theory which assumes that damage de-
pends simply on dose can possibly be true. Nevertheless the dose
levels used in these experiments, although often below the
radiotherapeutic range, may still have been large enough to
lead to cellular interaction and imperfect repair: with smaller
doses of radiation the relation betiween dose and damage may
be different.
CARCINOGENESIS

One feature of radiation damage already emphasized is the way
in which time is required for overt chinical harm to develop; it
has been said that in a sense living things have a memory of
being irradiated. A long latent period, however, is characteristic
of carcinogenests as a process, not merely of radiation, and any
carcinogenic insult must be 1magined to leave some permanent
imprint behind it. This permanent change is often taken to be
a change in the genes or chromosomes of affected cells, The idea
of somatic mutation in some form or other enters into many
hypotheses of carcinogenesis, and 1s certainly not incompatible
with theories that cancer is induced by infective agents.

Somatic mutation

- . .o [ K S

mutation on the other hand 1s a change n a single gene anu
thus jts occurrence cannot be directly observed but only in-
ferred: genes and point mutations are ‘theoretical entities’. In
work with sex cells inferences may be made from changes in
Mendelian inheritance but this sort of evidence cannot be
derived from somatic cells since they do not undergo scxufxl
conjugation, It has been generally accepted, however, in genetic
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1958). The causal importance of these visible chromosomal
changes must await further investigation but it is suggestive that
the production of some kinds of chromosomal mutation is
known to depend critically on dose intensity, just as leukaemia
induction seems to.

The possibility of a threshold for the induction of cancer by redi

If carcinogenesis depends merely on a chromosomal mutation
a certain probability of inducing cancer would be expected to
follow any radiation exposure, however small, even though the
exact probability would depend on circumstances; the lower the
dose intensity, for example, the lower the probability. Even
without a simple linear proportionality of dose and cancer there
might well be no threshold dose. However it is increasingly
believed that more than one step is required for the induction of
malignant disease and radiation carcinogenesis may depend on
more than just chromosomal mutation. The common antecedent
of malignant disease when it occurs as a late complication of
therapeutic irradiation is severe tissue damage with scarring.
Skin cancer as an occupational hazard to radiologists has cer-
tainly been greatly reduced, and perhaps eliminated, since
radiation exposure has been reduced below the levels which
produce marked skin damage. Clinical experience thercfore
R R Y 2 TN S n -

with this conclusion, Irradiation can result in a high incidence
of tumours in a variety of tissues (cf. Mole, 1958) and whenever
the irradiated tissues have been d, gross tissue d

has been found to precede the development of these tumours.
In these situations the relationship of dose to tumour has been
markedly curvilinear, the increase in tumours following an
increase in dose being much greater than would be expected on
a simple linear hypothesis.

These observations, though perhaps suggestive, do not prove
that a minimal degree of tissue damage 15 an essential pre-
requisite for the development of a tumour and therefore that
there is a threshold of radiation exposure below which cancer

G
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disproof of the hypothesis of point mutation for murine leu-
kaemia at least.

Murine leukaemia is well known to differ in a number of
ways from human leukaemia, but the differences are not im-
portant in this context since murine leukaemia is undoubtedly
a malignant disease, and it is the general hypothesis that point
mutations are responsible for carcinogenesis which has been
tested and found wanting. Moreover it should be emphasized
that the evidence that radiation can cause leukaemia in man
{British Medical Journal, 1959) also comes from situations where
the dose intensity of individual exposures was high, as during
exposure to an atomic bomb, to therapeutic jrradiation or to
diagnostic irradiation. (The exposure of radiologists to radiation
in the course of their work will have been in either or both of
the latter two categories.) If the experimental evidence for the
importance of dose intensity in leukaemogenesis is accepted, it
is clear that it is not legitimate to use the observed human data
relating dose and leukaemia incidence to deduce how much
leukaemia would be produced by an occupational radiation
exposure or an increase in level of background raduation. The
average dose intensity of background radiation is at least 100
million times less than the dose intensities of the radiation ex-
posures known to have caused leukaemia in man.

Unbalanced chromosomal changes and cancer
There have been many pts to define a fund 1 differ-
ence between normal and lastic cells in biochemical or
morphological terms but so far no distinction has been found to
be universally valid: there have always been exceptions. It is
of great interest therefore that direct cytological observations in
murine leukaemia, both spontaneous and radiation-induced,
have shown that charactenstic changes in the chromosomal
complement are the rule (Ford, Hamerton and Mole, 1958).
There are three kinds of changes, in modal number, in distribu-
tion around the mode, and in morphology. For technical reasons
observations in human leukaemia are much less easy to make but
preliminary results suggest that simular changes may alsf) be
found in human neoplastic cells also (Ford, Jacobs and Lajtha,
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the presence or absence of a threshold dose of a toxic agent
may be proved in any absolute sense, This is as true of chemical
agents as of radiation and it would be an interesting, th?ugh not
a purely scientific, enquiry to ask why there has been intensive
discussion of the possibility of a threshold for the toxic action of
radiation rather than, say, of aspirin or caffeine. There is, in

FREQUENCY OF EFFECT —~

DOSE ——er

=4

Fic 3 Schematic diagram relating dose of radiation and frequency of
effect to illustrate the logical mmpossibility of proving the existence of a
threshold from observational data alone (see text)

fact, very httle experimental information on the truly chrome
toxicity of chemical agents of any kind, and in practice the
question of an experimental demonstration of a threshold for
the toxic action of chemical agents is duisregarded. On the one
hand drugs with known toxicities continue to be used, on the
other hand substances are banned altogether from use as food
preservatives or additives after relatively large concentrations
have been found to be deleterious to expenmental animals in
relatively short-term and sometimes very artificial expeniments,
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will not be produced. What sort of evidence could there be on
this question? The best-documented cases of human radiation-
induced leukaemia, in Japanese survivors of atomic-bomb
explosions and in ankylosing spondylitics given therapeutic
irradiation, are of little help because the radiation exposures
resulting in a real increase in Jeukaemia were Jarge enough to
. PN o -, ot
ta

. . . his
context. For this and other reasons confirmation of the findings
is urgently needed, and in addition some analysis of the radia-
tion doses received in relation to the amount of cancer pro-
duced. Radiation doses in diagnostic radiology have not always
been too small to produce tissue damage (cf. Table 1).

‘Tur IDEA OF Ao THRESHOLD FOR ToXIC ACTION
Observational data alone will never be sufficient to decide
whether thereisaris not a threshold for radiation carcinogenesis:
the decision will have to be made on purely theoretical grounds
(Mole, 1958). Suppose observations are made as in Figore 3
which suggest that there really is a threshold. It must be ac-
cepted that each observed point has some statistical uncertainty.
It is thus open to anyone to suggest that the real relation be-
tween dose and effect is that shown by the dotted line in Figure 3.
In fact the lower the observed frequency of effect, the smaller
the number of observed cases and the greater the statistical
uncertainty, so that t is logically inevitable that the least
securely established points will be the pomts on the fower left
of the diagram, the pomts which might be thought to be the
most important from the point of view of establishing the exis-
tenice or not of a threshold. The argument is a purely logical
one and applies to all varieties of toxic action, not only carcino-
genesis,

The existence or not of a threshold dose below which no effect
occurs is a theorctical question which depends on the particular
hypothesis chosen to account for the phenomena under examina-
tion. Since there is no lunit to human ingenuity and therefore
to the invention of theories, there is really no criterion by which
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the presence or absence of a threshold dose of a toxic agent
may be proved in any absolute sense. This is as true of chenmucal
agents as of radiation and it would be an interesting, though not
a purely scientific, enquiry to ask why there has been intensive
discussion of the possibility of a threshold for the toxic action of
radiation rather than, say, of aspirin or caffeine. There is, in
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Fic 3 Schematic diagram relating dose of radiation and frequency of
effect to illustrate the logical impossibility of proving the ewstence of a
threshold from observational data alone (see text).

fact, very little experimental information on the truly chronic
toxicity of chemical agents of any lund, and in practice the
question of an experimental demonstration of a threshold for
the toxic action of chemical agents is disregarded. On the one
hand drugs with known toxicities continue to be used, on the
other hand sub are banned altogether from use as food
preservatives or additives after relatively large concentrations
have been found to be deleterious to experimental ammals in
relatively short-term and sometimes very artificial experiments.
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Basic Mecuanisms oF Rapiation Toxicrry

Various aspects of radiation toxicity in the whole animal have
been considered without any reference to mechanisms by which
radiation kills cells or interferes with the pracess of cell division,
Most accounts of radiobiology lay great stress on these mechan-
isms but in my view they are not as important in considering
radiation toxicity as they are in radiotherapy. What is impor-
tant to the whole animal, especially when considering the de-
layed toxic effects of radiation, is not so much the cells which
are killed as the cells which survive, and especially the cells
which retain the power of cell division. It is these which multiply
and replace those which have been lost, thus restoring function
to normal, and it is clearly from surviving cells that neoplasia
must originate.

A most interesting academic question is whether a stimulus
to cell division over and above the normal rate can have any
harmful consequences of itself. For example, if the hypothesis is
accepted that cancer is due to chromosomal change and if the
further assumption is made that such a change has a certain
probability of occurring spontaneously at each cell division,
then an increase in the rate of cell division must lead to an
increase 1n the incidence of cancer. Aliernatively, is it possible
to exhaust the capaaty of stem cells to divide so that a sudden
tissue failure supervenes? Thus, it is quite characteristic of both
men and animals exposed to dangerously high levels of daily
irradiation that the terminal fatal ia sets in quite sudden!
after a long peniod during which there is little significant
anaerma (Mole, 1954; Edmondson, 1958). However, the ex-
perimental observations make it unlikely that this is because the
capacity of the stem cells of the bone marrow has been suddenly
exhausted, since at death the marrow is full of normoblasts, and

Pl ccls canms 4n hn haa ta tha nenaTets

L I - .

criﬁéal low level. Although the 1dea of damage or strain of a

normal organ from overuse is part of the folklore of medicine,

it seems to be supported by little positive evidence. .
The long-term survival of wrradiated somatic cells was until



RADIATION AS A TOXIC AGENT 85

recently rather a neglected subject, and another important prob-
lem is whether cells which have survived irradiation are fully
normal, As well as the unbal dct 1 ct which
seem to be characteristic of neoplasia, as already discussed,
balanced chromosomal changes also occur which are not related
to neoplasia but which may be responsible for physiological
deficiencies in cells which superficially might appear normal
(Barnes, Ford, Gray and Loutit, 1959). The full significance of
these chromosomal changes is certainly not yet appreciated
since they have been detected only as a result of vecent technical
develop in i ytogenetics. Invisible point
mutations in the genes of somatic cells must also occur, but their
demonstration rnust await techniques which have yet to be
worked out. Such genetic changes, large or small, might be im-
portant in somatic stem cells. They could lead to a change in
the natural balance between the different functional properties
of a cell clone so that there might result, for example, a race of
stem cells with a higher potential for cell division than the un-
changed natural hine but with a lower ability to produce func-
tionally useful, mature end-product cells, cf. the uncommon
cases of aplastic anaemia with an apparently active marrow,
Such speculation can be intensely interesting but is still merely

1

p s that i1 of this kind can follow exposure
to radiation has still to be established
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VI

What are Gamma Globulins ?

J. H. HUMPHREY

has become more insistent during the last few years, as
an increasing number of techniques has become avail-
able for their study. However, already in 1954, Grabar, whose
work has contributed greatly to our knowledge of this subject,
gave a lecture with the same title as this, and I have inevitably
borrowed a number of the ideas contained in it. The discussion
given below is intended to be comprehensive, and possibly
provocative, but should not be taken as a complete review of the
subject.
The term gamma globulin is derived from electrophoretic
analysis—the definition put forward by the U.S. Commission
on Plasma Fractionation and Related Processes being that
gamma globulins are the fraction of plasma which does not con-
tain proteins with electrophoretic mobility greater than
—2-8 X 10-% in veronal buffer pH 8 6, ionic strength=0 1. This
serves well enough as a working definition—it allows recogni-
tion of a group of proteins with generally similar properties, both
biological and physico-chemical, which are present in the plas-
ma of all mammals examined, and in at least some fish and a
number of reptiles, but are absent from arthropods, arachnidae
and molluscs (Deutsch and Goodloe, 1945; Dessauer and Fox,
1956; Woods, Paulsen, Engle and Pert, 1958). But difficulties
anse when an attempt is made to relate antibodies, natural or
1mmune, to each other and to so-called normal gamma globuhn
and to study the distribution of proteins which are antigenically
related to gamma globulin in the different plasma fractions.

T}IE problem of the nature and origin of gamma globulins
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Similar difficulties arise in considering pathological proteins
found in cases of myeloma and of Waldenstrom’s macroglobu-
linaemia,

It is now generally agreed that gamma globulins are complex,
and how complex they are is becoming increasingly apparent.
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Line of tnsertion

Vy-globuiin B-globulins ek-globulins alburmin
Fio 1 Diagram of two-d fonal starch-gel el horesis [redrawn
from Smuthues (1955)], sllustrating difference in behaviour of y-globuln from
that of other serum protens.

This can be illustrated by referring to three separate techniques
which have been used, incidentally, to study gamma globulins.
The first is two-dimensional starch gel electrophoresis {Smithies,
1955). Frgure 1 shows that gamma globulin from Man (or any
other species) moves as a long spread-out diagonal line, indica-
ting a famly of proteins with closely similar overlapping electro-
pharetic mobilities and sizes. The contrast with other well-de-
fined protemns—e.g. iron binding protein, haptoglobin, albumin
~is obvious. The second 15 immunoelectrophoresis, introduced
by Williams and Grabar (1955), Here serum, or 2 gamma
globulin preparation, is moved electrophoretically in agar; anti-
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serum against one or more of the constituent proteins is allowed
to diffuse towards the proteins; and where the antibody and
antigen interact there appear lines of precipitation. These lines
are interpreted as follows: lines which are distinct or cross be-
Jong to unrelated antigens, whereas continuous lines indicate
the presence of the same antigen, and lines which fuse partially
indicate antigens which share some but not all their antigenic
components. It is evident from Figure 2 that protein reacting

y-glabulin B-globulin o-globulin
] oz -globubin

albumin
T —————

O

~ origin ~
I
Fic. 2. Immunoelectrophores:s of normal rat serum, The serum was ap-

phed at O, and two different antisera were allowed to diffuse 1n at the sides.
Arrows indicate gamma globulin lines,

with antibody against gamma globulin occurs in a long trail
extending well into the region in which beta and even alpha
globulins are found. Since the endosmotic flow in agar is rather
great, the gamma globulins move towards the cathode and beta
globulins remain around the origin.

The third technique is a rather different one-—namely
chromatography on a weakly basis ion exchange powder
(pEAE cellulose developed by Peterson and Sober, 1956) using
a gradient elution with gradually increasing salt and hydrogen
ion concentrations. Figure 3, taken from a paper by Fahey,
McCoy and Goulian (1958) illustrates the manner in which
human gamma globulin is distnibuted in the eluate from such a
column. A rather similar picture is given by rabbit, rat, and
guinea-pig sera—and probably many others. It must be empha-
sized that this distribution is not arbitrary—Dr. P. Farthing and
1 (unpublished) have found that if a fraction is taken out,
labelled with 1311, added back to another lot of the same serum,
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and re-run, it will appear in the same position. Furthermore,
the electrophoretic mobilities of the gamma globulins which
emerge early are the lowest, and they increase progressively in
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Fig 3 Eluuon dragram of normal human serum from peak cellulose
column, Upper part of figure shows total protemn concentrations. Lo er part
shows composition of eluates as judged by paper electrophoress. (From
Tahey, McCoy and Goulian, 1958 )

successive fractions. The distribution of antibodies within these
fractions will be referred to later.

These illustrations suffice to make the point that normal
gamma globulin is complex and heterogencous, but they by no
means exhaust the varieties of heterogeneity. The molecular
weight of purified gamma globulin in man, and several other
species has been shown by ultracentrifuge and diffusion studies
to be about 160,000, and the sedimentation constant is 6-7
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Svedberg units (Kabat, 1939). However, it has been known for
nearly twenty years that immune sera of ungulates contain a
considerable proportion of molecules of molecular weight about
600,000 and sedimentation constant 18-1g Svedberg units—
associated mainly, though not exclusively, with antibodies
against carbohydrate antigens. These have been given various
names—as is shown in Table 1, taken from a recent review by

Tasre 1. Various designations of the antibody-bearing globulin
'} i horse sera of mobilities in the vicimty of
—25X107% cm ? v. 7} sec.”? in shightly alkalme buffer

n
Horse antibody aganst  Antibody designation , 3X1%° . pH
Pneumococcus “‘Between y and §° 21 80
Diphthena Psendoglobulmn 26 735
Tetanus T-glbulin 20 76
Diphtheria B.globulin 23 80
Drghthens and tetanus Toglobulin 22 76
Tetanus Toglobulin 1826 85
Preumococcus AB-globulin 24 803
Diphtheria vglobubn 25 86
Tetanus Paglobulin 235 36
Diphthena prglobulin 235 86,80
“Taken from Ishker (1958)

Ishker (1958)—but they all refer to the same thing, Further-
more these fractions not only contain antibody, but they cross-
react immunologically to an extent of about 60 per cent with the
gamma globulins of molecular weight 160,000 in the corre-
sponding sera (Treffers, 1944). Increased use of electropho-
retic and ultracentrifuge techmques has revealed that normal
human and rabbit sera also contan small amounts (2-3 per
centoftotal protem) of molecules with molecular weights around

POVNPVAVARIE Tok SISO SN ISR S P

Kunkel, 1956). Their relaﬁonships to antibodies will be dis-
cussed later, but T will first discuss briefly a group of fascinating

proteins, which must be taken into account in any consideration
of the nature of gamma globul ly the pathological
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proteins of patients with multiple myeloma or with Walden-
strom’s macroglobulinaemia, These have nearly all been des-
cribed in Man, but they may occur in other animals, and a
transplantable myeloma of mice produces a typical myeloma
protein with properties of a gamma globulin (Nathans, Fahey
and Potter, 1958). Myeloma proteins are usually, if not always,
produced by plasma cells very like those which produce anti-
body. They are rather easily purified and even crystallized,
though crystallization by no means implies immunological or
physico-chemical homogeneity, and they occur with electro-
phoretic mobilities ranging from those of slow gamma globulin
to beta globulin or even alpha, globulins. Their size is usually
about that of normal gamma globulin—i.e. their sedimentation
constant is 665, or occasionally 9-5S. Immunologically they
cross-react with antisera against normal gamma globulin; bue
they may differ antigenically from one another when examined
by the agar gel diffusion method (Slater, Ward and Kunkel,
1955). Chemical analysis has shown them to have amino acid
compositions not unlike that of rormal gamma glabulins, but
they do not necessarily have the same N-terminal end group
(Putnam, 1957). Thus normal human gamma globulin has
N-terminal aspartic and glutamic acid, while myeloma pro-
teins may have one or other or both of these N-terminal groups,
and one such protein has been described with N-terminal
leucine. Macroglobulins are in many respects similar, but are
composed of larger molecul lly h g ith
sedimentation constants 185 and upwards. They also cross-react
immunologically with antibodies prepared against human
gamma globulin, although sometimes to a refatively small extent
only (Korngold and van Leenwen, 1957). Some workers claim
that they can prepare antisera, by absorption with normal
human globulin, which react exclusively with the mnc;oglobu;
. P L e, . e eeman

treatment with reagents contarming sulphydryl groups lue
macroglobulins examuned can be depolymerized to components
with sedimentation constants about 75, without change in their
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immunological properties {Deutsch and Morton, 1958). An-
other ch istic of pathological macroglobulins is their rela-
tively high carbohydrate content, but in this they do not seem
to differ essentially from the macroglobulins of normal serum.

What is the relationship of all these proteins to antibody? To
generalize from one species to another, and from one kind of

Taste 2 Molecular weights (M) and frictional ratios (f/f,) of
antibodies including partial specific volumes (Vy,) and
sedimentation constants (Sy,)

Mx

Antigen  Onmginofamubody Ve % 100 JA
COrT.

Pacumococcus  Horse 0715 193 920 20
Pig 0741 180 930 202
Cow 0725 181 sSlo 198
Rabbit 0785 70 157 14
Monkey 074 67 157 15
Man 0745 T4 195 15

Diphtheria ~ Horse 0736 72 165 14
Normal human sera
yglobulins 074 72 15 138

Bloodgroup  Tsoagglutmins 198

agglutmogens  A,O serums 074 155 500 136
AvA, serum? 074 11 300 137
O'serums 07 65 110 148

Taken from Ishker (1g58)

antibody to another, or even from one stage of immunization to
another is dangerous, but unavoidable. Let us first consider
acquired antibodies evoked 1n resp to known i izi

agents. Many antibodies, in a variety of species, are found
electrophoretically in the slow gamma globulin fraction, and
have a molecular weight about 160,000. However, 1n horses and
cattle particularly, antibodies may occur predominantly in a
fraction moving electrophoretically between beta and gamma
globulins, and have a molecular weight nearer 1,000,000, as is
shown in Table 2 taken from Isliker (1958). Antibodies against
the same antigen may, however, occur 1n both fractions of the
plasma simultaneously or in different fractions at different stages
of immumization. It 13 well known that human gamma globulin
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prepared by organic solvent fractionation procedures contains
many kinds of antibody—this is the rationale for treatment with
‘immune globulin’~and this fraction is composed largely of
gamma globulin with sedimentation constant 6~7S. However,
if the fractions obtained by chromatography of human serum
on an anion exchange powder, as shown in Figure 3, are ex-
amined for various kinds of antibody, antibodies may be found
throughout all the fractions containing gamma globulin-—anti-
bodies against certain antigens often appearing characteristi-
cally in a given serum in particular positions. Reaginic skin
sensitizing antibodies appear in the middle fractions (Humphrey
and Porter, 1957)—while some jsoagglutinins appear right at
the end. When serum of a rabbit hyperimmunized against oval-
bumin or against type IIT pneumococcus is run in the same way
a similar sort of pattern emerges, but antibodies against oval-
bumin or the capsular polysaccharide are found in all the
fractions containing gamma globulin—which seems to imply
that there is no fundamental difference between the fractions as
regards their capacity to be or not to be antibody against any
given antigen. The more carefully work is done on trying to
locate and identify certain special antibodies, the more it be-
comes apparent that antibodies can differ in their physico-
chemical properties as much as can the components of normal
globulins which, though antigenically similar, vary widely in
electrophoretic mobility and even in molecular weight. Thus in
Man most workers agree that useful antibodies, and such anti-
bodies as ‘blocking’ antibodies, occur in the slow gamma frac-
tion and have sedimentation constants about 6-3S; so do warm
incomplete Rh antibodies (Fudenberg and Kunkel, 1957). On
the other hand, reaginic antibodies (Cann and Loveless, 1957;

Kuhns, 1954; but see Sehon, Harter and Rose, 1956); anti A
and B isoagglutinins (Faure, Fine, Saint-Paul, Eyquem and

Grabar, 1955); cold haemagglutinins (Christenson, Dacie and

Croucher, 1957); warm complete Rh antibodies (Faure, Fine,

Saint-Paul, Eyquem and Grabar, 1955); the Wasserman factor

(Davis, Moore, Kabat and Harris, 1945); the rhcumatogd

arthntis factor which reacts with normal gamma globuhp

(Franklin, Holman, Muller-Eberhard and Kunkel, 1957), if
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this is really an antibody, have all been located in fast gamma or
beta fractions. A number have been associated with heavy com-
ponents, with sedimentation coeflicients 16S (Wurmser and
Filitti-Wurmser, 1957), 18-19S (Campbell, Sturgeon and Vino-
grad, 1955), or, in the case of the rheumatoid arthritis factor,
228—and, interestingly, such of these as have been subjected to
depolymerization by sulphydryl compounds, have lost their
activity (Heimer and Frederico, 1958; Grubb and Swahn, 1958).
A somewhat similar situation may obtain in rabbits also, since
some antibodies against sheep red cells (Stelos, 1956; but not,
apparently, against human red cells, Johnson, Woernley and
Pressman, 1957) are associated with heavy components, par-
ticularly at later stages of immunization.
Antibodies may be said to have been found in all the normal
gamma globulin components. They have not been found in
human pathological globulins, but I have known a rabbit
hyperi ized against p type IIT whose serum
contamned a cryoglobulin, 40 per cent of which was demonstrably
antibody and precipitated with punfied capsular polysaccharide.
Furthermore, those antibodies whose amino acid composition
has been studied chemucally, by Porter (1950) and by Emil
Smith and his colleagues (Smith, McFadden, Stockell and
Buettner-Janusch, 1955), not only had virtually identical
amino acid compositions, but also had the same sequence of
5 N-terminal amino acids as had gamma globulin which was
not specific antibody. The odds against this being due to chance
are very great indeed. It s, I think, fair to state that antibodies
have always been shown to be antigemcally similar to the
normal gamma globulins of the corresponding fraction of serum
in which they occur (even though this may be only a small pro-
portion of the whole globuhins), and that no real difference has
ever been found. Possibly now that Porter (1958) has succeeded
in splitting rabbit antibody molecules into three parts—two only
of which combine with the antigen, and presumably have the
combining groups—some finer differences may be discovered,
but so far there are none.
How are all these facts to be put together? The question
‘What are gamma globuhins® is sull unanswered, and there
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prepared by organic solvent fractionation procedures contains
many kinds of antibody—this is the rationale for treatment with
‘immune globulin’—and this fraction is composed largely of
gamma globulin with sedimentation constant 6-7S, However,
if the fractions obtained by chromatography of human serum
on an anion exchange powder, as shown in Figure 3, are ex-
amined for various kinds of antibody, antibodies may be found
throughout all the fractions containing gamma globulin—anti-
bodies against certain antigens often appearing characteristi-
cally in a given serum in particular positions. Reaginic skin
sensitizing antibodies appear in the middle fractions (Humphrey
and Porter, 1957)—while some isoagglutinins appear right at
the end. When serum of a rabbit hyperimmunized against oval-
bumin or against type III pneumococcus is run in the same way
a similar sort of pattern emerges, but antibodies against oval-
bumin or the capsular polysacchatide are found in all the
fractions containing gamma globulin—which seems to imply
that there is no fundamental difference between the fractions as
regards their capacity to be or not to be antibody against any
given antigen. The more carefully work is done on trying to
locate and 1dentify certain special antibodies, the more it be-
comes apparent that antibodies can differ in their physico-
chemical properties as much as can the components of normal
globulins which, though antigenically similar, vary widely in
electrophoretic mobility and even i molecular weight. Thus in
Man most workers agree that useful antibodies, and such anti-
bodies as ‘blocking’ antibodies, occur in the slow gamma frac-
tion and have sedimentation constants about 6 3S; so do warm
incomplete Rh antibodies (Fudenberg and Kunkel, 1957). On
the other hand, reaginic antibodies (Cann and Loveless, 1957;
Kuhns, 1954; but sce Schon, Harter and Rose, 1956); anti A
and B isoagglutinins (Faure, Fine, Saint-Paul, Eyquem and
Grabar, 1955); cold haemagglutimns (Christenson, Dacie and
Croucher, 1957); warm complete Rh antibodies (Faure, Fine,
Saint-Paul, Eyquem and Grabar, 1955); the Wasserman factor
(Davis, Moore, Kabat and Harris, 1945); the rheuma!ogd
arthritis factor which reacts with normal gamma globuh'n
(Franklin, Holman, Muller-Eberhard and Kunkel, 1957), if
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the clectrophoretic mobility increased, the amounts of hexose,
hexosamine, fucose and sialic acid increased also. It is tempting
to suppose that the physico-chemical properties of a family of
very similar proteins may be partly, at least, controlled by the
amount of carbohydrate in them. Since both the protein portion
and the carbohydrate portion of the molecule may give rise to
distinct antibodies against their various potential antigenic
groupings, such an explanation could also account for their
antigenic similarities and their differences. This cannot, how-
ever, be a complete explanation. Miller-Eberhard and Kunkel
subjected whole human gamma globulin to zone electrophoresis
in a starch block, and re-ran the different fractions. Asshown in
Figure 4, they had well-graded but distinct mobilities, Neverthe-
Less, the carbohydrate analyses were almost identical in all but
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appears a further guestion—namely ‘Are all gamma globulins
antibody? I suggest that the evidence of immunoelectrophoresis
sbould be accepted that molecules antigenically related to
gamma globulins may be found in the beta and even the alpha,
region, and belong to the same family. Some interesting work
by Miiller-Eberhard and Kunkel (1956) bears on this point.
They studied the carbohydrate content of normal and patho-
logical human gamma globulins—the carbohydrate being an
important part of the molecule which is often overlooked.
Table 3 illustrates their findings with myeloma proteins. As

Tasrr 3. El ph ilities and carbohyd: contents of human
myeloma proteins and whole y-globulin (Fraction 11). (Taken from Muller-
Eberhard and Kunkel, 1956)
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essentially the same amino acid composition, and the same
amounts of hexose and hexosamme, and all were antigenically
very similar—although possibly complex. Thus the differences
in electrophoretic mobibties must be due to some relatively fine
differences in arrangement of the constituent amino acids. This
is, of course, not unreasonable. Even a single protein antigen
contains multiple potential antigenic sites, and the antibodies
against the different sites, and antibodies with different affini-
ties, must differ somewhat in their surface configuration.

If gamma globulins are in fact a family of closely similar
molecules with varying surface arrangements of amino acids,
and with the possibility of varying amounts of carbohydrate,
how does this variation come about? There seem to be three
possibilities: that an original standard molecule is produced
by = single kind of cell, but that after manufacture it becomes
altered (by loss of carbohydrate or by rearrangement) in a host
of different ways; that a single kind of cell produces varying
kinds of molecules at different times—due to changes in the
internal or external environment; or that a family of differing
cells (which may all look alike) each produce approximately
constant, but diffening, kinds of molecules. Askonas, Humphrey
and Porter (1g956) have produced evidence which makes the
first two explanations unlikely, at least so far as concerns
gamma globulin synthesis in the rabbit. Our evidence gives
some support for the third alternative. It was based on separa-
tion of rabbit gamma globulin into multiple overlapping frac-
tions by a technique developed by Porter (1955), which differs
essentially from any of the techniques mentioned so far—namely
.partition chromatography between aqueous phosphate and a
{ mixture of butyl and ethyl cellosolves on a Celite column. The
technique is ekactmg—-but, wh:n once workmg, 1t gives ex-

tremely —--—- ! nphrey
and Port which
is simila an im-

munized animal. The figure also shows another phenomenon
which we investigated, namely the change in properties of the
antibody molecules with ion. The animal
whose serum was analysed in this experiment had been
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the fastest fraction. Dr. B, A, Askonas and I have been studying
what could in some ways be termed abnormal gamma globu-
lins appearing in the plasma of rabbits hyperimmunized with
preumococcus type II1. Figure 5 shows the free electrophoretic

Pr—

F1c. 5§ Free electrophoresis of serum from rabbit hyperimmunized with
type 5 pneumococc: Note the enormous gamma globulin peak.

pattern of the serum—which contains so much gamma globulin
as to be more hike that from a patient with myeloma, After
running for 4 hours the gamma globulin separated into three
quite distinct peaks (Fig. 6)—although in notmal rabbit serum

Fic. 6. Later stage 1n electrophoresis illustrated in Fig. 5. Only the gamma
globulin remains, and this has sphe mto three distinct peaks

there is only one peak. The three fractions could be separated
by electrophoresis in a column of treated cellulose. Each con-
tained about 40 per cent of specific antibody—each had
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measured. In any given experiment variations in specific radio-
activity of fractions represent variations in the rates of synthesis
of those fractions, relative to the overall synthesis of gamma
globulin by the particular tissue slice. Quite marked differences
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were found between the behaviour of different tissues. For
example a lymph node incorporated labelled amino acids to a
greater extent into the fractions of gamma globuhin eluted fater
than into those eluted earlier, whereas the spleen did the
opposite (Figs. 8 and g). A study of incorporation by the spleen
of a hyperimmunized rabbit, in which the specific radioactivities
of the fractions were measured both before and after specific
precipitation of the antibody by antigen, showed that antibody
synthesized by the spleen was predominantly in the middle!
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immunized over a relatively long period of time with ovalbumin
and for a short period with pneumococci. The distribution of
!he two antibodies is quite different, those formed after brief
immunization being concentrated in the later fractions, while

P P
] 3
N1310%d 19101 40, $¥ IN3INOD AaoBILNY

S

ABSORPTION AT 280 mu (LOG I/} FOR Iem CELL)

) to6 212 218 424 530
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Fia, 7. Gamma globulin was prepared from serum of a rabbit which had
recerved njections of ovalbumm over a long period and of pnéumococct
over a short period @——@® = protein concentranon, hatched columns

t1-ovalb: as of total protemn, white columns
p o antbody asp of total protesn, (Taken
from Humphrey and Porter, 1956 )

those formed after prolonged immunization spread into the
earlier fractions. A similar change of distribution was observed
with antibodies against a bacterial carbohydrate, a protein, and
a virus antigen. It is an old observation that the character of
antibodies tends to change as immunization proceeds, and it
requires an explanation.

The techmque of fractionation by partition chromatography
was used to study the incorporation of 14C labelled amino acids
by slices of various rabbt tissues in vitro into different fractiof:s
of gamma globulin. Known amounts of whole gamma globulin
were added to the slices beforehand, and after incubation the
various fractions were isolated and their specific radioactivities
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permit a particular kind of cell to proliferatc wildly, it could
explain the ptoducuon of myeloma proteins.

The question still remains whether all gamma globulins are
antibodies. Any answer is very hard to prove or to disprove,
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Fic 10 Speafic radvactraty of Y—globulm fractions obtamned after
1ncubation of spleen slices from an immunized rabbit Above: before
removal of antibody, Below: after removal of antthody. The condiuons
were sumular to those m Fig 8.

especially when more and more antibodies against various un-
suspected antigens turn up in pooled normal human gamma
globulin fractions. Studies on young animals, or on patients
with hypoglobulinaemia, certainly indicate that the capacity to
produce antibodies and to produce gamma globulin go hand in
hand. It might be hoped that a decisive answer would be pro-
vided by experiments on germ-free animals, since, if gamma
globulins only arise as a result of antigemc stimulation, unstimu-
lated animals might be expected to have none. So far, however,
a decisive answer has not been given, for the germ-free animals
have produced not only some gamma globulin, but also some
antibodies, presumably due to stimulation by dead bacterial
products in food or dust (Reyniers, 1957).
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fraction of the gamma globulin, while the non-specific gamma

globulin synthesized was distributed more evenly (Fig. 10).
These findings are compatible with the idea that different

tissues contain different populations of cells making the differ-
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ent kinds of gamma globulin. Presumably the relative propor-
tions of the different cells can, and do, change—e.g. when pro-
liferation occurs during prolonged i ization, dependent
upon the extent ta which the tissue becomes stimulated by the
antigen. Any of the cells may be capable of claborating{anubody
with a given specificity, though they do not necessarily do so.
Such a hypothesis, of course, only pushes the problem a stage
further back—but it makes it possible to explain the varying
nature of antibodies with continued immunization—and, if we
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evidence, that the cells which produced the gamma globulin
had migrated into the lung from other parts of the body, lhe
experiment seems to indi that, in resp to an g
stimulus, large amounts of new gamma globuhn were being
formed whxch did not combine with the antigen. Whether this
is termed ‘normal’ gamma globulin or ‘non-specific’ gamma
globulin is immaterial, but to call it antibody is to stretch this
term o far that it becomes meaningless, In our present state of
ignorance about antibody formation, I see no reason why plas-
ma cells should not be stimulated 10 proliferate and to secrete
gamma globulin molecules which do not necessarily bear the
imprint of any particular antigen.
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Evidence is available to support the idea that not all gagmma
globulin is antibody—even though it may be synthesized as a
consequence of an antigenic stimulus. Like all negative pro-
positions it is difficult to prove, and it depends upon showing
that gamma globulin synthesis can be stimulated in such a way
that not more than a part of the gamma globulin synthesized is
specific antibody. In studies of antibody production by tissues of
hyperimmunized rabbits Dr. Askonas and I found that all the
tissues which had been stimulated by the antigen to produce
antibody also made 2t least as much non-specific gamma globu-
1in as antibody (Askonas and Humphrey, 1958). To designate
any material as non-specific gamma globulin is, of course,
merely to state that we were unable to cause the material to
precipitate or to co-precipitate with the antigen or to find evi-
dence that it was capable of binding with the antigen—e.g. by
Farr's method (Farr, 1956) of precipitating the globulin with
ammonium sulphate in the presence of radioactive antigen. It
could be argued that the non-precipitable gamma globulin con-
sisted of antibodies to unknown antigens and that its production
was stimulated by some form of anamnestic reaction. However,
when we studied the i vitro synthesis of antibody against type
III pneumococci in the isolated perfused lung of an immunized
animal we again observed synthesis of at least as much non-
specific gamma globulin as of antibody against type III capsular
polysaccharide. This antibody normally comprises at least go
per cent of the antibody directed against any of the components
of sonically disintegrated type III pneumococci, when rabbits
are immunized with formalin-killed organisms by the technique
which we used. Furthermore, after removal of the anti-capsular
polysaccharide antibodies, the remaining gamma globulin in
the perfusate contained only minimal of precipitable
antibody against other comp of the disintegrated pneu-
mococci. The non-specific gamma globulin, therefore, was not
likely to be unrecogmzed antibody against the antigen which
stimulated its production. Nor was 1t antibody which would
normally have been made 1 the lung, since lungs taken from
normal animals synthesize only small amounts of gamma
globulin. Apart from the possibility, for which there is no




VII

Bacterial Genetics and Gene Structure

W. HAYES

HE aim of this paper 15 to reveal something about the
I methods and of bial genetics and

about the contributions which this very new branch of
genetics has made, and is making, to knowledge of biological
organization at the cellular level. Within recent years we have
witnessed many important incursions into the exciting field of
molecular biology which seeks to explain living processes in
the ultimate terms of the behaviour of atoms and molecules.
The earliest and most striking of this fund
approach are seen in the detailed analyses of the chemical steps
involved in hiosynthesis and respiration. But such activities of
the cell comprise only a part of the phenomenon of life. To con-
sider them in isolation 1s like studying the various agricultural
and industrial pursuits of human society without reference to
the system of government and administration which gives these
activities cohesion and continuity. The study of the government
of the cell is, of course, genetics, but it is only within the last few
years that a significant break-through to the molecular level has
occurred in the study of genetic phenomena. The initial, and
perhaps most important, advance was the identification of the
chemical nature of the gene with deoxyribonucleic acid or pxa.
Thus identification is supported by two kinds of evidence, in-
direct and direct. The indirect evidence 15, briefly, as follows.

(1) oA is found in considerable amounts in all cells‘ whether

animal, plant or bacterial, and in these cells it is virtually

restricted to the nucleus which is the site of the genetic appara-
tus of the cell.
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transformation, is found in Pneumococcus, Haemophilus and several
other genera, and involves such diverse characters as specific
polysaccharide synthesis, the capacity to ferment various carbo-
hydrates, and resistance to a wide range of antibiotics and
chemotherapeutic agents. Molecular weight determinations of
transforming DNA preparations show that the size of the trans-
forming particles lies between about one-thousandth and one
ten-thousandth that of the bacterial nucleus. From this it fol-
lows that if the donor and recipient strains differ in two charac-
ters it is highly unlikely that the genes determining these two
characters will lie so closely together on the chromosome as to
be carried by the same DNA particle. Experimentally, while
some cells of the recipient population may be transformed with
respect to one character, and others with respect to the other
character, it is rare for any one cell to be transformed with
respect to both characters at the same time. There is good
evidence that a molecule of transforming DNA is not just added
to the genetic machinery, but actually replaces a counterpart
on the chromosome of the recipient cell. For example, it has
been shown that reciprocal transformation can occur between'
two strains which differ from one another in some observable
way as a result of 2 single mutation; thus not only can pya from
type 1 cells transform type 2 cells to type 1, but pNA from type 2
cells can also transform type 1 cells to type 2. Moreover, DNA
extracts of the progeny of the cells so transformed carry the
transformed character but not the alternative character which
the of these cells p d before transformation. The
simplest explanation is that the incoming py¥a molecule 15 not}
just a dominant gene which 1s added to the recipient cell, but
that it actually repl its homol on the recipient chromo-
some. Indeed there are cases of what are termed ‘allogenic
transformation’ 1n which a single transformation event results in
the segregation of different recombinant progeny (Ephrussi-
Taylor, 1951). These cases happen to mvolve rather complex
characters which I cannot detail here. They are explicable,
however, 1 a quite orthodox way, by supposing that the
character concerned is controlled by at least two genes, which
are located so closely together on the bacterial chromosome
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(2) All the somatic cells of any given species contain a very
constant amount of DNa irrespective of their functional differen-
tiation or metabolic state. The amount of ribosenucleic acid {or
RNA), on the other hand, varies markedly with metabolic
activity.

(3) The amount of bNa present in haploid germ cells, which
contain only one set of chromosomes, is just half that found in
the diploid somatic cells which possess twa sets of chromosomes.
Similarly, when the ploidy, or number of chromosomes, is still
further increased, the amount of pNA per cell rises propor-
tionately.

This kind of evidence, however, while strongly suggesting
that DNA Is principally iated with the chr is far
from providing proof that it actually carries the genetic informa-
tion, DNA is usually found in the nucleus in the form of nucleo-
protein and it seemed to some to be more probable that it was
the protein moiety of the nucleoprotein that conferred genetic
specificity in view of the great ber of unique gurations
that protein can adopt.

DNA as THE CHEMICAL Basts oF HEREDITY

(1) Transformation
The direct evidence for pva was much more convincing and
came from two different kinds of expertment in microbial.
genetics. The first was the discovery (Griffith, 1928; Avery,
MacLeod and McCarty, 1944} that virtually pure, highly Eoly—

tracted from streptomycin-resistant.donor-cells is mixed with
streptomycin-sensitive_recipient cells, a proportion of these
initidlly sensitive recipient cells is found to have become resis-
tant, and to transmut the character of resistance to al{ thCI_r
progeny. The ability of the pya to transmit characters in this
way is completely and specifically_destroyed by trcatment with
the y deoxyrib 1 This ph known as
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the pra. Hershey and Chase (1g52), in their classical experi-
ment, specifically labelled the protein coat of the virus with
radioactive sulphur, 58, and its pNa with radioactive phos-
phorus, 32P. They showed that, on infection of sensitive bacteria

DNA

Hexagona) head
(protein)

Core
Sheath
Tan { Protemn ‘plug”
_—Tail fibres

-
G s —Bocteria cell wall
\;\'\:Bacterm%
protoplasm\
Fic 2 Diagrammatic representation of the structure of a
bacterral virus (bacteriophage) particle.

with such particles, only the virus bNa and about 3 per cent of )
its protein enters the bacterial cell. The protein sheath remains
outside the cell and, once the DNA has been injected, can be
stripped off with a blendor without altering the course of the in-
fection. Once injection has occurred, the pNA behaves like a
‘master gene’ which turns over the biochemical machinery of
the cell to the exclusive manufacture, not only of virus pNa, but
also of new virus protein, so that, about 20 minutes later, the cell
bursts and liberates several hundred mature virus particles.

It is a pity that the 3 per cent of injected protein spoils the
perfection of this evidence that pya is the only possible reposi-
tory of genetic information 1n bacterial viruses. There are, how-
ever, two other lines of supporting evidence. The first is that
the infectivity of phage particles 1s sensitive to the decay of 3*P
atoms incorporated exclusively into their pna. For every trans-
mutation of an incorporated 2P atom 1nto 8 there is about a
T T B
i
t
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that they are often transmitted together on the same particle
of pNa. In Figure 1 the two genes arc called 4 and »; the
character controlled by these genes is altered, in the recipient
strain by mutation of gene 4 to a, and in the donor strain by

——!—‘0&-——1—?—1— Donor DNA particte
1 21 3y
H ) 3
= - chr
a B
Fic. 1

mutation of gene B to b, If we assume that a transforming pNa
particle is actually a minute fragment of donor chromosome
which pairs with its homologue in the recipient cell, then
genetically different progeny will result depending on the
region of donor chromosome involved in the recombination pro-
cess. Experimentally, recombinant progeny of type aB (resulting
from crossing-over in positions 1 and 2) and Ab (resulting from
crossing-over in positions 1 and g) were found.

We are therefore justified in regarding transformation as a
sexual process which differs from sexual processes in more
highly evolved organisms mainly in the somewhat artificial
method of insemination, and the fractional genctic contribution
of one of the parents. As we shall see, this inequality in the
parental contributions to the zygote is characteristic of all types
of bacterial sexuality.

(2) Bacteriophages
Let us now turn from bacteria to quite a different kind of
organism, if you can call it an organism, namely, virulent bac-
terial viruses or bacteriophages. So far as ch I analysis and
electron microscopy can determine, phages are very simple
creatures (Fig. 2). They appear to consist of a protein sheath in
the form of an hexagonal head and tail, splayed out into fibrils
at its tip, whereby the virus attaches itself to the wall of the bac-
terial cell. The head encloses pure DNa in the form of a Jong fila-
ment. The virus particle is devoid of rNA. Within the lun‘len 9f
the tail is a protein plug which one can imagine as corking in
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the pya. Hershey and Ghase (1952), in their classical experi~
ment, specifically labelled the protein coat of the virus with
radioactive sulphur, *S, and its DNA with radioactive phos-
phorus, P, They showed that, on infection of sensitive bacteria
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Fio. 2 Dragrammatic representaton of the structure of 2
hactenal virus (bactenophage) particle,

with such particles, only the virus bNa and about 3 per cent of }
its protein enters the bacterial cell. The protein sheath remains
outside the cell and, once the pNA has been injected, can be
stripped off with a blendor without altering the course of the in-
fection. Once injection has occurred, the DyA behaves like a
‘master gene’ which turns over the biochemical machinery of
the cell to the exclusive manufacture, not only of virus pxa, but
also of new virus protein, so that, about 20 minutes later, the cell
bursts and Liberates several hundred mature virus particles.
Itis a pity that the 3 per cent of injected protein spoils the v
perfection of this evidence that DA is the only possible reposi-
tory of genetic information in bacterial viruses. There are, how-
ever, two other lines of supporting evidence. The first is that
the infectivity of phage particies »s sensitive to the decay of P
atoms incorporated exclusively into their pNa. For every trans-
mutation of an 1ncorporated 2P atom into S there is about a
one-in-ten probability that the phage is killed, in the sense that
it can no longer direct the synthesis of new phage XA or pro-
tein. The second line of evidence comes from the study of what
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\is called phenotypic mixing. If a bacterium is simultancously in-
fected with two phage particles, 4 and B, which differ in the
specificity of their tail proteins, the infected cell synthesizes
both ‘A’ and ‘8” protein as well as *a’ and ‘s’ pna. However,
when the time comes, towards the end of the latent period, for
the protein and the DNA to be assembled into mature phage
particles, it seems that the protein envelopes cannot readily dis-
tinguish between homologous and heterologous pya. The result
is that although the majority of emerging particles are normal
types A and B, in an appreciable preportion type ‘A’ pyaA Is
enclosedina type ‘8’ protein coat and vice versa, When, however,

1susceptible bacteria are infected with such phenotypically mixed
particles, for example with particles having ‘8* pNa enclosed in
‘A’ protein coats, the particles which emerge from this second
infection are of pure type '®’; that s, the constitution of the
progeny is determined solely by the bNa, and not by the protein
of the infecting parental particle,

are composed of protein and RNA and are devoid of DNa.
fTobacco mosaic virus, for example, consists of a protein rod
with an axial hole running through it, the rva being embedded
in the protein periaxially. It was found by Fraenkel-Conrat,
Singer and Williams (1957) that when the virus is fractionated
chemically, so that its protein and rNA are separated from one
another, the RNA is infective alone (though to a much lower
Ievel than its equivalent in the original virus) while the protein
is not infective. However, if the purified protein and rRNa are
mixed together in a test-tube, fully infective virus particles re-
form automatically. Various strains of tobacco mosaic virus
exist which differ from one another mainly in the antigenic
specificity of their protein components. If two strains of virus,
a and B, are chemically fractionated and the protein of one
strain mixed with the nucleic acid of the other, virus rods are
reconstituted as before. These have the structure shown in
Figure 3.

When the plant is infected with these viruses, the progeny
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viruses which are liberated are found to have protein of the
same type as the nucleic acid, and of different type from the
protein, of the infecting particles. Thus the progeny of Virus 1
have protein ‘8’ and rNA ‘8%, and those of Virus 2, protein ‘a’
and RNA ‘A",

Virus 1 Protein ‘A’ +-rya ‘2’

Virus 2 Protein ‘a"-FrNA ‘A

Fic. 3

1 think two conclusions may now be drawn from what I have
said. The first is that there is now very good circumstantial
evidence that the genes, of bacteria and their viruses at least,
are composed exclusively of pna. The second is that there is, I
think, almost conclusive direct evidence that both pNa and
RNA can carry all the information necessary for their own as
well as for specific protein synthesis.

SynTrETIC GENETICS
(1) pNa Structure and replication

Having got this far, the next logical step is to consider DNA at
the structural level, and try to find an answer to two vital
questions which he at the very foundation of biology—how does
1t carry the genetic information, and how does it reproduce,
itself? This brings me to the famous Watson-Crick model of
DNA structure (Watson and Crick, 1953). From the purely
chemical point of view, DNa is built up of a chain of alternating
deoxyribose sugar and phosphate groups as shown in Figure 4a,
to each sugar is attached a nitrogenous base of which four kinds
are usually found—the two purines adenine (A) and guamne (G)
and the two pyrimdines thymine (1) and cytosine {c). Each
unit consisting of base-sugar-phosphate is called a nucleotide
unit and the chain is called a polynucleotide chain. The
Watson-Crick model, constructed from chemical and X-ray
diffraction data, comprises two polynucleotide chains, jomed
together by hydrogen bondings between the purine and pyn-
mdine bases which face inwards towards each other, while the
sugar-phosphate chains form backbones on the outside; this can
1
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be represented as a ladder (Fig. 4b) of which the sugar-phos-
phate chains form the uprights while the pairs of bases form the
rungs. Finally, the two chains are wound helically around one
another to form a braid, as if you took the two ends of the ladder
and twisted them in opposite directions (Fig, 5).

A
N N o
/P S~P backbones o\ A /\o
Base (A)——S\ ~ o X «/\C/\,, 8
/P A LT > “9\ )
Bose: (6)— 5 sl ¢,
P T A 1
Base (T)—-S\ P R
P ot
T A
Base (C)-—-S< (—H"—{ L
Hydrogen
bonds
a & c

hemical

Fic. 4 Di the phy
structure of deoxyribonuclerc aced (pNA)

Tt is essential for the regularity of this structure that the bases
of the two chains be paired offin a highly specific way, such that
the adenine of one¢ cham is always joined to the thymine of the
other, and the guanine to the cytosine, as shown in Figure 4b.
So far as any one chain is concerned, however, there is no
restriction whatever on the order in which the bases are arranged
longitudinally, although 1t will be obvious from the specificity of
pairing that the order on one chain detexmmes that on the other.

From the biological point of view this structure has two very
appealing features. Fusstly, it at once suggests 2 plausible code
for the carriage of genetic information. Since the backbone is
highly regular, this code must reside in the arrangement of the‘
bases, and the most obvious straightforward code would be !hc
sequential order of 4, 6, T and ¢ along one of the polynucleotide
chains. Crick and his colleagues (Crick, Griffith and Orgel,
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1957) have recently shown, as a problem in pure coding, that a
code of non-overlapping triplets of nucleotides could carry the
information required for the synthesis of twenty amino acids, and
could therefore determine the structure of any biological protein
we may care to specify.

The second important feature is that this structure appears
well adapted to self-replication since the arrangement of bases
on the two strands is complementary, so that each can act as a

late for the bly of the opposite strand.

(2) Experimental approaches to the mechanism of replication
‘The next question is *Is it possible to investigate experimentally
how replication actually occurs?” The most obvious experimen-~
tal approach would be to label the pNa of living bacteria, or
virus particles, and then to observe how the labelled atoms are
distributed among the pNA molecules of the progeny after
replication has occurred. Three main theoretical mechanisms
forreplication have been proposed which should give distinguish-
able results in labelling experiments. According to Watson and
Crick, all that is required 1s that the hydrogen bonds joining the
complementary bases should break and that the two strands
should then unwind and separate, as shown in Figure 4c. Newly
synthesized, free nucleotide units could then attach themselves
specifically, by hydrogen bonding, to their compl y bases
and be polymerized to form two replicas of the original double
helix. The essence of this scheme is that each strand of the
onginal double helix acts as a template for the assembly of a
newly synthesized strand. Thus, if the parental double helix was
1abelled, at the end of the first generation each daughter duplex
should have one labelled and one unlabelled strand, that is,
exactly one half the amount of labelling of the parental duplex.
Of the four granddaughter duplexes at the end of the second
generation, two should have one labelled and one unlabelled
strand as before, while the other two should have both strands
unlabelled (Fig. 6, scheme 1}.

Unfortunately at this point we run into a very serious snag.
It is that the two coils are wound around one another plecto-
nemically, that is, that they are interwoven like a braid, and can
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only be separated in one of two main ways. The first is by rota-
tion round their axes, that is, by unwinding. The amount of
unwinding required would be one complete turn for every ten
nucleotide units. Since the pNA of something as small as one of

PAIRED PURINE -
PYRIMIDINE BASES

PHOSPHATE SUGAR
‘BACKBONES

F1a, 5. Diagrammatic representation of the double helical arrangement of
the two polynucleotide chains of pNA, (After Watson and Crick, 1953.)

the ‘" series of coli-phages contains several hundred thousand
nucleotide units and is replicated in a matter of a minute or 5o,
this method of unravelling seems inherently improbable—all the
more so when we consider that the pNa fibre is very long and
must be folded in a complicated manner in order to accommo-
date it within the confines of the infected bacterium in which it
replicates. However, Levinthal and Crane (see Delbruck and
P SRS - 4 for
ofa
. . . . - lya
fraction of that required for polymerization of the polynucleo-
tide backbone, so we must regard this method of rephication as
definitely ‘on the map’.

An alternative method of unravelling the duplex, which gets
over the unwinding difficulty, was proposed by Delbruck (1955).
In this scheme (Fig. 6, scheme 2) the two strands unravcl.by
repeatedly breaking during replication, and then rcunitm’g
with the appropriate ends of newly synthesized strands. This
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means that, on replication, each strand will give rise to two
daughter strands, in each of which segments of {abelled and un-
Iabelled pxa will alternate. As scheme 2 shows, there will be no

unlabelled strands in cither the daughter or granddaughter
duplexes.

SCHEME SCHEME SCHEME
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information from DA to a (?) protein template, without separation of the
two strands of the dNA double helix. Each of the paired rectangular blocks
represents one strand of the pra double helix. The hatching represents the
distesbution of marker atoms among the strands of daughter double helices.

The third scheme (Fig. 6} suggests a way in which replication
could occur without separation of the two strands of the duplex.
1f you looked at a model of the double helix of pNA you would
see that around the outside of the model, between the backbones,
run two helical grooves. Evidence by Wilkins and his colleagues
(Feughelman e al,, 1955) suggests that, in nucleoprotein, prot-
amune 15 accommodated in the smaller of these grooves. It is
possible that the pxa duplex as a whole could transfer its in-
formation to either protein or ’RnA Iying in these grooves, which,
in turn, could act as a template for the synthesis of a complete
new dupiex. In this third scheme (Fig. 6), the original duplex
would remain intact, and not transfer any of its labelling so that,
at the end of the first and second generations there will be one
duplex with both of its strands fully labelled while the other
duplexes are unlabelled.

Attempts, especially by Stent and Levinthal, ta follow the
distribution of radioactive 3P atoms in the pNa of virulent
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phages during their replication in infected bacteria, have yielded
somewhat inconclusive results. Probably the most important
complicating factor in these experiments is that the pNa mole-
cules of these phages mate as they replicate in the b pool.
The matings appear to be random, and are accompanied by
genetic reassortments, that is, by recombination, which prob-
ably Jeads to a redistribution of the 32P label, thus blurring or
obliterating the replication picture (see Delbruck and Stent,
1957}

The first experiment to give an apparently clear-cut result is
that of Meselson and Stahl (1958), who employed a novel and
ingenious technique. If a solution of caesium chloride is centri-
PRl M e TR

TR S

caesium which tends to disperse it. This leads to a density
gradient in the solution. It so happens that the density of pNa
molecules lies within this gradient so that if nA is mixed with
the caesium and centrifuged, it will float at its own density
level, like a hydrogen balloon in air, and will thus be concen-
trated into a discrete band. The method is of such sensitivity
that if a mixture of two DNA preparations, one containing
ordinary nitrogen, *N, and the other heavy nitrogen, *N, is
analysed, the two bpNa fractions will separate out into clearly
defined bands, just as balloons filled with hydrogen and helium
respectively will float at different levels in air. The experiment
is as follows. Bacteria are grown for many generations in a
medium containing N as the only nitrogen source, so that all
the 1N of the cells, including that in the pxA, becomes replaced
by 15N. At the start of the experiment the organisms are trans-
ferred to a fresh medium containing only 1N, and are allowed
to grow in this medium for two generations. At intervals after
transfer samples are removed, the DNA of the cells is extracted,
and the ¥N and 15N content of the nna molecules is analysed.
At the tine of transfer to the **N medium, that is at the start
of the experiment, all the pNA molecules are of N type (Fig. 7).
At the end of the first generation, all the 1*N molecules have
disappeared and have been replaced by twice the number of
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‘hybrid’ molecules which contain equal amounts of **N and
1N, and form a band intermediate in position between pure
13N and pure 1*N molecules. At the end of the second generation
the number of hybrid molecules remains the same, but a num-
ber of unlabelled, pure **N molecules have appeared and there-
after increase in number. Comparison of Figure 7 with the

5y 15

15N molecytes ——— I I

s

R 18,
N A
“Hybrid

molecules I D D l Coneratin

Lo o o
1SN Myt 1ay 14y i 1ay \ sy
S0 Q000 00 s
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Fic. 7. Distributton of *N marker atoms among daughter ‘moleculey’ of
rephicating DNA, as revealed by the experiment of Meselson and Stahl {1g58)
{see text). Thas figure should be compared with the three schemes for pra
replication shown 1 Fig. 6.

three theoretical schemes for replication (Fig. 6) shows that this
experimental result conforms only to the Watson-Crick scheme,
and is at variance with both the others. If we make the assump-
tion, and this has not been proved, that the pna molecules
defined by this experiment are, in fact, Watson-Crick double
helices, then it is difficult to escape the conclusion that, in this
case at least, DNA replicates as postulated in Scheme 1 (Fig. 6).
At present it seems unlikely that any simple generalization of
the problem of rephication will be found. For example, there is
highly suggestive, but as yet inconclusive, evidence from 3:P
experiments with phage that during the synthesis of new phage
ora by infected cells, there is an intermediate stage when the
genetic information coded in the parental, infecting pya is
transferred to something which 1s not pNa and may be protein
(Stent, 1955).
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AnaryTicaL GENETICS—ANALYsIS OF FINE STRUCTURE
(1) Theoretical considerations

. . . - - e g ..

lished science of geneties, however, is mainly analytical in that
it has had to take as its starting-point the crudely observable
ways in which characters are inherited among whole organisms
and then, by increasing renfinements of technique, to try, in-
ductively, to define the nature of the ultimate determinants of
these characters, their organization and their interactions.
These two approaches, the synthetic and the analytical, are
clearly complementary, and there must be a point at which they
will meet at thesame level, so that their findings may be equated.
1 want to show now that we have almost reached this point. But
first of all it is necessary to explain some fundamental theory
about analysis of the fine structure of the chromosome and gene.

In order to study the order of arrangement of genes on a
chromosome, and the relative distances between them, it is
necessary to have two parental strains which differ from one
another in the characters controlled by these genes. Prior to
genetic exchange, or recombination, the two parental chromo-
somes pair in such a way that genetic loci controlling the same
functions, that is, allelic loci, are in apposition. The frequency
with which recombination occurs between two genetic loci,
resulting in a reassortment among the progeny of the characters
controlled by them, is roughly proportional to the distance be-
tween them on the chromosomes of the two parents, Thus, if
the chromosome of one parent carries the mutation ‘a’ at the
‘A’ locus (Fig. 8) and the chromosome of the other parent carries
the mutation ‘b’ at the ‘B’ locus, and 1f we assume that every
point on the paired chromosomes carries an equal chance of
exchange or crossing-over, it is clear that when a ax'Id B are
widely separated (as in Fig. 8a) there is a high probability that
a cross-over will occur on the region of chromosome separating
them, so that recombinants ‘o’ and ‘ab’ will frequently be
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found. But if the loci are close together (as in Fig. 8b) the prob-
ability of a cross-over between them will be proportionately
low, and the occurrence of r bi for these chi
correspondingly rare.

a B Y
Fe. 8

Theoretically, the dimensions of a genetic locus can be de-
fined as the longest piece of chromosome which cannot be sub-
divided further by recombination, but such a definition is
obviously an arbitrary one. For example, we can pick out, from
the progeny of a cross, recombinants for the two rather distant
loci, x and v (Fig. 8b), and examine them to see how often
they are also recombinants for the closely linked loci 4 and B,
that is, are of genotype xaBY. In other words, we see how often
a crossover between x and Y occurs in the short region as.
This gives the frequency of recombination in the region aB as
a proportion of the frequency for the much longer region xv.
If we find one xABY recombinant for every 100 Xy recombinants,
then the distance between A and B 15 about 1/100 that between
x and v. But if we examine 10,000 Xy recombinants and fail to
find any recombinations for A and B among them, we cannot
say that the points A and B coincide, but only that the distance
between them s less than one ten-thousandth that of the distance
xv. If we examined a million Xy recombinants we might find a
few xARY progeny among them, and thus set a new upper limt
to the length of the region aB.

Now the chromosome of a phage particle consists of several
hundred thousand nucleotide units, The chromosome of the
bacterium Escherichia coli contains about 100 times as much pxa
and is, therefore, of the order of ten million double nucleotides
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Jong. Tt follows that if we wish to extend genetic analysis to the
molecular level in bacteria in order, for example, to find out
how many nucleotide units are genetically meaningful, two
requirements must be met:

(a) We must have mutations on the parental chromosome
which are of the order of only one ten-millionth the length of
the chromosome apart. Otherwise there is nothing on the
chromosome to measure, But since mutations are rather random
events with regard to their distribution along the chromosome,
this means that very large numbers of mutants must be isolated,
and the position of the mutations mapped before we are likely
to find some situated so closely together. This problem can be
greatly simplified, of course, by working with phage, whose
chromosome is 100 times shorter, or as we shall see, by selecting
for mutations involving a character which we know to be con-
trolled by only a very small chromosomal region.

(5) We must also be able to isolate and identify the exceed-
ingly rare recombinants which arise from crossing-over be-
tween these mutations, that is, with a probability of the order
of one in ten million in the case of bacteria or of one in 100,000
in the case of phage.

It is only in micro-organisms, and especially in bacteria, that
such exacting experimental requirements can readily be met.
This is because, in them, parental strains can be marked by
precise differences in chemical function, enormous populations
can rapidly be mated under controlled conditions, and, from
such populations, rare recombinant types can easily be isolated
by selective methods, nstead of by mspection, For example, in
bacteria and fungi the mutations most widely used in the
analysis of fine structure are those 1nvolving loss of some simple
synthetic function such as the ability to synthesize tryptopharlh
If a pair of tryptophan-requinng mutant strains, having their
mutations at different sites on the chromosome, are mated on
synthetic agar devoid of tryptophan, the only cells which can
multiply and produce colonies will be those progeny of the
cross in which the ability to synthesize tryptophan has been
reconstituted by recombination.
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(2) The bacterial chromosome—transduction
The most extensive and important work on the fine structure of
the bacterial chromosome has been done by Demerec and his
colleagues of the Carnegie Institute of Washington, using
Salmonella typhimurium as the organism and transduction as the
tool. In transduction, a bacterial virus of low virulence acts asﬂ
a genetic vector, transporting a small fragment (about one-
hundredth part) of the chromosome of the donor cell, which
liberates the virus, into a recipient cell which the virus subse-
quently infects (Zinder and Lederberg, 1952). In the recipient
cell the fragment of donor chromosome pairs with the corre-
sponding region of the recipient’s chromosome with the result
that a recombinant cell may be formed.

‘The mode of investigation was to isolate, by means of a semi-
selective technique, a large number of mutant strains having a

requi for the same bolic gnd-product, such as !hcl
amino acid tryptophan, for example, or histidine. The relative
positions of the sites of all these ions on the ch

were then mapped by observing the frequencies with which
recombinants not requiring tryptophan arose when the mutants
were crossed with one another in various combinations. The
kind of findings that have been obtained can best be illustrated
by the results of Hartman's work on a series of 44 histidine-
requiring mutants (Hartman, 1957). Each number in Figure g
represents an independently isolated mutant and the diagram
shows the relative positions of their sites of mutation on the small
fragment of chromosome on which they lie. The four pairs of
mutants identified by a black aircle failed to give recombination
with one another and so could not be allotted a different site;
but in the case of three of these four pairs the mutants could be
distinguished from each other by other enteria, such as reverse
mutation rate. This leaves only two mutants out of the 44 which
might be identical. This means that the number of possible dis-
tinct mutations involving the same general functional defect
must be very large indeed. The first point to be made, then, is
that the small region of chromosome controlling histidine syn-
thesis can be subdivided into a very large number of distinct
mutational sites, all of which are closely linked to one another.
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long. It follows that if we wish to extend genetic analysis to the
molecular level in bacteria in order, for example, to find out
how many nucleotide units are genetically meaningful, two
requirements must be met:

(@) We must have mutations on the parental chromosome
which are of the order of only one ten-millionth the length of
the chromosome apart. Otherwise there is nothing on the
chromosome to measure. But since mutations are rather random
events with regard to their distribution along the chromosome,
this means that very large numbers of mutants must be isolated,
and the position of the mutations mapped before we are likely
to find some situated so closely together. This problem can be
greatly simplified, of course, by working with phage, whose
chromosome is 100 times shorter, or as we shall see, by selecting
for mutations involving a character which we know to be con-
trolled by only a very small chromesomal region.

(5) We must also be able to isolate and identify the exceed-
ingly rare recombinants which arise from crossing-over be-
tween these mutations, that is, with a probability of the order
of one in ten million in the case of bacteria or of one in 100,000
in the case of phage.

1t is only in micro-organisms, and especially in bacteria, that
such exacting experimental requirements can readily be met.
This is because, in them, parental strains can be marked by
precise differences mn chemical function, enormous populations
can rapidly be mated under controlled conditions, and, from
such populations, rare recombinant types can easily be isolatgd
by selective methods, instead of by inspection. For example, in
bacteria and fungi the mutations most widely used in the
analysis of fine structure are those involving loss of some simple
synthetic function such as the ability to synthesize tryptophan.
If a pair of tryptophan-requiring mutant strains, having their
mutations at different sites on the chromosome, are mated on
synthetic agar devoid of tryptophan, the only cells which can
multiply and produce colomes will be those progeny of the
cross in which the ability to synthesize tryptophan has been
reconstituted by recombination.
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from the point of view of aminoacid synthesis, appear to be
functionally identical. If we equate the gene with the site, this

appears to require a modification of the ‘one gene, one enzyme’

hypothesis, in that a large number of mutational sites.arc all.
concerned,_with the production of a single enzyme, We must

remember, however, that enzymes are complex pfoteins which
must th ves be fz ed before amil id synthesis

can start. The factory and its jigs must be constructed before it

can begin to produce. It therefore seems probable that more

refined analysis will reveal a sequential order of sites determining

the sequence of aminoacids in the specific'enzyme produced by

the functional locus, this sequence being ultimately laid down

by the order of nucleotides in the pNA chain. In this way, fine

structure analysis offers an experimental approach to decoding

the DNA code, by enabling al ions in the ami id seq

of an enzyme to be correlated with alterations in the position of
mutational sites on the pNA chain,

‘This investigation of the histidine loci is the most refined and
arduous that has yet been attempted in bacteria. To carry it
significantly further would require the independent isolation,
charactenization and mapping of some 500 to 1,000 histidine-
less mutants which would be a Herculean task. In the event
about 50 sites have been mapped within a region of chromo-
some about 100,000 nucleotides long. There is evidence that
these 50 sites are probably not distributed over the entire length
of the donor fragment carried over by the phage vector but are
compacted into a part of it, let us say one-tenth or 10,000
nucleotides long. This gives us a degree of resolution of about
200 nucleoudes between each mutational site.

(3) The bacteriophage chromosome

I now want to leave bacteria for a short space to discuss a quite
different kind of system studied by Benzer (1955, 1957), which,
even allowing for a 100-fold error in estimation, is stll poten~
tially capable of distinguishing two points less than one nucleo-
tide apart. Bacteriophage T4 can infect and lyse two strains of
Escherichia coli called » and k. When the phage is grown on B
it produces, at quite high frequency, mutants known as ‘r;
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The second point is that when the mutants were characterized
in terms of the specific steps in the synthesis of histidine which
they were unable to perform, they were found to fall into seven
functional groups marked A~ in Figure g. All the mutational
sites within any one group, having precisely the same functional

» defect, were linked together to form a locus; for example, all the
seven sites concerned with the conversion of imidizole-acetol
phosphate ester to L-histidinol phosphate ester lie together
within locus a.

3 F A B c G o]

4012 ' 3
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Fre. g. Diagrammatic ‘map’ of the small region of chromosome of Saim.

bh Ihing the synthesss of histidine. The numbers indicate
the sites of olated inhit histidine synthesi
The black circles represent the sites of two mutations not separable by
r kb Each of the subdivisions of the map 1nd by the letters
A—G dehimt those mutational sites which block the same step in synthesis
(ne. control synthesis of the same enzyme) (After Hartman, 1957.)

@494542
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Thirdly, it was found that the various functional loci were
linked together in the same order as that of the biochemrcal
steps of histidine synthesis which they controlled. This sequential
or ‘production line’ order has alo been found for tryptophan

ynthesis in both Salmenelle yph and Esckerichia cok. On
the other hand, in the case of methionine and cysteine syn-
thesis, the order of the loci and of the synthetic steps is not the
same. One can only theorize as to the meaning of the production
linc order of functional loci in certain cases; at present it seems
unlikely that it has anything more than an evolutionary sigmfi-
cance.

To summarize, then, we find that a small region of chromoseme
/conccrned with the synthesis of a single aminoaaid can be sub-
divided into a number of functionally distinct Joct, each respon-
sible for a single synthetic step, and that these loci can thgm-
selves be divided into a large number of mutational sites which,
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light, as a by-product of this classical study, is that the distribu-
tion of mutations along the ry region is far from uniform.
Mutations tend to pile up at certain sites which Benzer calls
‘hot spots’, and are very rare at others, suggesting that certain
parts of the nucleotide chain, perhaps specific nucleotide pairs,
are inherently less stable than others, More recently, Benzer
and Freese (1958) have mapped a series of mutations in the ry;
region obtained by growing phage Ty in cells fed with 5-bro-
mouracil, which is an analogue of thymine and can specifically
replace this pyridine base in DNA. As before, the distribution of
these bromouracil-induced mutations was far from random; in
addition, however, their sites showed no coincidence with those
of the first series of spontaneous mutations. On the other hand,
a third series of mutations produced by proflavine (Brenner,
Benzer and Barnett, 1958), which possibly acts on the phosphate
groupings of the pNa backbone, approximated to a Poisson
distnbution although the sites involved were again mainly
different from those of the other two series. The meaning of
these interesting findings is not yet known but it is clear that any
theory of coding or mutagenesis must take them into account.

BacteriAL CoNjucATION—M) THE C)
v AssoLuTE TerMS
I would like to conclude by mentioning a quite different and
novel kind of experiment, but one which is very relevant to my
theme since it directly relates the genetic organization of the
.chromosome as a whole to 1ts physical structure. The most
highly developed form of sexuality in bacteria 1s the conjugation
mechanism found in Escherichia coli. In conjugation, a physio-
logacally differentiated donor cell fuses with a recipient cell and
then transfers to the recipient cell a considerable part of its
chromosome (Wollman, Jacob and Hayes, 1956). Rarely, the
whole of the donor chromosome appears to be transferred to
form a complete zygote. Wollman and Jacob (1955, 1958)
studied the kinetics of chromosome transfer by scparating the
mating pairs, at intervals after mixing, by means of violent
agitation in a blendor, and then examining the recombinants
for inheritance of various matkers from the donor pareut. They
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which can be clearly identified by the altered appearance of
their plaques and which are characterized by inability to grow
and form plaques on & (Fig. 10). If strain B is mixedly infected
with two non-identical ry, mutants, wild-type, r+, particles

Ability to produce plaques
on E. cofi stratn:
Strain of phage T4 B 3
‘Wild-type (c+) + +
Mutant rir + -

¢ Fro. 10, S}mws the ability of phage T4 and 1y mutants derived from it to
; multiply in and lyse the cells of two strains of £. colt, B and x (see text),

can be formed by recombination and these can be identified and
counted among the progeny of the mixed infection, since they
are the only particles which can grow and form plaques when
plated on x; the total number of particles is, of course, found by
plating high dilutions on 8. The sensitivity of the method is such
that, using relatively stable mutants, one recombinant among
100 million progeny can be scored. Moreover, this system offers
a simple test of the functional similarity or dissimilarity of two
ry mutations, If K cells are infected with either mutant alone, or
are mixedly infected with two mutants which have the same
functional defect, no multiphcation of phage occurs: but if the
two mutants have different but complementary defects, then
they can, as it were, cross-feed one another, multiply and lyse
the k cells. Benzer has so far isolated over goo independent ry
mutants, of which a large number have been genetically mapped
and their relationships studied. These mutants fall into two
functionally distinct groups, the mutational sites within each
group being hnked together on adjacent segments of the small
ryy region of the single phage chromosome, just as in Salm.
typhimurium, The work is not yet completed, but the data so far
indicate that points not more than two nucleotides apart on the
chromosome can be separated by recombination, and that one
of the two functional loci will turn out to contain about 6o
mutational sites.

Unfortunately the nature of the functional Joss brought about
by mutation to the ry, state has not yet been defined in bio-
chemical terms, One of the most intriguing findings brought to
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We can thus draw up a chromosome map in terms of time of
transfer which has turned out, in fact, to be much more accur-
ate than that arrived at by the more usual type of genetic
analysis,

Relative distances between genes on donor chromosome as measured by:

A ® [ D z
1. Mechanical fracture during

transfer (blendor) 034 036 o4 072 10
2. Decay of incorporated 3P

before transfer 035 039 043 067 10

FiG. 12. Relative distances between genes on the chromosome of E. colt
measured (1) as a function of time by mechanical interruption of mating,
and (2) as a function of 3P decay in the donor chromosome before mating
In each case, the distance of gene £ from the extremty of the chromosome 13
taken as 1 o {see Fuerst, Jacob and Wollman, 1956).

Now, if the DNA of Escherichia col: is made highly radiocactive
by incorporation of P, it is found that the viability of the cells
decreases exponentially as a function of 32P decay. There is
evidence to suggest that death is not due to radiation per se,
but to fracture of the chromosome when 32P atoms at the same
point on opposite strands of the pNa double helix decay to 328
(Stent and Fuerst, 1955). Fuerst, Jacob and Wollman {1956}
examined the effect of 3P decay in the pna of donor cells on the
ability of these cells to form recombinants. They found, as in
the blendor experiment, that the further a gene is situated from
the extremuty of the chromosome, o, the more rapidly it disap-
pears from recombinants as a function of P decay.

When the relative rates of decrease for the various genes were
compared with the relative times of entry of the same genes in
a blendor experiment, they accorded extremely well as will be
seen from Figure 12. What is being measured, then, 1n these
experiments is the distance between genes in terms of the num-
ber of phosphorus atoms in the backbone of the pxa double
helux, If the *P atoms are uniformly distributed along the
length of the chromosome, then the further a gene is situated
from o, the greater 15 the probability that a break due to 2P
decay will prevent its transfer to the zygote, just as when a
blendor is used.

3
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found that if the mating pairs were separated before eight
minutes after mixing, no recombinants appeared; at eight
minutes recombinants began to appear but these had inherited
the donor gene 4 only (see Fig. 11). Shortly afterwards genes

E. COLI ZYGOTE

AB C D E
~——t—+————t—+— Transferred part of donor chromosome

Reciprent chromosome

abec d e 1 g
o] ABC 4 E
8910 1”7 25
Fic. 11. The upper diagram the genetic fon of a

fertihzed reciprent cell (zygote) of E. coli Selection 1s usually made for
rccombinantspin:xem'ing gene A from the donor parent: the frequency of
- e e e aCaie el Eo aq f tha

lower diagram

B and ¢ began to appear, in addition, among recombinants, to
be followed at 17 minutes by » and at 25 minutes by . The ,
sequence with which these varjous genes appeared among
recombinants was the same as the order of arrangement of the
genes on the chromosome as determined by ordmary genetic
analysis. The theory put forward to explain these facts 1s that
the chromosome of the donor strain always penetrates the
recipient cell by the same extremity, o, to be followed in turn
by the other genes in the order of their arrangement on the
chromosome. The effect of agitation is artificially to break the
chromosome during transit; only those genes which have al-
ready entered the recipient cell at the time of treatment can
participate in recombination and appear among recombinants.
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We can thus draw up a chromosome map in terms of time of
yransfer which has turned out, in fact, to be much more accur-
ate than that arrived at by the more usual type of genetic
analysis,

Relasive distances between genes o0 doner chromosome as measured byy

A B [ o =
1. Mechanical fracture during

transfer (blendor} 034 036 04 072 10
2. Decay of incorporated ¥'P

before transfer 035 @32 043 o067 10

Fio. 12. Relative distances between genes on the chromesome of E, ol
measured (1) 25 a function of time by mechanucal interruption of mating,
and {2) as a function of ¥'P decay in the donor chromosome before mating
In cach case, the distance of gene & from the extremuty of the thrommsome 13
taken as 1 o {sec Fuent, Jacob and Wollman, 1956).

Now, if the pNa of Eschenchia cali is made highly radioactive
by incorporation of *2P, it is found that the viability of the cells
decreases exponentially as a function of P decay. There is
evidence to suggest that death is not due to radiation ger x,
but to fracture of the chromosome when 3P atoms at the same
point on opposite strands of the pNa donble helix decay to 8
{Stent and Fuerst, 1955). Fuerst, Jacob and Wollman (1956)
examined the effect of %P decay in the oxa of donor celly on the
abihity of these cells to form recombinants. They found, as in
the blendor experiment, that the further a gene Is situated from
the extremity of the chromosome, 0, the more rapidly it disap-
pears from recombinants as a function of #¥P decay.

When the relative rates of decrease for the various genes were
compared with the relative times of eatry of the same genes in
a blendor experiment, they accorded extremely well as will be
seen from Figure 12. What is being measured, then, 1n these
experiments 1s the distance between genes in terms of the num-
ber of phosphorus atoms in the backbone of the pra double
helix. If the **P atoms are uniformly distnbuted along the
length of the chromosome, then the further a gene is situated
from o, the greater is the probability that a break due to 2P
decay will prevent its transfer to the zygote, just as when a
blendor is used.

b3
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If it is assumed that the number of *P disintegrations re-
quired to prevent transfer is the same as the number required
to kill a bacterium or a phage particle (which is known), then
the number of phosphorus atoms and, therefore, the number of
nucleotide units which separate the various genes can be esti-
mated. It turns out that the length of chromosome transferred
in one minute of time contains about 100,000 double nucleotide
units, It is easy to calculate that if the whole chromosome were
transferred at a uniform rate, this would take about 120 minutes,
giving about 12 million double nucleotide units per nucleus.
This figure is, in fact, about the same as that obtained by
independent chemical estimations of the amount of DNA per
nucleus,

In this lecture I have tried to show that the word ‘gene’, once
so useful, is no longer very meaningful. As a result of recent
work, which I have briefly reviewed, the tendency is to divide
the chromosome into units of function, recombination and
mutation, and to attempt to analyse these in molecular terms,
In fact, Humpty Dumpty might have been referring to the gene
when he said, in a rather scornful tone, “When I use a word it
means just what I choose it to mean—neither more nor less.”
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VIII

Vaccination against Poliomyelitis

D. G. EVANS

vaccination against poliomyelitis in Britain, the Medical

Research Council’s Biojogical Standards Control Labora~
tory at Hampstead was faced with the task of controliing all
batches of poliomyelitis vaccine which were to be used in the
immunization campaign. The task was divided into two main
parts—the testing of vaccine for safety and freedom from living
poliomyelitis virus and the testing for ability to produce ade-
quate immunity. It is the second part of the task—the potency
of the vaccine—which I wish to discuss.

IN 1955, when it was decided to embark on a programme of

PrePARATION OF PoOLIOMYELITIS VACCINE
A few of my readers may not be entirely familiar with some of
the hasic facts about poliomyelitis vaccine and it may be advis-
able first to give a brief outline of the method devised by Dr.
Salk of preparing the prophylactic. It consists of the three types
of poliovirus—types I, 2 and 3. A strain of ¢ach type is grown
separately in cultures of monkey kidney tissue in nutrient
medium at 37° C.; the virus enters the tissue cells where it
multiplies, breaks down the cells and pours into the nutrient
fluid. After three or four days the fluid contains 2 hugh con-
centration of living poliovirus and is separated from the dis-
integrated monkey kidney by filtration. The filtered fluid is
then subjected to the action of formaldehyde, usually at a con-
centration of 1/10,000 (1/4,000 formalin), at a temperature of
37° G, The formaldehyde is allowed to act on the virus for
about 12 to 14 days, during which time all the virus particles
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are killed. Halfway through the inactivation period it is usual to
filter the suspension to Temove aggregates of virus which may be
resistant to formaldehyde. When killed suspensions of all three
types have been obtained and shown to be safe and free from
living virus, they are pooled together in suitable proportions to
make a trivalent pool. The formaldehyde is then neutralized,
preservative added and the vaccine distributed into ampoules
and vials. Further tests for safety and potency are made on the
final product—these tests usually take about ten weeks to com-
plete—and when they have been shown to be satisfactory the
vaccine is ready for use.

The virus suspension at the beginning of the inactivation
period contains more than one mithon particles of living virus
per ml. and slowly, under the action of formaldehyde at 37° C.,
the number is reduced and at 6 days tests made with large vol-
umes are usually unable to detect hve virus. A longer period,
however, is employed for mactivation to increase the safety of
the vaccine. During the period of inactivation there is also a
fall-off in the immunizing activity of the virus suspension but
this 15 by no means as rapid as the fall-off in viability.

VARIABLES IN VAcave ProbucTion

One mightjustifiably assume that the method I have described of
prepanng poliomyelitis vaccine would produce batches of vac-
cine with a consistent level of antigenic activity. This, however,
is by no means the case, for although the principle of preparing
the vaccine is simple, the actual operations are most compli-
cated and mvolve a considerable number of variable factors.

In the first place, the strains may vary. In this country we
are using the avirulent Brunenders strain for type I, strain
MEF-1 for type 2 and Saukett stram for type 3; in the United
States of America and Canada the same strains are used for types
2 and 3 but for type 1 the virulent Mahoney strain is employed
while other countries have chosen their own particular strains.
The tissue culture preparations vary—some manufacturers use
minced monkey kidney suspended in the culture fluid while
?thers use trypsimized tissues which give cultures of cells growing
in layers in the culture vessels. The culture medium is also a
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variable factor and although the most popular one is Parker 1gg,
there are, nevertheless, numerous modifications of this, The
method of inactivation varies from manufacturer to manufac-
turer; formaldehyde is widely used but other agents, such as
ultraviolet Iight and g-propiolactone, are sometimes employed
in conjunction with formaldehyde.

Time and temperature of inactivation are also variable fac-
tors. Most manufacturers inactivate at §7° C. for 12 to 14 days
but occasionally a lower temperature (25° C.) for a longer period
is adopted since it is considered that this method has a less
destructive effect on the antigen. A major variable during pro-
duction is the filtration process which takes place halfiway
through the inactivation period. This filtration process has been
a subject of much controversy and there seems, as yet, 10
accepted standard method. Two main types of filter are em-
ployed—the Seitz pad and the sintered glass filter. It is well
known that each type may vary considerably and furthermore
there are various ways 1n which the filters are treated before the
virus suspension is passed through them. It is extremely difficult
to forecast the amount of virus adsorption which may occur and
what effect filtration may have on antigenic activity.

There is no question that these and many other factors have
an effect on the anngenic activity of the final product and it is
not surprising, therefore, to find that different vaccines made
by different methods, and in some cases even by the same
method, vary considerably in their activity.

TEeST FOR ANTIGENIC PoTENCY
Before I discuss the results which show how potency may vary
from vaccine to vaccine, I should perhaps describe the way in
which the antigenic activity of a vaccine is tested in the Jabora-
tory. The method employed is one which was laid down by the
United States National Institutes of Health 1n the early days of
poliomyelitis immunization. It mvolves the immunization ofa
group of 12 monkeys, each animal being given threc doses, each
of 1 ml, at intervals of one week. Blood samples arc taken 7
days after the third dose and tested to determine the concen-
tration of neutralizing antibodies to all three types of poliovirus.
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There are memerous ways in which the neutralization test may
be made, but I would like to outline the one used routinely by
the Biological Standards Control Laboratory (1957). It is simi-
lar in principle to many other methods of measuring antibody
concentration in seram. A series of dilutions of the serum is first
made and to each dilution a constant amount of living polio-
virus is added. Serum and virus are thoroughly mixed and
incubated at 37° C. for three hours. This period and tempera-
ture of incubation were shown by Perkins, Placido Sousa and
Tobin {1958) to be essential in order to allow antibodies to react
completely with virus; with shorter periods unsatisfactory results
are obtained on account of incomplete neutralization. After the
incubation period, the mixtures are inoculated into tubes con-
taining actively growing monkey kidney cell cultures and al-
lowed to stay in contact with the cultures for 6 days. If the virus
has been neutralized by the serum the cultures show, on micro-
scopic examination, a homogeneous pattern of healthy cells. If,
however, the concentration of antibodies is too small the virus
remains un-neutralized and attacks the cell culture causing ex-
tensive degeneration. This method gives a measure (or titre) of
the antibody concentration in the serum, the titre being ex-
pressed as the highest dilution of serum which is able to neutral-
ize the virus suspension. It is hoped that soon we shall be able
to abandon this unsatisfactory method of expressing antibody
cancentrations by employing standard antisera and expressing
potency in terms of units. Standard antisera have already been
prepared and will be put into general use in this country when .;
a umtage has finally been assigned to them.

VARIATION 1N POTENGY OF VACCINES
Employing this method of testing antigenic activity by im-
munizing monkeys with vaccine and titrating their sera, we
have found considerable differences in potency from vaccine to
vaccine. Figure 1 shows the results of potency tests made on 38
dufferent vaccines. The results are given for each of the three
virus types, the potency being expressed as the logarithm of the
reciprocal of the mean antibody titre obtained with a batch of
12 monkeys. For each vaccine there are three points, one for
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each_ type, each point representing the level of potency for the
part{cular type. It is evident that, with all three types, there are
considerable differences between vaccines, some being almost a
hundred times as potent as others.
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Fic. 1. Potency of 38 batches of poliomyelitis vaccine,
determuned 1n monkeys.

RELATION BETWEEN LABORATORY AND FiELD TESTS
We must now consider the question of which vaccines are able
to produce an adequate response in humans. In other words,
can a line of demarcation be drawn on the basis of laboratory
tests between those vaccines which are good immunizing agents
in humans and those which are poor? This is a problem which
has to be faced in controlling the potency of all prophylactics.
The problem arose when the diphthenia immunization cam-
paign was launched in this country in 1940 and it was shown
then, by comparing the potency of different batches of alum
precipitated diphtheria toxoid 1n guinea-pigs with their ability
to immunize children, that the guinea-pig test was able to dis-
tinguish between those toxoids which gave poor and those which
gave good protection to children. The same problem arose
with pertussis vaccine. In this case the Whooping Cough Im-
munization Committee of the Medical Research Council, by
carrying out extensive laboratory and field tests, showed that
it was possible, by using a mouse-protection test, to disungu'lsh
between those vaccines which were able to give good protection
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in children and those which were not (1956). Can the same be
done in the case of poliomyelitis vaccine? Can we, by testing
the antigenic potency of a vaccine in monkeys, decide whether
it will give an adequate antibody response in humans? This
question has been i igated by the Biological Standards
Control Laboratory, in collaboration with field workers, by
comparing the antigenic activity of a number of vaccines in
monkeys with their activity in humans,

The tests in monkeys were quite straightforward—they were
done by the method I have already outlined. The tests in
humans, however, were more difficult since it was necessary to
obtain a sufficiently large number of non-immune human sub-
jects. We were extremely fortunate in having the co-operation
of three large schools—Epsom College, Mill Hill School and
Aldenham School. All the boys who took part in the study first
had their sera titrated for antibodies against poliomyelitis. Those
boys who had no antibodies to any of the three types were
specially selected and given two doses of vaccine at a month’s
mterval. Two weeks after the second dose, second samples of
sera were taken and these also were titrated for antibodies.
From the results obtained we were able to determine, for each
vaccine on test, the percentage of boys who responded to each
type of poliomyelitis virus, and this was compared with the
antigenic activity of the vaccine as determined by the monkey
test. This work is by no means complete but some results are
available and are given in Figure 2, which shows the compari-
son of field and laboratory results for eleven vaccines.

It is seen that go to 100 per cent of boys responded to types
2 and g with all vaccines tested. This was rather unfortunate
from the point of view of correlating laboratory and field
results, but, nevertheless, it can be concluded that if a vaccine
guves in monkeys a log-potency of 2 or greater, then it will give
a sub ial response in h ‘When we turn to type 1,
however, the picture is somewhat different. Here we were more
fortunate—from the expenimental standpoint—in testing vac-
cines of both low and high activity, and because of this we were
able to show a certain degree of correlation between the acti-
vity in humans and that in monkeys. It is quite clear that those
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vaccines which give in monkeys a log-potency of 2 or more
were able to induce an antibody response in a high percentage
of humans, but as the potencies of the vaccines in monkeys fell
below this level, a rapid fall occurred in their immunizing
activity in the field.
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Fic. 2. Relation between the results of field and laboratory tests with /
11 poliomyelitts vaccines.

These results enable us to use a method of controlling potency
and of ensuring that only potent vaccines are ssued for use in
the field. If we now return to Figure 1, it can be scen how this
method may be applied. If a line is drawn across this diagram
at the level of log 2, it can be said that those vaccines with 2
potency above this level are satisfactory but that those below
are doubtful in the case of types 2 and 3 and definitely unsatis-
factory in the case of type 1. This criterion could hardly have
been applied to the vaccines used during the last three years—
in the first place it has taken until now for the method to be
investigated and, secondly, vaccme has been i short supply and
it was better to use vaccine which would rmmunize at least
some children than no vaccine at all. But now we are approach-
ing a much more favourable position when vaccine will no
longer be n short supply and in such a situation we need choose
only the best vaccines by applying this system of control. One
might suppose that the system will be rather severe and rule out
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the use of many batches of vaccine, This, however, will not be
the case for already vaccines well above this line of demarcation
for all three types are being produced by British facturers.

Although this method of assaying vaccines is extremely valu-
able, it has one major defect. As it stands it is not biometrically
sound since no standard vaccine is used for comparison. In the
ideal biological test a stable standard preparation must be
employed as a ‘yardstick’ in order to eliminate the test varia-
tions which occur from day to day. At present there is no
standard preparation of dry stable poliomyelitis vaccine al-
though efforts are being made in many countries to prepare one.
Untl such a standard vaccine is obtained we shall have to de-
pend on the test as it is done at present, and although this is not
ideal it will, nevertheless, draw a broad distinction between
poor and good vaccines. Actually the control of diphtheria and
tetanus toxoids has been carried out for many years without the
use of standard preparations for comparison, but with both these
toxoids the level of potency demanded by the control authori-
ties, a level which facturing establish have well
exceeded, has resulted in the production of prophylactics of high
immunizing quahty, There is, thus, every reason to believe that
a similar situation will result in the case of poliomyelitis vaccine,

‘THE DURATION OF IMMUNITY AFTER VACCINATION
Although this is a decided step forward in the laboratory control
of poliomyehtis vaccines and 1n ensuring that vaccines used in
the field are above a certain level of antigenic activity, there is
another aspect of the problem which must be considered. So far
I have only referred to the immune response immedately fol-
lowing two doses of vaccine, whereas in vaccinating against
poliomyehitis we are not merely concerned with the immediate
response to two doses but rather with the lasting effect of the
immunity. It 15 well known that a more substantial immunity,
and one of longer duration, can be obtained 1n prophylactic
procedures—such as diphtheria and tetanus—by giving a third
or ‘booster’ dose a year after the primary two doses and this
principle also applies to vaccination against poliomyehtis, It
must be remembered, however, that for the third dose to be
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effective and act as a booster, a sufficient basal immunity must
first be established by primary immunization. Thus, 2 further
question is raised—do those vaccines which give, after two
doses, an antibody response in a high proportion of subjects alse
induce a sufficient basal immunity to enable the third dose to
act as a booster?
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This question has been investigated by Dr. J. O’H. Tobin and
his colleagues at Hampstead in collaboration with Dr. J. C.
Kendall at Epsom College (1959) with groups of non-immune
schoolboys. The boys were first given two doses of vaccine ata
month’s interval and their antibody levels determined two
weeks after the second dose. At 6 to 12 months their antibody
levels were again tested and they were then given a third dose
of vaccine. Further samples of sera were taken two weeks after
the third dose and these also were tested for antibodies. The
results of this study are shown in Figure 3. With types 2 and 3
the antibody response followed the course indicated by line ¢;
the antibody level resulting from the two primary doses was not
completely lost after 6 to 12 months and the third dose of
vaccine produced a striking increase in titre with both types.
This is a very satisfactory picture and bears a close resemblance
to that which occurs in immumzation against tetanus and
diphtheria, and it is reasonable to suppose that the immunty
produced from this three-dose schedule will be of considerable
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duration. With type 1, however, a different result was obtained.
Although two doses gave a response in a high proportion of
subjects, the group was divided into about 70 per cent who
responded well, following line a in Figure g, and the rest who
responded slightly less, following hne &. The first group be-
haved as with types 2 and 3—they retained their basal immunity
during the following 6 to 12 months and gave the typical and
satisfactory booster response to the third dose. The other group
—those who responded less well—lost their basal immunity
during the 6- to 12-month period and when given the third dose
the response, instead of being of the booster type, was of the
primary type, the level of antibody being of the same order as
that obtained after two doses and obviously one which will not
be long-lasting in its effect.

These results strengthen the view, which I have already ex-
pressed, that we must aim at prepanng vaccines of high anti-
genic quality, It must be borne in mind that vaccines must be
such that they will give not merely a primary response in
humans, but a primary response which is substantial enough to ensure
that all subjects will give a booster response to the thard injection. The
majority of batches of vaccine produced at present come up to
this standard with regard to types 2 and 3 but many of them fall
below it with regard to type 1. It is absolutely essential that
efforts should be made to remedy this defect, since i%itym

. i o
the proportion of the three components of the vaccine; work
along ths line is in progress at the Biological Standards Control
Lab y and at the facturing establishments in this
country and should ultimately result in the production of polio-
myelitis vaccine with sufficient activity to give an immunity of
long duration to all three types.

THE RELATIONSHIP OF VACCINATION AGAINST POLIOMYELITIS
TO OTHER IMMUNIZATION PROCEDURES
There 15 one further question I would like to discuss. How does

ion against poliomyelitis fit in with immunization
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against other diseases such as diphtheria, tetanus and whooping
cough? During the last ten to fifteen years there has been an
increasing tendency to used mixed prophylactics, and vaccine
containing diphtheria, pertussis and tetanus antigens—triple
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vaccine—has been used on an increasing scale for immunization
in early infancy. Triple vaccine has the great advantage of
reducing the number of injections which the child receives, The
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E o 's and
Gaisford’ (2958) by studying the response of young infapts to
two doses of poliomyelitis vaccine. They found that infants at
one week after birth gave a very poor response, that a shghtly
better one was given at 6 weeks and still slightly better at 10
weeks, but by no means as complete as with xztmonth-old
children, This was the case with each virus type (Fig. 4). The
inability to respond was shown to be due to the interference of
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placentally transmitted antibodies, an effect which wears off
with age as the antibodies are eliminated. As a result of this
study, it was concluded that it was better to wait before giving
poliomyelitis vaccine until the child was at least 6 to g9 months
of age when little or no interference from maternal antibodies

Wwould oécar. "THS; iftiple vaccine is to be_given under the

given early in infancy and that 7 months after birth is too long
to wait, 1 here is one way of approaching this difficulty—namely,
16 Tmmunize the mother against poliomyelitis during pregnancy.
It will then be possible to give the child triple vaccine under the
cover of placentally transmitted antibodies during the first few
months of life without the risk of provoking poliomyelitis. This
would seem a reasonable and desirable procedure, for not only
would it protect the child against the provoking effect of triple
vaccne, but it would also protect the pregnant mother against
poliomyehtis—for it must be remembered that there is a higher
inciﬁ%rmml scheme
wauld Be as shown in Figure 5, which gives the poliomyelitis
antibody levels of the mother during pregnancy and of the
child dunng the first few years of life. The level of antibody
produced by i ization during preg would, of course,
depend on whether the mother had a basal immunity to polio-
myelitis as a result of exther earlier immunization or an earlier
history of pohomyelitis. If so, then the child would be born with
a very high level of poliomyehtis antibodies. In any case, the
maternal antibodies would be present until the chld was 4
months of age and during this period, at say 2, 3 and 4 months
or earlier if possible, three mjections of triple vaccine could be
gwven without nisk. Later, at 8 to g months, when the maternal
antibodies had completely disappeared, the child could receive
its two primary moculations of poliomyelitis vaccine which
would be followed a year later, at the age of 20 months, by a
booster dose of poliomyehtis vaceine and at 2 to 3 years of age
by a booster dose of triple vaccine,

It may be possible 1 time to combine the booster dose of
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against other diseases such as diphtheria, tetanus and whooping
cough? During the last ten to fifteen years there has been an
increasing tendency to used mixed prophylactics, and vaccine
containing diphtheria, pertussis and tetanus antigens—triple
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vaccine—has been used on an increasing scale for immunization
in early infancy. Triple vaccine has the great advantage of
reducing the number of injections which the child receives. The

use_of mixed ppphylacdcwmlilalx those containing alum,

had a serious setback when it was shown by & Medical Research
Council Committee (1956) that there_was a definite risk in
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Gasford (1958) by studying the response of young infants to
two doses of poliomyelitis vaccine. They found that infants at
one week after birth gave a very poor response, that a slightly
better one was given at 6 weeks and still slightly better at 10
weeks, but by no means as complete as with 12-month-old
children. This was the case with each virus type (Fig. 4). The
inability to respond was shown to be due to the interference of
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for England and Wales for pertussis, diphtheria and tetanus in
relation 1o the age of the child (Fig. 6). Here it is seen that
the great majority of deaths from pertussis infection occur within
the first year of life, that between 1 and 5 years of age thereisa
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Fi6. 6, Deaths from pertussis and tetanuy, and cases and deaths from
diphthena in ditferent age groups 1n England and Wales dunng 1956.

definite reduction and that over 5 years a still fusther reduction
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tetanus, however, the picture 1s different. With both these
diseases no cases or deaths occurred in the first year of life, a
small number 1n the period from 1 to 5 years and the maximum
number in the group over 5 years of age. It would, therefore,
seem reasonable to separate the pertussis inoculations from those
of diphtheria and tetanus and follow a scheme as outlined in
Figure 7.

In this scheme three inj of p vacek hich
when ixed with other prophyl has relatively no pro-
volang effect-—could be given at 2, g and 4 months. This would
be followed at 8 and g months by two primary doses of polio-
myehtis vaccine and a year later by the booster dose. When the
child is entering mta the danger zone of diphtheria and tetanus,
say at 2 years, two primary doses would be given of mixed
diphtheria and tetanus toxoids, with alum if desired, since the

L
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poliomyelitis vaccine with that of the triple vaccine and thus
further decrease the number of injections the child receives.
The use of a quadruple vaccine—containing poliomyelitis,
diphtheria, _tetanus_andWhoopinig. cough- antigens—should,
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Tic 5. Poliomyehtis antibody level 1n children in relation to
immunzation schedule.

however, nof be embarked upon until we are quite certain that
we have a high-quality poliomyelitis_vaccine, For if polio-
myelitis-vaccine of borderline potency is combined with strong
antigens such as diphtheria and tetanus toxoids there is every
li_kEli_}T sod_that the stronger_antigens will suppress the weaker
ones and especially will this be true at the booster stage when
the child possesses a basal immunity.

There are two possible disadvantages with this scheme of
immunization. In the first place, it depends entirely upon
whether the mother during pregnancy will accept poliomyelitis
vaccine, and there is evidence from the response so far obtained
in this country that she is extremely reluctant. In the second
place, it is known that diphtheria and tetanus toxoids when
given early 1n life do not produce as good an antigenic stimulus
as when given later. It is, therefore, worthwhile considering
other schemes of immunization and in doing so I have con-
sidered them in relation to the incidence of the various diseases
against which we are immunizing. Let us look at the 1956 figures
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child will be immune to poliomyelitis, and followed up with a
booster dose of mixed diphtheria and tetanus toxoids at 4 to
5 years—the child would then have a substantial immunity as
it entered school life.
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Both these immunization schemes have certain advantages
but the first appeals to me more than the second. In the first

o ~sha

out risk, with triple vaccine against whooping cough, diphthena
and tetanus. By the age of 12 months 1t has developed, as a
result of five injections, an active basal immunity to four diseases
and two more injections during the following 12 months give
the child an immunity of long duration to these diseases. Alto~
gether the schemec involves only seven inoculations. It is a
scheme I would like to see investigated more fully and, if it
should prove safe—and I see no reason why it should not—one
1 would like to see adopted throughout the whole country. For
such a scheme would ensure—with a minimum number of
;noculations—a high degree of protection in childhood against
diphtheria, tetanus, whooping cough and poliomyelitss.
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but almost at once another virus resembling it closely was
reported from the Army Medical School, Washington, by Hille-
man and Werner (1954). These authors cultivated throat wash-
ings from cases of acute respiratory disease occurring in the
U.S. Army using the Hela strain of human cervical carcinoma
as medium. Cytopathic effects were demonstrated in the cells
and neutralization and pl fixation techniques were
successfully applied to human sera using antigens prepared from
the virus culture. This second strain of adenovirus called by
Hilleman and Werner the RI-67 agent was shown to be a cause
of human respiratory disease and a close serological link with
the adenoid-degenerating agent was soon reported, For some
time developments occurred Jargely in the U.S.A. where various
authors recovered strains of similar viruses and gave each of
themseparate namesincluding A.P.C. or adenoidal-pharyngeal-
conjunctival virus. By mutual consent, however, a new termi-
nology was introduced in 1956 and the term adenovirus then
came into use and has replaced all earlier names (Enders ef af.,
1956).

CHARACTERS OF THE ADENOVIRUSES

The adenoviruses arc now recognized as a widely prevalent
group of agents existing in the form of multiple antigenic types,
of which 18 have now been recovered from man and 5 addi-
tional types from monkeys or chimpanzees (Rowe et al., 1958).
All types share a common complement-fixing antigen which
appears in tissue cultures infected by the virus. It is known as
the ‘soluble’ complement-fixing antigen, and it is used exten-
sively in the investigation of human infection by the demonstra-
tion of nises in antibody titre accompanying clinical events.
Whenever recognition of the exact virus type causing infection
is needed, a neutralization test based upon tissue culture
methods is necessary, Neutralization tests are also required for
the identification of strains of adenoviruses recovered from
human specimens. The situation is somewhat similar to that
existing in the influenza viruses and this analogy is increased by
the discovery of haemagglutinins of a type-specific character in
adenovirus cultures (Rosen, 1958).

The adenoviruses do not produce pathological effects when
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‘THE RECOVERY OF THE ADENOVIRUSES

ne discovery of the adenoviruses in 1953 was one of the

I many important by-products of the new tissue culture
technique for the cultivation of viruses introduced by
Enders and his colleagues at the Boston Children’s Hospital
Although Feller, Enders and Weller first grew vaccinia virus in
chicken embryo cultures in test-tubes in 1940 the technique
hieved its first ding success in 1949 when Weller,
Robbins and Enders cultivated poliomyelitis virus in human
tissue cultures. Their roller tube method permitted easy recog-
nition of the growth of viruses such as poliovirus, which produce
striking destructive effects upon cells, and it also enabled cul-
tures of cells to be kept alive for many days during which the
medium was changed and all traces of antibodies in the original
tissue were removed. This techmque of prolonged cultivation
was applied by workers at the National Institutes of Health,
Bethesda, to human tissuc removed surgically. Rowe and his
co-warkers found in 1953 that, after prolonged cultivation,
degeneration accurred in the epithelial cells growing out from
fragments of adenoids removed from children, and that these
cytopathic effects were transmissible to other healthy tissue
cultures of human origin. Huebner describes this technique as
one of ‘unmasking’ viruses or of permitting viruses to ‘crawl out’
of cells in which they are harboured in a phase of inapparent or
latent infection, Thus the first strain of adenovirus was obtained,
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and Ginsberg (1957) d rated that they contained deoxy-
ribonucleic acid. The packing of the bodies into a crystalline
pattern has attracted much attention and may be explained by
the polyhedral shape of the individual particles recently demon-
strated by Valentine and Hopper (1957) at the National Insti-
tate for Medical Research, Morgan and others {(1957) have also
reported the presence of a second type of intranuclear body in
cells infected with Type 5 adenovirus and this seems to be a
protein. An interesting analogy with non-infective crystalline
protein found in plant cells infected with tobacco mosaic virus
is thus raised.

These then are the main characters 5o far established for this
group of viruses, some strains of which are certainly widely dis-
tributed in man. There are probably many other interesting
properties still to be discovered on which it would be nice to
speculate but the task set in this lecture is to consider the
relationship of the virus to respiratory disease in man.

THE SYNDROMES OF ADINOVIRUS INFECTION
(a} Febnle catarrh

1t is now necessary to look backwards into the history of the
devclopmcm of knowledge of the acute virus respiratory diseases
in _man. In 1935 soon after the recovery of the first strains of

virus in the lab ¥ by the inoculation of ferrets,
workers at the National Institute for Medical Research studied
an outbreak of acute rupxratory dlseasc in soldiers at Woolwich.
This, though r bli linically, was not
with the fcrrel-pathogcmc virus (Andrcwes, Laldlaw and Smith,
1935). Correlated clinical and laboratory studies were therefore
made in 1936 of four outbreaks, three of which occutred in
military establishments and one in a public school. Influenza
virus was not recovered from any of the patients thus studied
and no serological evidence was obtained suggesting that in-
fluenza virns was concerned. The widespread epidemic of
influenza in 1936—7 which readily gave evidence of influenza
varus infection was also studied in mlitary communities and the
clinical and epidemiological findings in this outbreak were
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inoculated into animals such as mice, hamsters, rabbits or
fertile hens’ eggs. They grow well in tissue cultures of human
epithelial cells either from normal or malignant tissue and some
strains can be induced to produce cytopathic changes in rabbit
kidney tissue (Balducci, Zaiman and Tyrrell, 1956; Kelly and
Pereira, 1957) although there is only limited virus multiplica-
tion. Degenerative changes are also produced by adenoviruses
in monkey kidney cultures but these cells are not such a good
medium as are human cultures. Certain subtypes of adenoviruses
have been found in monkey and chimpanzee specimens but the
possibility exists that these hosts acquired the viruses as a result
of human contact, In man the viruses have been recovered from
respiratory tract material such as throat washings, adenoids and
tonsils, and autopsy or resected lung tissue. They have also been
found in faeces and in mesenteric lymph nodes. Their patho-
logical effects in tissue cultures consist of a rounding-up of cells
into clumps which fall from the walls of the tube into the super-
natant fluid. The cells are not killed, however, but continue to
undergo metabolism and considerable amounts of acids such as
lactic, pyruvic, acetic and alpha-ketoglutaric acid accumulate
in the medium (Fisher and Ginsberg, rg57). This effect is
strikingly different from that produced by other viruses which
usually inhibit the metabolism of cells in which they grow.
Because of their peculiar host-cell refationship the adenoviruses
are thus well adapted to a symbiotic existence and this may
account for their role of latent infection already mentioned.
Even in a non-susceptible animal such as the rabbit, Percira and
Kelly (19572) demonstrated the persistence of a strain of

adenovirusin thespleen for at least two months after inoculation.
jovaging PR DA amtn F anlagn

IR fan

. " ' ' 1at
infected cells develop ck istic intl lear bodies. Kyellén
and co-workers (1g55) first obtained electron microscope photo-
graphs of these bodies and showed that they consisted of regular
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was apparently distinct from that of primary atypical pneu-
mania which could also be transmitted to volunteers with
filtrates from appropriate cases of atypical pneumonia (Commis-
sion on Acute Respiratory Disease, 1946, 1947b and c). No fresh
work was reported on the A.R.D. syndrome, except further con~
firmation that it was unrelated to the influenza viruses, until
Hilleman and Werner (1954) recovered their strain of adeno-
virus Type 4 from cases of A.R.D. during an outbreak at Fort
Leonard Wood in 1953. Dascomb and Hilleman (1956} later
described the clinical features of proven adenovirus infection in
45 recruits at Fort Dix and agreed that these were similar to the
Commission’s syndrome of A.R.D. and an earlier account of
febrile catarrh brought up to date in 1953 (Stuart-Harris, 1953).

Comparative fr y of various symp and signs is listed
1n Table 1 which shows the three sets of observations. It scems

TasLe 1. Perccntagc frequency of symptoms in febrile catarrh,
AR D. and adenovirus infection

Febrite Catarth* SPERR  Adenovicust

Symptoms 28 cases 17 cases 113 cases 45 cases
1936 1945 19425 1954
(2) Respiratory
Cough 86 88 85 90
Sore throat 80 70 69 100
Nasal symptoms 70 70 60 70
Expectoration 50 23 54 40
Hoarse voice PN 40 75 35
Pain 1n chest 40 10 48 50
{8) Constitutional
82 23 53 %0
Shyvenng 70 53 6 40 (chulls)
Anorexa 0 23 55 35
Headache 61 76 65 40
Duzzincss 64 23 —
Muscular pams 53 30 — 42
Sweating 50 - — —
Tnsomma, ° 1 — -
Abnormal signs chest 33 23 27 67

Average duration of fever 3 days ? 2-3days 55 days

* Modified from Stuart-Harms (s953) 1 Dascomb and Hilleman (1956).
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contrasted with those of the earlier outbreaks. Althoughwehad no
evidence that the non-influenzal outbreaks of 1936 were similar
to each other in causation we drew together common findings
and attempted to contrast these with virus influenza (Stuart-
Harris, Andrewes and Smith, 1938). Because the non-influenzal
disease was febrile and because local signs of inflammation of
the upper respiratory tract were often prominent and even in-
cluded exudate upon the throat in some patients, the name
‘febrile catarrh’ was used as a group description. This syndrome
of febrile catarrh, though sometimes appearing in a form closely
resembling influenza, was at other times a pharyngo-laryngo-
tracheitis in which sore throat, hoarse voice and a painful,
paroxysmal, irritating cough dominated the symptomatology-
In still other patients the illness was best described as a feverish
cold.

The use of this term febrile catarrh was not always understood
by later observers. Although we intended it to be a word to
cover clinical illnesses often occurring in epidemics which were
not due to influenza virus, some have used it to cover the
general mass of all forms of acute respiratory disease, including
influenza. Hawever, during the second world war, Army out-
breaks of respiratory disease were studied in the U.S.A. by a
commission working under the Armed Forces Epidemiological
Board. This Commission on Acute Respiratory Diseases recog-
nized that there existed in mulitary estabhishments and particu-
larly in those dealing with recruits, a common endemic disease
not due to either of the serologically distinct influenza viruses
A or B or to recognizable bacterial causes. The patients ex-
hibited the various clinical illnesses which we had descnibed as
febrile catarrh, The Commussion termed the syndrome undiffer-
entiated acute respiratory disease or A.R.D. (Commission on
Acute Respiratory Diseases, 1947a). They recognized that some
patients exhibited an acute pharyngitis with exudate on the
tonsils and that others showed an abnormal radiological picture
in the chest termed atypical pneumonia. Moreover, the Com-
mission established that the A.R.D. syndrome could be trans-
mitted to human volunteers by inoculation with bacteria-free
filtrates of nasal and pharyngeal washings, and that the cause
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with rhinitis, pharyngitis and conjunctivitis, An ad irus
Type 3 was recovered from both eye and throat swabs of some
of the patients and rises in neutralizing and complement-fixing
serum antibodies were demonstrated in 8 instances. This report
was followed by an account of outbreaks of fever with pharyn-
gitis and conjunctivitis occurring in children’s camps in the
vicinity of Washington in the summer of 1954 (Bell et al., 1955).
Typc 3 adcnov:rus was incriminated and the syndrome was

d pharyngo-conjunctival fever. The chief difference
from febrile catarrh was the conjunctivitis which was either
unilateral or bilateral and of the type termed follicular; it
occurred in nearly 6o per cent of cases. A moderate degree of
cervical or occasionally pre-auricular lymph gland enlargement
was also noted. The outbreaks were thought to have been
spread by swimming-baths,

Since then outbreaks of a similar character and associated
with adenoviruses occurred among children during 1955 in
Helsinki (Forssell et al., 1956; Oker-Blom ¢ al., 1957), in
Sweden (Kjellén, Sterner and Svedmyr, 1957), and in Britain.
The types of viruses recovered from the outbreaks varied. The
Finmsh workers and my own group in Sheffield (Tyrrell, Bal-
ducci and Zaiman, 1956) recovered the variant Type 7 virus
already mentioned, The outbreaks in public schools described
by Kendall and others (1957) and which occurred in Britain in
1955 yielded Type g in three instances and Types 7 and 14 in
one outbreak each. The clinical features resembled those
described in the U.S.A. but conjunctivitis was variable in
occurrence, In a more recent outbreak of pharyngitis in a
boys’ school in February 1957 conjunctivitis was exceptional
altho)ugh Type 3 virus was incriminated (Munro-Ashman et al.,
1958).

In Sweden Type 3 virus was recovered from an epidemic of
pharyngo-conjunctival fever (Kjellén, Zetterberg and Svedmyr,
1957) and also from scattered cases of pharyngitis admitted to
hosputal in Stockholm. Many of those who have reported out-
breaks of pharyngitis assoclated with adenovirus infection have

d on the 1 occurrence of gastro-intestinal
symptoms including abdominal pain, vomiting or diarrhoea, A
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likely that Dascomb and Hilleman’s patients were more
severely ill than the earlier patients as shown by the duration of
fever and percentage with signs of tracheobronchitis. Ginsberg
and co-anthors (1g955) have since published serological work
with stored sera from wartime cases of A.R.D. induced in
volunteers which established that the causative agent of the fil-
trate disease was an adenovirus.

In Britain evidence was found that adenovirus infection was
present in military populations in the North of England in 1955
by Tyrrell, Balducci and Zaiman (1956) and elsewhere in
England by Andrews, McDonald, Thorburn and Wilson (1956)
working in the R.AF, It appears that the infection in Britain
was chiefly due to a serological variant of adenovirus Type 7
whereas in the U.S.A. Army outbreaks and in others occutring
in the Navy (Woolridge ez al., 1956; Rowe ¢t al., 1956), Types
4 or 7 were chiefly responsible. In France, Sohier and others
(1957) also found the variant Type 7 to be a cause of an outbreak
among soldiers at Lyon. In Holland, on the other hand, Van der
Veen and Kok (1957) investigated an outbreak among recruits
which was found to be due to Type 14 of which the prototype
strain was originally recovered from a chimpanzee. Time alone
will show whether future outbreaks of febrile catarrh are asso-
ciated with other antigenic types as may, of course, be antici-
pated. A warning is perhaps necessary that many observers have
found that only a proportton of cases of febrile catarth in mili-
tary establishments yiclds evidence of adenovirus nfection.
Thus 1n the R.AF. McDonald and others (1958) found almost
no cases of adenovirus infection m 1956-7 in recruits, though the
same establishments had experienced sharp outbreaks in the
previous year. The causative agent of much acute respiratory
disease in the Services has yet to be established.

(6} Pharyngo-conjuncirval fever
Towards the end of 1954 some twelve months after the recovery
of the first strain of adenovirus, workers at the National Institute
of Health (Parrott ¢f al., 1954) published an account of 2 ward
epidemic of febrile pharyngitis occurring at the Clinical Centre
in Bethesda, following upon the admission of a two-year-old girl
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reported from Canada (Fowle, Cockeram and Ormsby, 1955},
the U.S.A. (Jawetz et al,, 1956), Japan {Tanaka, 1958} and
Britain (Bennett ef al., 1957; Sommerville, 1957). It appears that
Type 8 is particularly responsible for such outbreaks though
other types of adenovirus (1, 7 or 11) have been recovered from
time to time, Shipyard workers have been particularly affected
in Britain and elsewhere.

(€} Respiratory disease in the general population
In spite of the indisputable evid of ad irus infection
derived from outbreaks in semi-isolated communities such as
servicemen and public schools, it has proved difficult to associ-
ate the viruses with the common respiratory disease of the
general population. Difficulties arise, of course, in any attempt
to relate specific infectious agents to clinical events in the
community as a whole because there is no regular system of sur-
veillance of morbidity in the latter. There are two possible
methods of approach. The first method is to conduct a survey
of the distribution of antibodies in random samples of the
population. This is easy to achieve with viruses existing in a
single antigenic form but much more complicated when anti-
genic variation exists. Nevertheless serological studies have been
made in the U.S.A. which reveal quite precisely the speed of
acquisition of antibodies to the first 7 types of adenoviruses.
‘Wenner and co-authors (1957) studied a group of 88 families
and showed that antibodies against Types 2 and 5 adenoviruses
developed early in infancy. Against Type 4 on the other hand
antibodies were slow to appear and even adult sera frequently
showed no neutralizing power against this virus, Jordan, Badger
and Dingle (1958) who have studied a group of families in
Cleveland for a long period of years found that Types 1 and 2
infections were common during the first five years of life but

antibodies to Types 3, 4 and 7.
When the reason for the prevalence of antibodies to Types 1
and 2 m early infancy is sought, however, it is clear that most of
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good example of this is a recent study of 38 cases of Type 3 infec-
tion described by Barr and others (1958). It is therefore interest-
ing to note that adenoviruses have been recovered from faeces as
well as from the throat during attacks of pharyngitis (Kjellén,
Zetterberg and Svedmyr, 1957). Swedish workers (Svedmyr,
Melén and Kjellén, 1956) not only recovered adenoviruses from
stools but also from mesenteric lymph nodes and suggested that
the viruses may be associated with mesenteric lymphadenitis, In
a study of 82 cases of such adenitis, however, only 6 were found
to be excreting adenoviruses (Kjellén, Sterner and Svedmyr,
1957)-

(c) Atspical preumonia and preumonitis

Another clinical variant is the suggestion that some cases of
atypical pneumonia may be due to the adenovirus (Hilleman
and Werner, 1954; Dascomb and Hilleman, 1956). Atypical
preumonia was thus recorded by Loffler and others (1956) in
cases of acute respiratory disease among recruits in Switzerland.
The radiological abrormalities pictured by these authors are
similar to the aspiration pneumonia of Ramsay and Scadding
(1939). The patients did not develop increased serum titres of
ved cell agglutinins demonstrable in the cold. Sporadic cases of
so-called atypical pneumonia or pneumonitis in children and in
adults associated with adenoviruses have also been recorded by
workers in France (Lelong et al., 1956), Sweden (Sterner, 1956),
Ttaly (Pennacchio and Danese, 1956) and Britain (Percira and
Kelly, 1957b). In at least one of these patients the association of
the preumonic state with adenovirus 1nfection depended upon
the recovery of the virus at autopsy (Lépine e al., 1956). Ina
more recent publication Chany and others (1958) have re-
ported an outbreak of pneumonia in infants in a Public Assis-
tance ward of a hospital in Paris. Eight deaths occurred and
Type 7 adenovirus was incriminated.

(d) Kerato-conjunctivntes
The conjunctwitis due to adenovirus infection can occur inde-
pendently of pharyngitis. Thus adult patients with kerato-
junctivitis yielding ad irus from eye swabs have been
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of respiratory disease among University students and nurses
(Tyrrell ¢t al., 1956) but there were 4 instances suggestive of
this infection among 66 adults admitted to hospital in the
winter of 1955-4 and suffering from acute exacerbations of
bronchitis or of pneumonia. A recent longitudinal study con-
ducted by Dr. Sutton in an infants’ home in Sheffield during
the winter of 1957-8 gave several strains of adenaviruses from
throat swabs but the recoveries were achieved when the children
were in their normal state of health. Most of these viruses be-
longed to Type 2 which seems to have a particular propensity
to the latent state.

Combining the evidence of the role of adenoviruses in human
disease 1t seems probable that different types vary in their
behaviour. Types 3, 4 and 7 have been chiefly associated with
outbreaks of respiratory disease in children and young adults
whereas Types 1, 2 and 5 have usually been found in apparently
healthy subjects. It is necessary to describe this phenomenon of
virus carriage or latency in more detail.

ADENOVIRUSES AS LATENT AGENTS

The earliest recovery of an adenovirus was effected from human
adenoids, and according to Huebner, Bell and Rowe (1957)
9o per cent of surgically removed adenoids and tonsils yield
adenoviruses by the technique of cultivation of tissue fragments.
The wviruses cannot be demonstrated in ground-up tissue pre-
sumably because of the presence of antibodies which are found
in the sera from the same children. Six types of adenoviruses
were found in the adenoids or tonsils by these workers but
Types 1, 2 and 5 comprised go per cent of the strains. Occasion-
ally, however, the viruses have been recovered under circum-
stances suggesting actual disease, Thus Pereira and Kelly
(1957b) succeeded 1n recovering a Type 1 virus from the trachea
and lung of a fatal case of pneumonitis in a 43-month-old child.
They also demonstrated the variant Type 7 strain from adenoids
removed at Salisbury some months after an outbreak of
pharyngo-conjunctival fever among children 1n the same town
due to the same agent,

It therefore appears probable that the latent adenoviruses
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the infection with these viruses cannot be associated with clinical
disease at all, Thus in Cleveland only 10 of 531 pharyngeal
swabs from children and adults with respiratory illness yielded
adenoviruses, though increases in antibody titre against one or
other of Types 1 to 7 occurred in from 1 to 5 per cent of cases
during the same period (Jordan et al., 1956). In the general
population of three towns in Virginia and Maryland, Bell,
Takemoto and Philip (Huebner ¢t al., 1g957) studied 18,000
persons of whom 5,500 suffered from non-influenzal acute
respiratory illnesses. Adenoviruses were isolated from 52 of
1,843 subjects. It was estimated that in children under 6
nearly 5 per cent of respiratory illnesses were attributable to
adenoviruses. The figure for those aged 6 to 17 was 265 per
cent and in adults it was only 0-3 per cent. This study lasted
from September 1955 to April 1956, and it suggested that only
2 minor proportion of common febrile respiratory disease is due
to the adenoviruses. It is particularly important to state that
adenoviruses are not causally related to the common cold
(Pereira and Kelly, 1957b).

The second method of study is that of conducting a longi-
tudinal survey on the same persons over a peried of time.
Hucbner, Bell and Rowe (1957) have conducted such a study
in an orphanage in Washington where a good deal of change
occurs in the population. Such an investigation is extremely
time-consuming and involves the manipulation of enormous
numbers of specimens. The authors found it difficult to relate
the presence of adenoviruses in rectal or throat swabs with
specific illnesses. "They recovered viruses from 11 per cent of
2,066 throat swabs during a twelve-month period but only the
Type 3 isolations appeared to be related to clinical events. It
seems that the children were literally infested with adenoviruses
most of which behaved as latent agents.

Studies in the general population in Britain have been meagre
so far. In Glasgow, Grist and others (1957) found adenovirus
infection only once in 7o cases of acute respiratory disease ix! a
general practice and not at all in 103 adults and 32 babies
admitted to hospital with pneumonia. In Sheffield no positive
evidence of infection with adenoviruses was found in 4o cases
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virusinfection was demonstrated by Hilleman and his co-workers.
Even the total febrile respiratory disease in the inoculated
persons was considerably reduced, probably because adenovirus
infection at Fort Dix maintains itself at a high endemic level.
In the U.S. Navy a substantial reduction of febrile respiratory
disease was also observed. Experiments are in progress in Britain
with a similar inactivated monkey kidney vaccine and their out-
come cannot be anticipated in this lecture. It seems to be agreed
that no case can be made out for the use of such a vaccine in the
prevention of common respiratory disease in the general popu-
lation,
Sunary
It is easier to state the field of acute respiratory disease which is
not apparently related to adenovirus infection than the con-
verse. Adnoviruses are nof the cause of the common cold or of
influenza. They appear to be associated with outbreaks of
febnile catarrh in Service communities and with febrile pharyn-
gitis 1 children. Their role in the common respiratory disease
of the community appears to be minor but there is evidence that
sporadic respiratory disease in children may at times be caused
by them. Certain strains of adenoviruses are commonly present
mn adenoids and tonsils removed for surgical reasons but thewr
relationship to the chronic hyperplasia of these organs 1s obscure.
It appears posslble to prevent adenovirus infection in adults by
lture
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may be viruses persisting in host tissue months or years after an
initial infection with the same agents. One may perhaps ask
whether these latent agents are actually responsible for the
hyperplasia of the adenoids or tonsils for which the organs were
removed. This view has been suggested by some writers and
also extended by Macfarlane and Sommerville (1957) to the
lymphoid hyperplasia found in the lungs of children with
bronchiectasis. Even if latent virus is not responsible for any
pathological effects there is no doubt at all that such virus has
retained its full virulence for man. Thus when introduced into
the nose or swabbed on to the conjunctiva, viruses r d
from adenoids were as competent to produce clinical illnesses
as other viruses recovered from patients with acute respiratory
disease (Roden, Percira and Chaproniere, 1956; Bell e o,
1956a), These human volunteer experiments not only confirmed
the fact that adenoviruses produce acute respiratory disease
with or without conjunctivitis. They also showed that the
possession of serum neutralizing antibodies in high titre before
inoculation appeared to render the volunteers immune to infec-
tion accompanied by clinical iliness.

A final warning concerning latent viruses is needed in that
they may be recovered from specimens or tssues and falsely
claimed to be the cause of actual illness. This is a danger
common to other agents such as herpes virus.

PREVENTION OF ADENOVIRUS INFECTION
The elaboration of specific means of prevention of adenovirus
infection may be premature at the present ttme when the role
of these viruses in community disease is so obscure. Neverthe-
Iess, it appears that the adenoviruses of Types 3, 4 and 7 are
regarded in the U.S.A. as an important cause of morbidity in
the services. Trials have therefore been conducted in the Army
(Hilleman et al., 1957) and in the Navy by Bell and others
{1956b). Both groups of workers have used formahin-inactivated
virus vaccine prepared from monkey kidney tissue cultures. The
titre of virus growth in this medium is not 2 high one, b}xt the
vaceine induced antibody production in those to whom it was
administered. A very high degree of protection against adeno-
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Epidemic Staphylococcal Infection
in Hospitals*

R. E. O. WILLIAMS

pital infection has been responsible for many reports and
memoranda on the 1mportance of ascertaining the
amount of staphylococcal dlsease in a hospital, and on
istrative and t hods of controlling it.
These reports are mostly concerncd with the ‘endemic’ level of
infection, even though it has very often been an ‘epidemic’ of
staphylococcal infection that has stimulated the interest. The
epidemics have been submitted to surprisingly little analysis.
A search in the literature of the last twenty years has yielded
a list (doubtless incomplete) of 53 records of epidemics, some
very small and some very large, I have summanzed these for
the information that they give on the genesis of epidemic spread
of staphylococcal infection. This analysis has been supple-
mented from the records of phage-typing carried out for hos-
prtal laboratories at the Staphylococcus Reference Laboratory,
Colindale, duning the four years 1954~7. Neither source of
information is very satisfactory, the Colindale material because
1t often lacks epidemiological detail and the hterature because
of authors’ natural preference for recounting detective stories in
whxch the culpnt is found, and a tend to accept the simg
e ion, or the expl ion that best fits with preconceived
ideas The analysis seems, nevertheless, worth presenting be-
cause 1t offers some guidance as to the more profitable ways of

* The analyses summarzed m this lecture have boen presented 1n greater detail
2 paper published 1n The Lancet (1959, 3 190).

THE current pandemic of interest in staphylococcal hos-
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In 27 of the outbreaks some search was made for the person
who introduced the infection or who was responsible for its
spread, and the authors thought they had found one such person
in 13. This person, almost always a nurse, had a septic lesion in
5 cases, and was a heahhy camcr in the other 8. In four of the

the evid ing the carrier seems to have
been good but in most of the athers the attribution is only a
reasonable probability; in only two was exclusion of the carrier
the only and successful method of control adopted.

Baby-to-baby spread was presumably concerned in the 5
incidents in which no carrier could be implicated, while in the
7 with larger numbers of carriers two-way traffic in staphylo-
cocei seems very likely—babies infecting nurses, and nurses
babies. In the last group of epidemics were those with the
greatest numbers of babies affected.

Surgical wound infections

Fifteen accounts of epidemics of surgical wound infection have
been found (Table 2); the smallest involved 6 patients and the

TanLE 2. Source of infection in 15 surgical ward and general outbreaks

Place Carriers considered important, o::g;::;u
Operating theatre 1 septic surgeon 1
» " 1 healthy surgeon 2
,, p 1 or 2 healthy nurse(s) 2
Operating theatre + 1 healthy surgeon +septic patients 1
wards
Ward 1 septic patient 1
. Ward (Several carners importance uncertain) 2
Operating theatre+ » » » » 1*
wards
Operating theatre {Not sought} 1*
(Not saught) » 4

# Aarborne infection considered important.

largest more than 230. Eleven had a single epidemic type of
staphylococcus; one had 2 types and one many.

Six outbreaks were due to infection of patients, in the opera-
ting theatre, from one particular individual. In one a surgeon
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investigating epidemics, and because it may perhaps stimulate
the investigation and recording of a much greater number of
epidemics, which is necessary for a full understanding of their
origins,

For the present discussion no attempt has been made to
define an ‘epidemic’; the term has been used for those circum-
stances that prompted publication or investigation as examples
of an undue prevalence of infection. This is tantamount to
regarding as the distinction of epidemic from endemic preva-
Ience of hospital infection the fact that the former is sufficient
to draw attention to itself, while the latter is only revealed by
specific inquiry. Such a distinction is very dependent on local
circumstances and one man’s epidemic must often be another’s
endemic level.

PupLisHED RECORDS OF EPIDEMICS

Maternity units
Records of 32 epidemics have been discovered (Table 1); the
smallest had 4 patients affected, the largest had at least 320.

TasLe 1 Source of infection 1n 32 maternity unit outbreaks

Carriers
No. of
C dered source C d g i
of mnfection ummportant
1 septic nurse 0-14 4
1 septic patient (7) 3 1
1 healthy nurse 4
1 healthy nurse 2-6 4
2-5 healthy nurses (?) - 2
None 0 b
None 2-3 4
- B
5-57 1
(importance uncertain}
Source not sought 5

In all cases the infection seemed to have spread in the ward or
nursery, and all but one of the 32 had a single slnphylococcus
type responsible for all, or at least for the great majority of the

€ases.
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staphylococci profusely on his forearms as well as on his hands
and in his nose, and to some extent the frequency with which he
punctured his gloves may have offered the special opportunity.
But it seems very unlikely that either of these characteristics is
rare and one is left wondering whether it was the staphylococcus
that was exceptional. The carrier described by Shooter and
others (1958) did not carry unusually profusely, but in this case
the extent to which the staphylococcus spread among the
patients in thc ward pointed strongly to a high degree of that
lained quality of * icability’. Hare and Ridley
(1958) have ascribed potent dispersal in some persons to
perineal carriage, but this characteristic has not been studied
in any of the published work,
An extraordinary ability to spread among the staff was a
characteristic of several outbreaksin both maternity and surgical
units (Table 3). Why spread of this sort should sometimes occur

Tascz 3. Numbers of carricrs of epidemic type in published epidemics

No. of epidermnics wrth specified

Type of epidemic no, of carmers Total epidemics
0 1 23 49 10

Maternity units 1 6 8 7 5 27

Surgical umtsete,. 0 4 3 0 3 10

is quite unexplained, and certainly deserves further investiga-
tion. The complexity of these epidemics almost precludes dis-
covery of the ‘source’, and one suspects that the spreaders of
infection may be numerous and constantly reinforced as the
initial vietims infect further members of the staff. Although the
outbreaks with numerous carriers have generally been the more
extensive outbreaks, the ability of a strain to colonize the nose is
not necessarily an indication that it is virulent, in the sense of
producing disease, as was shown in our recent studies in a
surgical ward (Shooter et al., 1958).

The operating theatre is the one situation in which we have
good evidence for airborne transfer of infection. The fact that
airborne particles containing staphylococcx, apparently libera-
ted 1n the wards, can be carried on air currents to the operating
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with a septic lesion on his hand was implicated, and 6 of 8
patients operated on by him in the relevant period developed
sepsis. There are two other outbreaks attributed to surgeons
who were healthy carriers and two to healthy carriers among
the nursing staff. In one outbreak most of the cascs were
attributable to a healthy carrier in the surgical team, though
other patients were certainly infected in the ward, probably
from infected patients who were actively dispersing staphylo-
cocci.

Ward cross-infection was clearly important in two outbreaks,
one in a urological unit and one in a general surgical unit.In
the latter the infection was apparently introduced by a patient
with a septic lesion, though not all the cases were infected
directly from him. In neither of the other two ontbreaks in
which ward spread was considered probable, was it possible to
recognize one individual as the source of the infections and
there was presumably patient-to-patient infection,

The remaining two outbreaks in surgical wards implicated
the air supplied to the theatre as the vehicle of infection of some
or all of the patients.

THE GENEsIs oF PusLisnep Epmenics

The published records are certainly not a random sample ?f
epidemics; it is, however, very striking how often a single indi-
vidual was either responsible for all the cases in these outbreaks,
or was responsible for introducing the infection to the unit and
communicating it directly to some of the patients. When the
individual is a surgeon or nurse and has a septic lesion it is not
surprising that he or she infects the patients, but the :xamplfs
of spread from healthy carners—in several cases quite uncqui-
vocal-—raise interesting queries. At least half the staff of any
hospital carry staphylococci in their noses. One asks whcth_cr
those who spread infection were carrying more extensively or in
some other way differently from those who did not; or whether
their work or behaviour afforded some unusual opportunity fof
spreading; or whether their staphylococcus was more ‘virulent

or more ‘communicable’ than the others’, The healthy surgeon
described by Devenish and Miles (1939) appeared to cary
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stump must be nearly as susceptible to infection as an open
wound, and far more difficult to protect.

The literature, then, indicates clearly that epidemics are
often due to a single type of staphylococcus, and can, not in-
frequently, be attributed to a particular carrier—diseased or
healthy. And one has the recurrent impression that the remark-
able feature is not the frequency of staphylococcal disease but
its rarity—unless we are being misled when we regard all
staphylococci as of equal ‘virulence’. Some further light can be
thrown on these points by analysis of the staphylococci received
for type-ident:fication at Colindale.

OUTBREAKS DUE TO STAPHYLOCOCCI TYPED AT COLINDALE
From the records of the four years 1954—7, we have available
200 separate incidents when a hospital pathologist sent us
strains for typing because he or she thought there might be an
epidemic of an infaection.

The total of 200 includes all incidents from which 3 or more
strains from patients’ lesions were sent for typing, with the
exception of a few where we could not be certain which strains
came from lesions and which from carriers, or where more than
one hospital was involved in one incident and the different
sources could not always be distinguished.

Of the 200 incidents, 53 had only 3 or 4 strains from lesions,
but 46 had 2o or more. The total number of stramns is not a very
good guide to the real magnitude of an epidemic because it
sometimes happened that strains could be recognized by their
peculiar antibiotic sensitivity so that not all were sent to us; and
on the other hand, some hospitals continued to send material
even after the epidemic had subsided (and in so doing some

d further ples of epid spread due to differ-
ent types).

Strains were considered to belong to one type if their phage
patterns did not differ by more than one ‘strong’ reaction (see
Williams and Rippon, 1952; Willams, 19572). The basic set of
typing phages listed by Anderson and Williams (1956) was
used throughout the four years, with the one exception that
phage 80 was not brought into regular use until mid-1g54.
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theatre shows that they cannot be large, and the numbers of
staphylococcus-containing particles in the air of an operating
theatre can hardly ever be such that more than a very few of
them would be expected to settle into the wound or on to its
immediate surroundings during an operation. If such particles
can infect the wound, the minimal infecting dose can hardly be
more than a few hundred cocci and there are some indications
(Lidwell ¢t al., 1959) that it is more likely to be in the tens.
Although the surgeon-carrier could obviously insert large
numbers of staphylococci into a wound it is more difficult to see
how a nurse, even if assisting at the operation, could insert
more than a few. But if very small numbers of cocci are in fact
able to cause infections, it is again difficult to see why infections
are not more common than they seem to be. Perhaps the rela-
tive rarity of operation infection again reflects a relative rarity
of truly virulent staphylococci. This might seem unlikely when
Shooter and others (1956) recorded no fewer than 11 different
types in 17 wound infections. But St. Bartholomew’s is a large
hospital and the air to the theatre there was clearly heavily con-
taminated by air which could have come from several surgical
wards in which there must have been many staphylococci whose
virulence was attested by the sepsis that they had produced.
Only three of the published reports from surgical units give
evidence for cross-infection within the wards—a phenomenon
well demonstrated for the haemolytic streptococcus when it was
the pathogen of the day (cf. Miles et al., 1940). On the other
hand all the maternity-unit outbreaks were regarded as ward-
spread. It is well known that practically all infants born in
hospital acquire staphylococci within their first week or so, an.d
the indications are that at any one time one particular type is
dominant (e.g. Hutchison and Bowman, 1957). It appears that
there is ordinanly free transfer of staphylococci from one infant
to another within the maternity unit; presumably an epidemic
of disease occurs when the strain that is being transferred has
greater invasive powers than the average, That the introduc-
tion, where traceable, is so often due to a nurse carrier is hardly
surprising 1n view of the many contacts that the nurses have to
have with the infants, The infant’s nose, skin and umbilical
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carriers than the others. It may be recalled that, even apart
from epidemics, staphylococci of phage group I are the most
common among nutses, and tend to be responsible for their
septic lesions (Alder, Gillespie and Thompson, 1955).

Tasee 5. Carriers of epidemic type in Colindale epidemics
(maternity and surgical)

No of epidemics with speafied no, of

Epidemic type carriers Total
of staphylococcus 0 1 23 49 10+ cpdemics

GrouwpL,type 80 5 4 6 4 6 25
» 3 others 5 2 5 4 3 19
Group 11 5 2 2 [ 1 10
Group ITT 14 1 9 1 0 35
Miscellaneous 3 0 2 0 0 5
‘Total 32 19 24 9 10 94

Frequency of phage types of staphylococei
Differences between the phage-types of staphylococei have been
alluded to several times; it was therefore of interest to analyse
the types of the 3,803 staphylococci isolated from cases of sepsis
in hospital, and especially from epidemics of hospital sepsis,
examined over the 4-year period. Almost all the strains from
the maternity wards came from septicskin and eye lesions among
babies, but some were from breast abscesses in the mothers,
The strains from surgical and other units were mostly from
wound sepsis, but some were from pneumonia, urinary and
gastro-intestinal tract infections, and skin lesions.

Of the 3,803 strains 167 were untypable. When all the strains
of one type 1solated in a single epidemic were counted as one
strain, we had available 1,131 ‘independent’ strains for analysis.
Altogether well over 200 different phage types were recognized
among these 1,131 strains, but only 20 types or groups of
closely related types occurred more than 10 times; the most
common of these are shown in Table 6.

There is, first, 2 striking difference between the disteibution
of strains from maternity and surgical units: strains of phage
group I were prominent in maternity units, and strains of phage
group III in surgical units. The difference was especially
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For the present analysis a type was regarded as an ‘epidemic
type' (E.T.) if it was isolated from three or more different
patients’ lesions,

Bpidemic types
In about one third (345 per cent) of the incidents, typing failed
to reveal any one type causing 3 or more cases of infections;
505 per cent of the incidents had one dominant epidemic type,
and the remainder (15 per cent) had 2 or more (in 5 cases, 4 of
more) such epidemic types. The proportion of mixed-type
epidemics is thus much higher than is indicated by the litera-
ture. But no incident with 20 or more cases, and only about 30
per cent of the incidents with 5-19 cases, failed to show at Jeast
one E.T, (Table 4). In the incidents with 4 or more cases and

‘TasLE 4. Freq of one or more epi types in Colindale
material
No. of leston strains per incident
34 5-19 20+
No, of incidents 53 103 4
» » with 1 ormore E.T. 16 71 44
Per cent of lesion strains in E.T. 96 57 66

at least one epidemic type, rather over 60 per cent of the lesion-
strains ined bel d to the epidemic type; the balance

b N
was presumably evidence of ‘endemic’ infections forming 2
background to the epidemic.

Staff carriers

Cultures were received from carriers among the hospital staff
from g4 of the epidemics that had one or more E.T. (Table 5)-
In 32 no carrier of the E.T. was found; 19 had one carrier and
24 had 2 or 3 carners. Whether epidenuological studies con-
firmed these as the ‘source’ of the epidemic is not, in general,
known.

Only 10 epidemics had 10 or more carriers. Nine of these out-
breaks were due to staphylococei of phage group I; within
phage group I, type-Bo outbreaks had not, on average, more



EPIDEMIC STAPHYLOGOCCAL INFECTION 175

results from a group of young adult males indicate that about
12 per cent of all the strains are untypable, compared with
45 per cent of thc lesion s&rams, and that no more Lhan 37 per
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Type 8o

The existence of specific epidemic types has been exemplified
especially well by ‘type 80’. The specific phage for this strain
was isolated in Australia in 1953 (see Rountree and Freeman,
1955) at a time when an extensive outbreak was occurring in a
Sydney hospital. Soon afterwards many other cutbreaks due to
the same type were reported from hospitals throughout Aus-
tralia, and 1t was noticed that the lesions due to type 8o were
peculiarly severe. Shortly afterwards 2 very similar phage (81)
was described in Canada (Bynoe, Elder and Comtois, 1956).
Most type-8o strains seen 1n Britain are also lysed by phage 81.

Phage 8o was taken into the routine typing set at Colindale
in the middle of 1954 and in that year the type was recognized
in a total of 7 incidents, and nfected g or more patients in 5
mcidents. By 1957 we recogmzed the type in 3g incidents and as
an epidemic type in 1g—nearly half the incidents which had any
recognizable epidemic type. No fewer than 30-1 per cent of all
the lesion strains typed in 1957 proved to be type 8o. And the
increase has been maintained 1n 1958.

The spread of type 8o is not confined to Britain. Almost all
the epidemucs {mostly 1in maternity units) described in the
United States in the last 23 years have been due to this type
or others closely related to 1t (although commonly refersed to in
the literature as 52/42C/44A/80/81 etc.), Type 8o is common as
an epidemic strain in the Netherlands and in eastern Europe
and 1n Uganda. We are 1n fact at present observing the pan-
demic spread of type 8o—=a strain that has more recorded
epidemics to its credit than any other type; whose epidemics are,
In our experience, twice as extensive as the average of all other
types; and which 15 especially prone to generate a high rate of
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striking with the strains from epidemics: in fact half the
maternity unit outbreaks were due to strains of group I, com-
pared with a quarter of the surgical and other outbreaks. And
indeed only one type within group I, namely type 8o, produced
any substantial number of outbreaks in surgical units.

Tante 6. Phage type distribution of staphylococci from septic lesions

Maternity Surgical & General
Phage type No.of Percent No.of Percent
strains  epidemic strains  epidemnc

Group I 29 13 0 12 0
7 20 250 17 0
52A/79 42 381 34 18
80 3¢ 550 51 353
Others 60 116 114 18
Total 169 278 177 136
Group I 71 20 350 [ 333
Others 57 123 27 11
Total 77 182 33 91
Group 111 6/7/47/53/54/75 ete. 23 130 23 174
7/47/53/54/75 cte. 29 241 45 132
47/53[75/17 1 273 43 250
2 (50) 37 482
5 2 0 2 9.1
53 15 67 30 133
Others 87 92 138 16
Total 169 136 343 180
Others 78 87 85 12
Total 493 182 638 140

Both in maternity umts and in the surgical units there wasa
clear indication of the existence of eprdemic types of staphylo-
coccr. Indeed 4 types (8o, 52A/79, 71 and 7/47/53/54/75) were
responsible for 50 per cent of the maternity unit outbreaks an
3 types (80, 75/77, 47/53/75/77) were responsible for 50 per cent
of the outbreaks 1n the surgical wards, These groups of types
were responsible for only 25 per cent or 21 per cent respectively
of all the septic lesions. This difference 1s emphasized when the
epidemic strains are compared with strains from healthy car-
riers. In collaboration with the Epidemiological Research
Laboratory at Colindale we have recently examincd tl‘lc types
of staphylococci harboured by healthy carriers. Preliminary
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A few studies have been made of the characteristics of staphy-
lococei isolated from lesions, compared with those isolated
from carriers and other non-pathological situations (e.g. Schwa-
bacher, Cunliffe, Williams and Harper, 1945; Hintor and Orr,
1957). These showed a statistical difference—the strains from
pathological lesions were rather more active than those from
carrier sites. But such studies inevitably suffer from the defect
that we do not know whether, had the nasal strains gained
access to wounds, they might not have produced sepsis.

Studies are needed to hyl

straxz:s"of phylo-

"P P

a strain of type 47/53/75/77 is currently producing cases of
sepsis in a hospital, it is to be regarded, at this time and in this
place, as an epidemic type, and treated as such. But given the
introduction of a single case of sepsis, or the discovery of a single
carrier, we can only say that type 47/53/75/77 is on past ex-
perience more likely than, say, type 29 to produce epidemics.
And the same is true of antibiotic-resistant strains.

Moreover only 25 per cent of the cases of type 47/53/75/77
sepsis recorded in Table 6 were associated with epidemic spread.
The method of selection of the strains for this table makes it
quite impossible to determune the real proportion of epidermc
strains, but even allowing for this we may be sure that not all
introductions, even of the most actively epidemic types, will be
followed by spread of infection: the circumstances need to be
Ppropitious.

PrEVENTION AND TREATMENT OF EpIDEMICS

The review of published records of epidemics pointed strongly
to the importance of particular ‘dangerous’ individuals in the
genesis of outbreaks of infection. The analysis of the phage types
endorses the view that, to explain the relative rarity of outbreaks
of nfection in relation to the abundance of carners, the danger-
ous carrier must ordinarily be one who harbours a dangerous
staphylococcus.

It rght be that the only feature distinguishing the dangerous

N
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carriage (and often also a high incidence of skin lesions) among
the hospital staff.

Type 8o undoubtedly has something that many strains of
staphylococci lack—but this fact should not be allowed to lead
to the glib assumption that type 80 is the one and only epidemic
staphylococeus. Other strains can often spread nearly as vigor-
ously, and even in 1949 Colbeck reported an epidemic in
maternity hospitals in Winnipeg due to type 57 in which the
wide spread and, to some extent, the individual lesions closely
resembled those due to type 8o.

Characteristics of the epidemic types
It is inescapable that there are some strains of staphylococci
distinguished by their ability to produce epidemics. The one
feature that seems well established as characteristic of present-
day epidemic strains is drug-resistance (see also Barber and
Burston, 1955). Indeed it is difficult to see how a drug-sensitive
strain could make much headway in the face of the amount of
antibiotic likely to be used to control an epidemic. Most of the
strains that are sent to Colindale for typing are in any case
penicillin-resistant, but it is worth noting that 1g of 22 indepen-
dent strains belonging to one or other of the three types (80,
47153/75/77, 75/77) causing outbreaks in surgical wards were
resistant to tetracycline as well as penicillin. Two of the types
producing epidemics in maternity wards (52A/79 and 71) were
rather rarely tetracycline-resistant.

We do not know (and it is difficult to see how we can ever
discover) whether the antibiotic-resistant staphylococci that now
spread through our hospitals are inherently more ‘virulent’ than
their sensitive predecessors, but it is certainly possible that wide-
spread drug treatment has tended to select drug-resistant
variants of the more virulent strains, since it is the virulent
staphylococci in patients with septic lesions that are most likely
to be exposed to drug treatment. But clearly resistance to several
antibiotics is not a prerequisite for an epidemic strain: type 80
when first seen in Australia was resistant only to pemcillin, and
epidemics of staphylococcal infections were observed before the
discovery of penicillin,
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the investigations that should be made (see also Williams,
1957b). The first must be to determine the types of the staphy-
lacocci from infected patients, to find out whether a single type
is dominant. Epidemiological analysis may, with the help of the
phage typing, suggest where the patients were infected—in
operating theatre, ward or nursery, And then a search among
staff (and patients} may detect persons who are carrying or in~
fected with the epidemic type, one of whom might be the danger-
ous carrier who was responsible. Such a search will not elucidate
all epidemics but it may well solve the problem in those in which
management is the easiest (and which are disproportionately
common in the hiterature)—those where all or most of the infec-
tion stems directly from one dangerous carrier.

More often, one may be sure, epidemics are not investigated
until more than one source of infection is present, unni the
epidemic strain is being spread from one patient to another, or
from several carriers to the patients. Then I believe that the
guiding principle should be to treat the staphylococcal infec-
tions due to the specific epidemic type as one would treat cases
and carriers of the agent of any other nfectious disease—to
segregate them from the community of susceptible patients
until they are free of the specific infection, and to try to elimi-
nate the epidemic type from the inanimate reservoirs in the
hospital, Such a policy often strains both the physical resources
of the hospital, to provide the necessary isolation facilities, and
the laboratory services, to provide the necessary rapid recogni-
tion of the specific staphyl But staphyl 1 epid
can greatly disrupt the work of the hospital, and it is very im-
portant that attempts should be made to control them, if neces-
sary by the provision of extra facilities within the hospital or
the use of those available outside. And it 13 to be hoped that
accounts will be published of the attempts—whether successful
or not—so that all may profit and that a future analysis of the
literature may present a more Tepresentative view than is now
possible of the epidemics as they occur.
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carrier is the sort of staphylococcus he carries. The apparently
especial danger of people with septic lesions might just reflect
the fact that the lesion in the carrier is a built-in indicator of the
virulence of his staphylococcus. We know of many instances in
which carriers of notorious epidemic types fail to start epi-
demics—and in which epidemics ccase even when carriers of the
epidemic type are still present. Quite apart from the possibility
that no susceptible patients are exposed, this could mean that
there are variations in the virulence of the strains within the
type; or it could be (and we must hope often is) that the aseptic
precautions are sufficient to prevent spread even of the danger-
ous strains from the heavy disperser. But it could also be, as
already suggested, that some people are dangerous because they
disperse their staphylococci more widely than others, Probably
all these explanations are appropriate to some cases, certainly
the known differences in aptitude for dispersal by carriers (Hare
and Ridley, 1958; Shooter et al., 1958) are sufficient to make one
feel that these differences must sometimes be relevant.

A hospital’s routine precautions have to be designed on the
assumption that any person may be a dangerous carrier and any
staphylococcus a virulent one. If the precautions prove unable
to prevent the emergence of epidemics—and this inability
proves not to be simply due to defective applications of well-
known precautions—we need to inquire whether there are more
specific methods by which we could prevent epidemics. Can we
recognize the dangerous staphylococci or dangerous dispersers
of them? At present the answer must be: only, it seems, to 3
very limited extent. We know some of the sorts of people who
have proved dangerous—but not how often such people arc
dangerous. We know which phage types of staphylococci have
caused the most epidemics—but so many different strains have
given risc to some epidemics that to confine attention to the
notorious types would almost certainly be ineffective. We .necd
a great deal more research into the biological chamc!cristlcs.Of
the staphylococcus that lead to virulence; and into the physio-
logical (and behavioural) characteristics of carriers that make

them dispersers.
But in the face of an epidemic, the analysis suggests some of
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The Regulation of the Blood Vessels
in the Limbs'

A.D. M. GREENFIELD

1L blood vessels exhibit a resistance to the flow of blood,
Aand a capacity to hold blood which depends on the dis-
tending pressure, These two functions are not equally
developed in the various categories of blood vessels. On the
classical view resistance resides mainly in the arterioles, and
capacity mainly in the venules and veins. But, of course, all of
the vessels in a limb contribute to the resistance to the flow of
blood through it, and the recent animal work of Kelly and
Visscher (1956) and of Haddy, Fleishman and Emanuel (1957),
which has been extended to man by Wallace and Stead (1957)
and Patterson and Whelan {1955), emphasizes that, under at
least some conditions, the normal arterial and venous trees may
contribute quite largely to resistance to flow.

In what follows, we shall confine our attention to the beha-
viour of total limb resistance. There is not, at present, sufficient
information to analyse the contributions of the various sorts of
vessels to this total resistance. Nor, from the point of view of
tissue nutntion or total body haemodynamics is such an analysis
a matter of first importance, The two aspects of limb resistance
with which we shall deal axe firstly the xesponse of resistance
vessels to variations in di ling or tr , and
secondly the present state of our knowledge of the innervation
and reflex control of these vessels. T wonld like to stress that in
this presentation I am drawing on the contributions of many

1 Two recent reviews (Greenfield, 1957; Roddie and Shepherd, 1958) deal wath
the subject-matter of parts of the content of this lec
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mechanisms have been suggested. The first is the venivasomotor
reflex. It was suggested by Gaskell and Burton (1953) that a
tise in pressure in the veins brings about a contraction in the
resistance vessels. The second is a local and possibly myogenic
response of the resistance vessels, causing them to narrow when
the distending pressure is raised, and to widen when it is
lowered. Such a mechanism has been proposed by Bayliss (1g902)
and Folkow (1949). There is a theoretical difficulty if it is
assumed that the detector and effector are in the same cell;
such a system might oppose but could hardly reverse the passive
change in dimension. But this is not an insuperable obstacle.
It is possible, for ple, that the stimufus is a longitudinal
stretching of the vessels, and the response a circumferentiaf con-
traction. Even in the case of a passive vessel, distension may
eventually be limited by inelastic elements in the walls,

Considering the critical closing pressure, we may say that the
evidence on the whole supports the hypothesis that resistance
vessels constrict completely at very low transmural pressures.
Such low pressures are unusual in healthy people, and normally
occur only at the extremities of raised limbs. Plethysmographi-
cally Gaskell and Burton (1953) found that the flow ceased in
the toes on elevating the legs to 45° or 60° although the caleu-
lated arterial pressure available for perfusion was 47/17 mm. Hg.
1In agreement with this, Roddie and Shepherd {19572) found
that blood flow measured calorimetrically ceases when a finger
is raised above the head until the mean perfusion pressure is
lowered to between 35 and 60 mm. Hg. Reducing the vascular
transmural pressure of a horizontal limb by local application of
pressure above atmospheric, Yamada (1954) with the plethys-
mograph, and Roddie and Shepherd (1957a) by calonmetry
have confirmed that flow ceases when the perfusion pressure is
still about 40 mm. Hg. The critical closing pressure varies with
the state of vasomotor tone, being greater when the tone is high,
and Jower when the tone is low. It might be expected that the
vessels which had snapped shut would open again only in the
face of a pressure much greater than that which allowed them
to close. This is not so; the opening and closing pressures are
almost identical.
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laboratories, and that the contributions from Queen’s Univer-
sity are in the main the work of my former or present colleagues,
Professors Shepherd and Whelan, and Drs. Roddie, Patterson,
Coles, Kidd and others.

T1E RespoNsE TO VARIATIONS IN TRANSMURAL PRESSURE
We will first consider vascular reactions to changes in the dis-
tending force, or, more precisely, to changes in transmural
pressure (Fig, 1).

Limitation of distention
by inefostic elements

.~ Limitation

gré(sl‘cnoql \‘t of distension
» by octive
Pressure QO — o~ — —Prevention myusc:l:r

T reaction
e

~
Reversal

DIAMETER ==

TRANSMURAL PRESSURE —

Fic, 1. The diameter of the lumen of a resistance vessel at various
1 For expl: see text

Burton (1951} pointed out that, if certain reasonable assump-
tions are made about the properties of the muscular and elastic
elements in the walls of small vessels, instability is to be expected
below a certain transmural pressure. As the transmural pressure
is reduced, it may be predicted that a point should be reached at
which the equilibrium between the distending force and the
tension in the walls of small vessels becomes unstable, allowing
the vessels to close completely. The threshold pressure below
which the vessels are closed Burton called the ‘Critical closing
pressure’.

As the transmural pressure is raised, resistance vessels Svou!d
be passively distended unless there were an active reaction in
their walls to limit, prevent, or reverse the distension, Two such
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method almost certainly underestimates the true flow during
even mild congestion, the unchanged flow with reduced perfu-
sion pressure indicates a lowered resistance, and some dilatation
of the resistance vessels. With more severe venous back pres-
sure {Shanks, 1955; England and Johnston, 1956) calorimetric
measurements indicate that the blood flow decreases as the
perfusion pressure decreases, and that resistance and therefore
calibre remain substantially unchanged.

There is, however, a good deal of evidence that vessels do in
fact react actively to transmural pressure. The reaction is dis-
played when the increased transmural pressure is suddenly re~
moved. The effect is rather like suddenly removing one team
from a tug-of-war. The resistance vessels suddenly contract.
Thus a period of fairly severe venous congestion, to 110 mm. Hg.
for § minutes, sufficient to reduce the blood flow greatly, is fol-
lowed not by a reactive hyperaemia, but by a period of reduced
flow, indicating vasoconstriction. This 15 the case not only in
normal, but also in sympathectomized and denervated arms
(Patterson and Shepherd, 1954).

There is a similar response after a temporary increase in the
transmural pressure in all the vessels of a part brought about
by local exposure of the limb to subatmospheric pressures.
The tr: al p 3 1 by the amount by which
the local pressure falls below atmospheric. Figure 2 shows the
reduction in blood flow through the forearm immediately after
exposure to — 100 mm. Hg. for varying periods (Greenfield and
Patterson, 1954a). Simlar results are seen in the calf of the leg
(Coles, Kidd and Patterson, 1956).

A further example of the after effects of altered transmural
pressure is provided by the effects of arresting the circulation,
When the arculation is arrested for a time and then released,
a great increase 1n blood flow, known as reactive hyperaemia,
follows. A contributory factor to this appears to be the fall in
pressure 1n the arteries during the period of arrest. If, just before

artenal occlusion, the arm is congested with blood by application
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Let us turn now to increases in transmural pressure. A rise
in transmural pressure is a very common happening. The pres-
sure is more or less raised in all the vessels, arteries, capillaries
and veins, below heart level. If this provoked a contraction of
the local resistance vessels, whether by a venivasomotor reflex
or a local myogenic response, we should have a mechanism in
almost constant operation in some or other part of the body, and
possibly playing an important part in the defence of the whole
circulation against gravity. Since in a dependent inactive limb
the arterial and venous pressures arc about equally increased
by the hydrostatic effect of columns of blood in the vessels ex-
tending to heart level, the perfusion pressure is essentially un-
changed. Therefore, if the resistance vessels constrict the flow
will be less than in a horizontal limb, and if they remain un-
changed the flow also will be unchanged. Observations by
venous occlusion plethysmography (Gaskell and Burton, 1953;
Beaconsfield and Ginsburg, 19552) have indeed indicated a
reduction in flow, and therefore a contraction of the resistance
vessels, in dependent himbs. The validity of this method whena
part is already congested with blood is, however, doubtful, and,
by contrast, other methods agree in indicating a small increase
in the blood flow, and therefore dilatation of the resistance
vessels, in the dependent limb.

For ple, the heat elimination from the toes of a dcpcr.l-
dent leg is greater than that from the toes of the opposite hori-
zontal leg (England and Johnston, 1956) and the same is truc
of the fingers (R. A. Roddie, 1955). Again, the oxygen satura-
tion of both superficial and deep venous blood is increased when
the arm is moved to the dependent position (Rosensweig, 1955)
and this is also the case in the legs (Wilkins, Halperin and
Litter, 1950). Evidently the reaction to increased transmural
pressure does not prevent some widening of the resistance \"cssc!s
in the semi-dependent limb, but it may oppose and limit this
widemng.

One reaches a similar conclusion when the effects of venous
congestion are considered. Slight venous congestion, of up to
20 mm. Hg., which is sufficient to cause an increase in limb
volume of about 2 per cent, does not cause any decrease in the
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blood during local exposure to subatmospheric pressure i
a progressive fall in flow, and therefore a narrowing of the
vessels, in both the skin and muscle of the forearm (Blair and
Roddie, 1958).

SECOND MIN OF EXPOSURE

200- 282, #40
H Ry
T
38
150

HEAT ELIMINATION (7}

o

© 30 60 100 150 200
mmHg S8ELOW ATMOSPHERIC PRESSURE

Fic. 3 The heat elmination from one hand dunng the second 5 minutes
- a1 PR P

1956) T

The most valuable information about a prolonged rise of
transmural pressure comes from patients with coarctation of the
aorta. The perfusion pressure is raised in the upper limb, but
the blood flow is normal in both forearm and calf. The resis-
tance to flow is increased in the forearm (exposed to the raised
transmural pressure) but normal in the calf (Patterson, Shep-

normal pressure by the post-coarcted aorta. Butitis improbable
that a nervous or h 1 hanism for raising r

would distinguish between these two beds. It is not certain that
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of local subatmospheric pressure (Patterson 1956) or venous
congestion (Wood, Litter and Wilkins, 1955), so that the arterial
pressure is better sustained during the occlusion, the reactive
hyperaemia is much reduced.

EXPQSURES TO 10Omm Hg BELOW ATMOSPHERIC

150

10O - X § ~

50

5SEC I5SEC

30 SEC EOSEC
o i 2 [ | 2

Fi6. 2 The blood flow through one forearm following local exposure to 2
pressure 100 mm. Hg below atmosphenic for various perods expressed
j as a po of the d blood flow
through the opposite forearm at atmospheric pressure throughout. Abscissa:
time 1n munutes from the end of the exposure, {From Greenfield and Patter-

son, 1954a.)

The next observations relate to the behaviour of the vessels
while transmural pressure 1s increased. In acute experiments,
blood flow has been followed calorimetrically in the hand (Fig. 3,
Coles and Greenfield, 1956) and toes (Coles, 1957) during local
exposure to subatmospheric pressure. These observations all
indicate that when transmural pressure is increased beyond the
amount normally found n full dependency, the resistance is
increased. The results also indicate that in the fully dependent
toes passive distension is successfully opposed, and the resistance
is unchanged. Observations on the oxygen saturation of venous
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and cholinergic nerves during body heating is excluded by the
finding that atropine does not change the blood flow. The main-
tenance of an undiminished blood flow after nerve block is not
due to persistence of a stable vasomotor material released before
the block, for Roddie, Shepherd and Whelan (1g57¢) found
that blocking the nerves before general body heating was
started had no effect on heat elimination from the finger-tip.

Because of the enormous background flow through arterio-
venous , @ modest dil action on other
vessels might well escape notice by the methods currently avail.
able, but we can feel sure that it plays no significant part in the
temperature-regulating reactions of the normal circulation.
However, since there are numerous sweat glands in the hands,
the blood flow to which is probably increased in activity, it is
possible that the nerves to the sweat glands of the hand have an
indirect vasodilator action (Barcroft, Brod, Hayes and Hirsjarvi,
1959)-

Apart from responses to changes in central body temperature,
and to reflexes arising from temperature receptors in the skin
(Cooper and Kerslake, 1953), the hand circulation is reflexly
affected by sumuli from many regions of the body, by receptors
activated on taking a single deep breath (Gilliatt, 1948) and by
the emotions, but, strangely, it is practically excluded from
participation in baroreceptor reflexes (Beaconsfield and Gins-
burg, 1955b).

The skin of the forearm differs from that of the hand in being
subject to vasoconstrictor nervous control, operating through a
small range, and active while the subject 1s cold, and to vaso-
dilator nervous control, operating through a large range, and
active while the subject is hot. It is curjous and remarkable that
there is, seemingly, an abrupt change of control at the wrist.

Evidence for vasodilator nerves to forearm skin was first pro-
vided by Grant and Holling (1938} who found that in warm
persons, when individual cutaneous nerves are blocked, the
temperature of the skin is lower 1n the anaesthetized area than
in the surrounding areas. Their existence has been confirmed by
Edholm, Fox and Macpherson (1957) and by Roddie, Shep-
herd and Whelan (1957b). The latter found that the superficial
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the increased resistance is a consequence of the increased pres-
sure, but this hypaothesis fits the facts better than the others
that have been proposed.

There is, therefore, a considerable body of evidence that
resistance vessels react actively to an increase in transmural
pressure on the arterial side of the circulation. This reaction
must contribute to the protection of the circulation against the
effects of gravity. To what extent it operates in, or contributes
to or even causes arterial hypertension remains to be evatuated.

THE INNERVATION AND REFLEX CONTROL OF THE RESISTANCE
‘VESsELS
Let us now turn to the innervation of the vessels, We shall refer
exclusively to the upper limb; it is supposed that the conclusions
here apply also to the lower limb, but this has not yet been
adequately tested.

The skin of the hand, and especially of the digits, has been
known for a long time to be under the influence of powerful
vasoconstrictor nerves. The blood flow through the finger tips
can be decreased to about one-hundredth part when these
nerves are bronght from quiescence to a state of full activity.
This is probably the greatest range of blood flow encountered
anywhere in the body. It has been suggested from time to time
that there are also vasodilator nerves to the skin of the hand,
but these are unimportant. The hand and finger circulation is,
of course, increased by general body heating (Gibbon and
Landis, 1932; Lewis and Pickering, 1931) and it has been pre-
sumed that the condition under which vasodilator nerves, if
they extst, are most likely to be active, is during intense btgdy
heating. Evidence for their action would be obtained if, during
such heating, nerve block reduced the blood flow through the
blocked area, or, supposing the fibres to be cholmergic, if
atrapine did the same. Most carefu} observations have failed to
disclose any vasodiator activity under these condiﬁcms. in
normal persons. Arnott and Macfie (1948} found no reduction
in heat elimination from the nerve-blocked sth finger, and
Gaskell (1956} no reduction in blood flow through the bluckc.d
hand, The remote possibility of a balanced action of adrenergic
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atropinization which effectively suppresses sweating. The exact
relationship of the vascular response to sweat gland activity is
not clear; it is partly linked to activity in the glands, but
whether the so-called vasodilator fibres act directly on the
vessels, or indirectly as a consequence of sweat-gland activity,
or by both routes, is not yet known.
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In muscle, the changes in blood flow that can be brought
about by variations in nervous control are quite small compared
with the changes due to exercise, Exercise of the muscles may
raise the total forearm flow from 3 to go ml/100 ml./min.
Barcroft, Boninar, Edholm and Effron (1943) found that block-
ing the deep nerves raised the total forearm flow only to about
7 ml./100 ml./min. Of this increase a small part was in the skin,
about one-third of which was anaesthetized, but most was in the
muscles. The increase in the muscle flow was not a mechanical
consequence of muscular paralysis, for blocking the deep
nerves in sympathectomized subjects was without effect on flow.
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venous blood attained a higher oxygen saturation (g6 per cent)
in the intact forearm than in the forearm with the superficial
nerves blocked (85 per cent). The fairly small difference in
venous oxygen saturation implies a very large difference in
flow, perhaps in the ratio 5 : 1 or more. The presence of vaso-
constrictor fibres to forcarm skin is shown by the rise in oxygen
saturation in the superficial venous blood when the nerves are
blocked.

Understanding of the innervation of the forearm skin has been
greatly assisted and simplified by the recent demonstration that
the muscle circulation does not participate in the reflex adjust-
ments to general body heating. This was shown to be so by
Barcroft, Bock, Hensel and Kitchin (1955) who measured muscle
blood flow with a calorimeter-sound, by Edholm, Fox and
Macpherson (1956) who suppressed circulatory changes in the
skin by intense adrenaline clectrophoresis, and by Roddie,
Shepherd and Whelan (1957b) who found that body heating
raised the oxygen content of venous blood draining skin but not
that of venous blood draining muscle (Fig. 4). All these observa-
tions agree with the findings of McGirr (1952) that Na,, clear-
ance from muscle is unchanged, but that from skin is increased.

During body heating we may say therefore that blood flow
through the muscle remains constant, and variations in total
forearm blood flow indicate variations in the blood flow
through the skin of the forearm,

When a rather cold person is heated (Roddte, Shepherd and
Whelan, 1957a), the forearm blood flow first increases to about
5 ml.{100 ml./min. This increase coincides with the increase of
hand blood flow due to withdrawal of constrictor tone, is un-
affected by atropine and is about equal to the increase seen 0
blocking the superficial nerves. The increase from 2 to 5 ml./
100 ml./min. may therefore be taken to be due to release of
cutaneous vasoconstrictor tone.

Continued heating leads to sweating in the forearm, indicated
by a fall in skin resistance, and coinciding with this there is a
further rise in total forearm flow from about 5 to 15 ml./roo ml./
min, This increase is probably due to vasodilator nerves. The
increase is reduced and delayed, but not abolished, by local
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of the deep nerves abolishes the resp so the mechanism is
clearly not humoral but nervous, and therefore operates by
adjusung vasoconstrictor tone. In agreement with this conclu-
sion, the blood flow on raising the legs approaches, but does
not exceed, that in the apposite forearm with the deep nerves
blocked.

The increase in blood flow is shown to be in muscle and not
in skin by observations on the oxygen saturation of venous
blood. The oxygen saturation of blood from the shin remains
unchanged, but that of blood from the muscles is increased.
Thus the response is brought about by a reduction in the vaso-
constrictor tone of the muscular circulation.

The increase in muscle circulation is probably a reflex re-
sponse to stimulation of baroreceptors in the low-pressure vessels
in the chest. The evidence is as follows. Raising the cuffed legs
is without effect until the cuffs are released. Thus the action
depends on transfer of blood from the legs to the remainder of

the body. Raising the legs and pelws is more effective than rais-
Zematan [T AR

JRUSIONG . TN IO

A I

below the neck.

During leg raising the central venous pressure is raised, and
50 is the central venous pulse pressure, but the arterial pressure
is hardly altered (Fig. 5). Thus the effect can hardly be a reflex
from the arterial baroreceptors, and in any case, as we have
mentioned, the muscle circulation is exempted from participa-
tion in baroreceptor reflexes from the carotid sinus.

A similar increase 1n muscle blood flow, due to a reduction of
vasoconstrictor tone, is also brought about by resisted breathing
(Roddie, Shepherd and Whelan, 1958). The subject breathes
through a narrow orifice which causes the pressure in the air
passages to fluctuate between about +30 and —20 mm. Hg.
The effect of this is to set up cyclical strains in the tissues be-
tween the air passages and the blood vessels, and therefore most
probably at baroreceptors situated in the walls of low-pressure
intrathoracic vessels, This experiment suggests that the baro-
receptors may be sensitive niot only to changes in mean pressure,

o
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Thus there is convincing evidence that there are nerves to
the blood vessels of skeletal muscles, and that these normally
exert a moderate degree of vasoconstrictor tone. This is con-
firmed by the increase in " + | oo B
blood (Reddie, Shepherd . -
deep nerves of the foreart -+ . L. .
exerting an intense vasoconstrictor action, for inhalation of
30 per cent carbon dioxide almost stops the blood flow through
the normal forearm, although that through the nerve-blocked
forearm is not greatly changed (McArdle, Roddie, Shepherd
and Whelan, 1957). Since there is evidence from the oxygen
saturation of venous blood draining the skin of the forcarm, and
from measurements of hand blood flow that the skin vessels are
not intensely constricted, the constriction of the muscle vessels
must be very acute indeed.

We have already mentioned the evidence that the vasocon-
strictor tone to the muscle vessels is unaffected during general
body heating. The muscle circulation is, of course, not well
adapted for exchange of heat with the environment, and it s
apparently excused from the circulatory adjustments of tem-
perature regulation. More surprisingly, the muscle circulation is
also excused from participation in reflexes arising from arterial
baroreceptors in the carotid sinuses. Carotid compression which
lowers both the mean and the pulse pressures at the carotid sinus
does not increase the resistance to blood flow through the calf
(Roddie and Shepherd, 1957b) and conversely, increasing the
transmural pressure at the carotid sinuses by local external
suction (Ernsting and Parry, 1957) probably does not reduce
the resistance to blood flow through the hand, forearm or call
of the leg. .

The vasoconstrictor tone to muscle is, however, readily
adjusted in response to stumulation of baroreceptors in the low-
pressure vessels in the chest (Roddie, Shepherd ax}d Wh.clan,
1957d). Raising the legs of a normal recumbent subject (Fig. 5)
increases the blood flow through the arm. Since the arteniat
pressure is scarcely changed, the increase must be fiuc to
vasodilatation, Atropinization 1s without effect, s0 cholinergic
vasodilator nerves are not involved. Sympathectomy or block
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nervously mediated changes in forearm blood flow. They may
be responsible for the reduction in flow (Brigden, Howarth and
Sharpey-Schafer, 1950) on assuming the erect posture, and for
the reduction in flow after the Valsalva manauvre, and the
tise in flow after coughing described by Sharpey-Schafer (1953).
The part played by the reflexes in congestive heart failure needs
further evaluation; it may be that the receptors are set at an
altered level.
None of the evidence we have considered indicates the exis-
tence of vasodilator nerves to the muscle blood vessels. There is
incing evidence in animals (Uvnas, 1954) for the existence
of chalinergic vasodilator fibres to muscle, distributed through
the sympathetic system, and discharged by electrical stimula-
tion of various parts of the brain. In the human being the
evidence for vasodilator fibres to muscle vessels rests on the
observation that during fainting the total forearm blood flow is,
for a short time, greater in the normal than in the nerve-blocked
forearm (Barcroft and Edholm, 1945). Ifit may be assumed that
the blood flow through the skin of the forearm is not increased
in fainting, this evidence indicates a discharge of muscle vaso-
dilators, It is not yet known whether more common circum-
stances than fainting cause the muscle vasodilators to discharge;
this is a matter which we are at present investigating.

Sumatary
The blood vessels of the skin of the hand are under very power-
ful vasoconstrictor control, and those of the skin of the forearm
are under weak vasoconstrictor and powerful vasodilator con-
trol. In both areas of skin, the vessels are employed for thermo-
regulatory reflexes, but they are exempted from participation
in baroreceptor reflexes.

The blood vessels of the muscles of the forearm are under
vasoconstrictor control, and there is normally a state of vaso-
constrictor tone which may be increased and almost stop the
carculation, or relaxed, allowing the blood flow to increase to
several times the normal value. This control is independent of
thermoregulatory reflexes and of carotid sinus reflexes, but is
employed by baroreceptor reflexes from the low-pressure vessels



194 A. D. M. GREENFIELD

but also to the extent of rhythmical pressure fluctuations.
Since, however, the site of the receptors is unknown, we do not
know exactly how much of the intrathoracic pressure distur-
bances are transmitted to them.
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Fig 5. The effect of raising the legs and lower trunk on the central venous
pressure, the artenal pressure and the forearm blood flow (from Roddie,
Shepherd and Whelan, 1957d).

In the recumbent subject the reflex mechanism is set at 2
level which allows the muscle blood flow to be ejther increased
or decreased. This is shown by experiments in which the subject
breathes from a monthpicce dehvening air at a steady pressure
ahave or below atmospheric (Blair, Glover and Kidd, 195.8)-
From the point of view of low-pressure baroreceptors, reducing
the pressure in the air passages is pry Jent to
raising the pressure mn the great veins. Both procedures raise the
forearm blood flow. Conversely, however, raising the pressure
in the air passages reduces the forearm blood flow. Breathing
against a raised pressure may be presumed o have the same
effect on low-presstre baroreceptors as rising from the horizontal
to the erect posture,

Reflexes from the low-pressure baroreceptors, rather than
from arterial barorecep , may be responsible for a number of
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in the chest. Vasodilator nerves to the forearm have so far only
been shown to act during fainting.

Note
Since this lecture was given, Blair, Glover, Greenfield and
Roddie (. Physiol, 1959, 148, 633) have found that emotional
stress activates cholinergic vasodilator nerves to muscle capable
of causing a very great increase in blood flow, of the same order
as that seen after exercise.
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decrease in the inflammatory response is associated with a de-
creased resistance to infection, A boxer, on the other hand, has
no teleological scruples about calling it 2 bad thing, The anti-
phlogistic effect of a raw steak clapped to his bruised cheek, fol-
lowed by judicious incisions to relicve the oedema, means that
he has an eye to sce out of for his next day’s fight. If you object
to folk-lore from the prize-fighter’s dressing-room as evidence
that inflammation is a curable evil, there are in orthodox
medicine plenty of more deeply considered-—though perhaps
equally folk-lorish—instances of anti-phlogistic therapy with a
fair claim to success.

Even the most sceptical will agree that the processes of repair
at the finish of the inflammatory sequence can be considered as
biologically useful; and even the most teleological will agree
that the injury which initiates the sequence is biologically
useless; but in between there is a complex of interwoven events
whose use to an orgamsm is difficult or impossible to determine.
‘The a priori principle, that all the events we observe are purpose-
ful, even when they are not successful, is very little help in think-
ing about inflammation, because the only objective criterion of
purpose is achievement, and it is obvious that many inflamma-
tory processes end in disaster,

As a beginning then, let us cautiously admit that inflamma-
tion may be good in parts. But in this context of biological use-
fulness we must scan the inflammatory sequence with a cold
eye and be prepared to dismiss some events as mainly neutral,
to castigate others as nothing but a nuisance, and perhaps to
find a hard core of reactions that appear to be a necessity for
the ultimate recovery of the inflamed tissue. Many of the
attempts to unravel inflammation are bedevilled by the accep-
tance, sometimes unconscious, of the notion that all parts of the
phenomenon are relevant. The chief pitfall of the notion is not

thAt 1t 1e wrane use that i+ vcan elmma acd oo maes s wtalat

. . i . KON
selves with this question—*Is it neutral, a nuisance or a neces-
sity?” The answer can determine whether a given evemt is
necessary if inflammation as such is to occur; and whether what
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the theme, ‘the scientific basis of medicine’, it is not because

I am succumbing to that all-too-common desire of lecturers
to tell their audiences things they already know quite well; but
because I wish to emphasize a point of view-—namely, that I
should attempt to be scientific not only about the mediators of
inflammation, but about medicine as well, The aim of medicine
being to preserve or restore health, our analysis of inflammation
should be made with an eye on what it implies for the preserva-
tion or restoration of health. In saying this T wish to raise no
false hopes of arriving at conclusions of supreme clinical impor-
tance. I make the point because the sort of eye we keep on
general medicine will depend in the first place on what we feel
about inflammation. Is 1t a good or a bad thing?

IF I begin by declaring this lecture to be an illustration of

THE BIOLOGICAL VALUE OF INFLAMMATION
The confirmed teleologist, for whom all tissue responses ar¢
purposive, will maintain 1t js a good and necessary part of th
process leading to recovery from injury. An immunologist mlght
say it is good because, under the stimulus of an infecting
microbe, the permeability of the blood vessels increases to let
through into the extravascular tissue the proteins and phago-
cytes capable of killing the invader. He would accordingly de-
precate the use of cortisone for anti-phlogistic purposcs, at Teast
in an animal like the rabbit, because he has proved that the
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becomes still more permeable to plasma, and permits the pas-
sage of white blood cells, while the stickiness is exaggerated into
the formation of intravascular adhesive matter which entrains
platelets and the larger blood cells. After injury of !his ‘dcgrce,
v e v S e T ea

Al et

result, there may be rupture of the wall, and haemorrhage.
How useful is this extravascular change® A freer movement of
intercellular fluid might be necessary for the inflammatory
sequence, but the haemorrhage is clearly an irreversible change
and a nuisance and can be dismissed from our scheme.

There is Jittle more to be said about the possible benefits of
this ‘umt’ extravascular change. Hyaluronidase is the only
respectable candidate for mediator (Zweifach and Chambers,
1950); and there are, in fact, indications that endogenous
hyaluronidase accumulates in inflamed tissues {(Mayer, 1g950).

: RIS

Tt cinma srnlnntnd tom mnte hoaal T L

em PR

standing extravascular response-—the degranulation or rupture
of the basophilic mast cells present in a wide variety of tissues,
and its pharmacological consequences—is dealt with below.

Vascurar EVENTs 18 EARLY INFLAMMATION
There is much more to be said about the vascular events, and
particularly about the capillary change. Its place 1n the time
sequence established by microscopic observation is important.
‘When the micro-injury is inflicted away from the vessels the
liquidation follows after a time-lag, and capillary permeability
usually increases after that, strongly suggestng mediation
by diffusible substances formed in response to the injury—
formed, that s, extnnsically with respect to the vascular endo-
thelium Arnother important feature of the sequence, borne out
by expeniments on a macroscopic scale, is that increased per-
meability and stickiness of the capillaries go hand in hand

(e g Burke and Miles, 1958), and appear to be necessary pre-
ludes to the diapedesis of leucocytes.
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we finally decide to be the essential inflammation is necessary
for recovery after injury.

To simplify the issue, first let us dismiss all the processes of
cellular repair and concentrate on the earlier events proper to
inflammation. Second, let us confine ourselves to inflammation
without tissue-destruction—what is sometimes called ‘physio-
logical inflammation’ because recovery takes place without
formation of new tissue. It is possible that qualitatively different
events take place when injured tissues proceed to necrosis, but
since reversible degrees of inflammation can nearly always be
produced by weaker versions of necrotizing stimuli, we should
not go far wrong with the lesser phenomenon.

Tue ‘Unrr’ EVENTS OF INFLAMMATION
From this phenomenon we can select as it were structural and
functional units of which the typical inflammation is built. The
anatomical unit appears to be a microscopic region of tissue,
the capillary that feeds it, and the appropriate arterioles and
venules supplying and draining the capillary. The immediate
response to micro-injury of a unit of this kind, as seen in the
transparent tissues of a tadpole’s tail (Clark and Clark, 1935)
or the rat meso-appendix (Zweifach, 1953) is in two parts—an
extravascular and a vascular. These are the two functional units
and they are distinguished as such for the following reasons. &
few minutes after injury, applied in areas away from the blood
vessels, the connective tissue, hitherto a resistant gel through
which fluids may creep 1n a parsimonious way, apparently along
minute perifibrillar spaces, becomes so fluid that injected
material can move freely for relatively large distances. Very
soon after this the nearby arterioles dilate, and the capilla‘f}’
walls—especially in the venous region—become sticky for cir-
culating leucocytes, and become more permeable to plasma
proteins. The extravascular ‘liquidation® (if I may steal an apt
word from politics) is independent of the vascular change in the
sense that it 1s not, for ple, induced by h ine, whereas
the capillary events are; and because it can be mc.dialcd by
injected hyaluronidase, which does not mcrease ca}?xllary per-
meability. With greater injurious stimuli the capillary wall
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Nevertheless, permeability to proteins usually increases at an
early stage in the vascular response, so that it is 2 useful index
of at least an initial capillary reaction, if not of 2 continuing one.
None of these various indicators is perfect, and their various
imperfections must necessarily influence our interpretation of
permeability effects.

CAPILLARY STRUCTURE AND PERMEABILITY CHANGES
Just what do we expect a mediator of increased permeability
to do® The plasma protein has to pass at an increased rate
either through the endothelial cell or the gaps between adjacent
endothelial cells, and then through the pericapillary layer of
connective tissue. In some situations this layer is fibrous and in
others appears to be no more than intercellular ground sub-
stance—a substance that only in sitwations like the lung or the
kidney, where the capillaries lie next to the epithelium, achieves
the status of a definite \ The passage & cells is
apparently blocked by matenial, revealed by staimng with silver,
which has been called ‘cement substance’. In electronmicro-
graphs of capillaries, however, there is no sign of a special
cement. In sections of lung capillanes, for example (Karrer,
1956), the alveolar and endothelial cells lie on each side of the
basement membrane, and the very narrow space between endo-
thehal cells appears to be filled with a substance continuous
with that of the basement membrane. In other capillaries the
interendothelial substance is a continuation of the pericapillary
sheath. When histamine is applied to the vessels i doses big
enough to induce a permeability effect, the flat endathelial cells
round up and project into the lumen (Zweifach, 1953). A
similar rounding-upisseen in electron-micrographs, presumably
a consequence of the fixation of the tissue for section. How this
structural change after histamine could contribute to increased
permeability is not clear, because, even with the much greater
insult of fixation, a thin sheet of endothelial cytoplasm still
hines the wall of the vessel with minimal gaps between cells.
We may suppose the endothehum to be impermeable and per-
meability an increase in the gaps between cells, whether
achieved by changes in the porosity of the connective tissue
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For these reasons, increased capillary permeability, which of
all the events in this unit response is onc of the easiest to measure
dynamically in the living animal, is popular as an indicator
reaction in inflammation and in the search for mediators of
inflammation.

The delection of increased permeability

Its precise measurement, whereby a balance sheet is established
for blood supply, accumulation of blood substances in the
tissues, and the contents of the lymph draining the affected part,
demands laborious techniques which are rarely applied. For the
most part, an adequate and reasonably constant drainage may
be assumed in acute experiments, and the accumulation in the
tissues either of fluid, or of excessive amounts of large-molecular
substances, is used to indicate increased permeability. The
available indicator reactions vary in subtlety and range. One of
the simplest, and still useful, was first explicitly described by Mr.
Tony Weller, on the occasion of his forced attendance at a tea-
party of the Brick Hill Lane Branch of the United Grand
Junction Ebenezer Temperance Association: “There’s a young
’ooman,’ he said, ‘as has drunk nine breakfast cups and 2 half;
and she’s swelling wisibly before my wery eyes.” The modemn
version of Mr. Weller’s indicator reaction is the rapid swelling
of the rat’s snout or paw under the influence of permeability
factors given either locally or sy ically. The c onest
method is the accumulation of dye m the skin of the test animal
at the site of injury. The dye is given intravenously and in‘thc
blood becomes closely associated with plasma protens, particu-
larly the albumins (Rawson, 1943). Rapid extravasation of d.yc
15 therefore accepted as an index of rapid exudation cfprqtem.
When a more firmly marked protemn is required, albufmI} or
globulin can be tagged, for example, with radioactive xo.dmc.
In other methods the injury is applied to a serous cavity—
pleural or peritoneal, and the resulting exudates harvested for
examination,

As indicatoss, the plasma proteins are misleading in some
ways: thus, capillaries may be relatively impermeable to the
proteins but pathologically permeable to other substances.
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Nevertheless, permeability to proteins usually increases at an
early stage in the vascular response, 5o that it is a useful index
of at least an initial capillary reaction, if not of a continuing one.
None of these various indicators is perfect, and their various
imperfections must necessarily influence our interpretation of
permeability effects.

CAPILLARY STRUGTURE AND PERMEARILITY CHANGES
Just what do we expect a mediator of increased permeability
to do? The plasma protein has to pass at an increased rate
cither through the endothelial cell or the gaps between adjacent
endothelial cells, and then through the pericapillary layer of
connective tissue. In some situations this layer is fibrous and in
others appears to be no more than intercellular ground sub-
stance—a substance that only in situations like the lung or the
kidney, where the capillaries lie next to the epithelium, achieves
the status of a definite membrane, The passage between cells 1s
apparently blocked by material, revealed by staining with siver,
which has been called ‘cement substance’. In electronmicro-
graphs of capillaries, however, there is no sign of a special
cement. In sections of lung capillaries, for example (Karrer,
1956}, the alveolar and endothelial cells lic on each side of the
basement membrane, and the very narrow space between endo-
thelial cells appears to be filled with a substance continuous
with that of the basement membrane. In other capillaries the
interendothehal substance is a continuation of the pericapillary
sheath. When histamine 15 applied to the vessels in doses big
enough to induce a permeabihty effect, the flat endothehal cells
r.ound up and project into the lumen (Zwerfach, 1953). A
similar rounding-up is seen 1 electron-micrographs, presumably
a consequence of the fixation of the tissue for section, How this
structural change after histamine could contribute to increased
permeability 15 not clear, because, even with the much greater
wnsult of fixation, a thin sheet of endothehal cytoplasm still
lines the wall of the vessel with mimmal gaps between cells.
We may suppose the endothelium to be impermeable and per-
meability an increase in the gaps between cells, whether
achieved by changes in the porosity of the connective tissue
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barrier, or an uncovering of more barrier with a fixed porosity.
J. R. Pappenheimer (1953) calculated that intercellular gaps
provided a sufficient surface for the normal passage of solutes,
proteins and other colloids, and postulated that filtration took
place through an isoporous membrane. If this is so, increased
permeability would be equivalent to increase in the number of
available pores, It is tempting to think of the outraged endo-
thelial cell drawing in its skirts, and thereby exposing, at the
intercellular junctions, more of an underlying filtration surface;
but our only evidence that these endothelial sheets may be dis-
turbed in this way is the supposed passage of phagocytes befueet
endothelial cells. Other work (Shirley et al., 1957) suggests,
however, that the size of these pores can be increased—a process
that might, for example, be brought about by depolymerization
of the barrier substance—whatever that may be.

These notions about the mechanism of filtration have the
merit of not requiring a change m the endothelial cell—the
events could take place solely in the intercellular gaps. Other
speculators lean to increased activity of the endothelium. Some
electron-microscopists describe pores in the endothelial sheet
(Pease, 1955; Rhodin, 1955), others depressions that are not
quite complete holes (Karrer, 1956). By themselves, however,
if we accept their dimensions as reflecting what they are like in
real life, the holes are probably too big to be responsible for
selective filtration of proteins; though they might well be the
site of grosser leaks of plasma. The presence of ‘vacuoles in
endothelial cytoplasm and of cups on the cell surface suggesting
the active intake of blood fluid by the process of pmocytosis,
and the demonstration that visible particles that have stuck to
the surface are ingested (albeit very slowly compared with the
Pprocesses we are considenng) give some, but not much, plausi-
bility 1o the notion of transfer of blood substances to the extra
vascular tissues by pinocytosis. But, of course, the transfer of
protemns, whether at a physiological or a pathological rate,
might well occur on a submicroscopic scale as part of a meta-
bolic process, and independently of a relatively coarse process
like pinocytosis. . . o

My object, however, is not to weigh probabilities about
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mechanisms but to indicate that the mediators we seck may be
anything from a depolymerizing enzyme to a small-molecular
substance triggering a profound change in the transporting
mechanisms of the endothelial cell.

CANDIDATES FOR THE RoLE OF ENDOGENOUS MEDIATORS
OF INCREASED PERMEABILITY
The more notorious substances of endogenous origin that 1n-
crease permeability are listed in Table 1. Although histamine

TasLe 1 Some candidates for the role of endogencus
permeability factors

=

(a) Pharmacologically active amines:

5-Hydroxytryptamine (5-ut) and
(6) Therr liberators
. (a) Proteases:
Plasmn
Serum globulin pr
(8) Products of proteolysis:
ukotaxine
Bradykinm
Kallidin

S

was recognized by Eppinger as a permeability factor as early
as 1913, interest in 1ts possible role in inflammation was stimu-
lated principally by Lewis’s observation in 1927 that the triple
response, elicited by pricking histamine into human skin, was
also induced by mechamcal, electrical, thermal and chemical
mjury. Histamine is regarded as the active end-product of a
series of reactions which either liberate histamine from a
chemical bondage or which set free already-formed histamine
from special sites in a cell. Serotonin—or g-hydroxytrypt-
amine—is a newcomer, which was 1n 1956 shown conclusively by
Rowley 2nd Benditt to be a powerful permeabihty factor in the
rat, an ammal in which, incidentally, histamine has a low per-
meability-increasing potency. The notion of proteases, especially
plasmap , as ned s of per bilty effects was widely
entertained during investigations of the anaphylatoxin theory of
anaphylaxis (Friedberger, 1909; Jobling and Peterson, 1914).
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Proteases appear in the blood during antigen-antibody com-
bination in vive and can be induced i vrtro by adding to fresh
serum substances like agar, starch and bacterial suspensions.
Proteases could act directly on the capillaries, but they must
also be considered as precursars of polypeptide mediators. From
the early nineties onwards many investigators induced permea-
bility effects with products of tissue breakdown. One type of
permeability factor—leukotaxine—~was found in such tissues
and was described by Menkin in the 1930’s (see Menkin, 1956).
He found it in one-day-old alkaline inflammatory exudates, and
identified 1t as a polypeptide. It appears that Menkin’s leulo-
taxine is representative of a family of polypeptides (Duthie and
Chain, 1939; Spector, 1951), having in common a moderate
permeability-increasing potency, dependent mainly, as Spector
showed, upon the number of amino-acid residues in the mole-
cule—some 12-15 being optimal, Both kallidin, a polypeptide
released from plasma by the pancreatic protease kallkrein, and
bradykinin, a polypeptide released from plasma by treatment
with trypsin or snake venom, increase capillary permeability in
the experimental animal.

Under proteases, I should mention twe mare of the numerous
mediators of inflammation named by Menkin—exudin and
necrosin. Being largely r~~--
fractions of inflarmmato
terized for detailed cons ... Inevertheless, we should note
that necrosin, from mature inflamed tissue, may be a trypti¢
enzyme (Gorkin, 1957), and Menkn’s exudin effects may w?ll
have been due to the globulin permeability factors discussed it
the next paragraph. Plasmin—that 1s, fibrinolysin—is included
in the list because, bemng formed from its precursor plasmnogen
during treatment of plasma to produce anaphylatoxins, 1t has
been put forward as a mediator of inflammation. But in our
hands it has proved to be neither a strong permeability factor
on its own, nor 18 it 2 protease unequvocally proved to liberate
histamine or other permeability factors.
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Tue SEruUM PROTEASES INCREA Carirary P; Y
The serum permeability proteases, on the other hand, have 2
relatively high permeability-increasing potency in their own
right, and as good a prima facie claim as histamine to the role of
natural mediators of permeability effects. Our knowledge of
them, which is far from complete, is based largely on work in
three laboratories—by Paskhina (1956) in Moscow, by our-
selves at the Lister Institute {Miles and Wilhelm, 1955, 1958;
Wilhelm et al., 1955, 1958; Wilhelm, Mill and Miles, 1957;
Elder and Wilkelm, 1958; Mill et al., 1958; Becker, Wilhelm
and Miles, 1959), and by Spector (1956, 1957) at University
College Hospital (see also Stewart and Bliss, 1957). Most of this
work was done in the guinea-pig, rat, rabbit and man, but there
are good reasons for believing that 1t holds also for cattle, horses,
swine, dog, cat and mouse—that these permeability proteases
are, in fact, a characteristic feature of all mammalian plasma.

Normal plasma contains an inert pro-factor (symbolized by
pro-pr), which in most species is readily activated to pr by
dilution of fresh serum 1n glass tubes, or by exposing neat serum
to finely divided glass (Margolis, 1958), to cellulose, to starch
granules, or to agar,

{The activable serum globulin permeability factor, by the
way, has not been named; to avoid this crrcumlocution, it is
referred to as ‘serum PF or ‘protease P¥’.)

The list of PF activators 15, of course, reminiscent of those
activating anaphylatoxins, but we need not overestimate the
coincidence, because other apparently distinct factors—the
‘pain-producing substance’ of Keele (Armstrong et af , 1957),
and the ‘contact’ factors concerned in blood coagulation
(Margolis, 1957)—are similarly activated. Qur pro-pr indeed
is but one of a number of blood substances activated 1 this
way. The important feature is the ready activation of pro-pr to
form pr.

The prs, and presumably the pro-prs, are either «~ or
g-globulins, according to the species of animal, and some of
them, even in the relatively impure state of our best preparation,
are equal to histamine in potency, although their molecular size
is 2,000 times as great. This suggested to us that they were
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enzymes, and all our subsequent work has confirmed the sugges-
tion. We have not yet found an in zitro substrate nor identified
the substrate they attack in the body, but they are inhibited by
a wide variety of trypsin-inhibitors from plant seeds and by the
esterase poison diisepropylfivorophospt in conce;
similar to those which inhibit trypsin. Also we have indications
that they attack certain artificial amino-acid esters (Becker
et al., 1959). For these reasons we talk of the serum »rs 33
proteases and believe they attack linkages similar to those
attacked by tryptic enzymes. Nevertheless, they have no frank
proteolytic activity, which suggests that their attack is restricted
to particular linkages in the protein molecule—in this respect
resembling, for example, the attack of thrombin on fibsinogen

To complete the picture, we should note that the serum of
each of the species investigated contains a slowly acting in-
hibitor of pr (symbolized by 1rF).

Tne RELATION oF ENDOGENOUS PERMEABILITY FACTORS
70 ONE ANOTHER

A gallant attempt to bring many of these candidates into &
consistent scheme was made by Ungar (1956; Fig. 1). At
the three kinases symbolize the stimulus of, respectively, t_hf
damaged cell, the anaphylactic serum, or infecting bacteria.
The reality of stages it and u1 is based on the action of certain
inhibitors, Stage it clearly accords well with our notions about
the pro-rr, the activated Pr protease and the native inhibitof
(1er) present in serum. But there the resemblance ceases,
because we have no evidence that the pr proteases yfcld
an active polypeptide and none that they liberate histamine.
This last negative result accords with results of other work on
histamine releasers, namely, that histamine does not appear t0
be liberated directly from a combination with protein. One
could add to the diagram by inserting an arrow from peptides
to histamine, because many polypeptides are in fact histamines
hiberators,

Since Ungat’s scheme was concewved the work of Ruley and
West (1953) has established the ussue mast cell as one of the
tmost abundant and ready sources of not only histamine but 2150
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of 5-hydroxytryptamine; it is now clear that both can be
Iiberated by all kinds of direct stimuli, ranging from distilled
water to lecithin-breaking enzymes, which degranulate or rup-
ture these basophilic cells, without, apparently, the intervention
of any proteolytic mechanism.

SEROKINASE

X CYTOKINASE BACTERIOKINASE
PROTEASE
= o [l

@
Protem substrate

H

= Histamine Peptides, etc,
)

TISSUE REACTION

Fic 1. Diagram of the biochemical sequence leading to the tissue reaction
associated with histarmine release. Letters (a) to (e} ind:cate pomnts at which
the reaction can be blocked. (After Ungar, 1956.)

Most of the evidence at present points to the independence of
mediation by proteolysis and its q and mediation
by liberators of hustamine and 5-hydroxytryptamine.

CRITERIA FOR ESTABLISHING A PERMEABILITY FACTOR
as A NATURAL MEDIATOR
‘We have, then, three main classes of candidates for the role of
mediator—histamine and 5-HT, the protease »r globuhns of
plasma {which do not appear to release active polypeptides),
and the permeaiility polypeptides. To establish any one of
them as a natural mediator, we have two kinds of evidence at
our disposal (Table 2). The first kind consists of facts without
which the notion of mediation would not even be plausible, and
the second, of actual proofs of mediation.
®
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Uni lity of species distribution may not be relevant if we wish
to solve the problem for a given species of animal, which might
have its own peculiar mechanism of response. But it is important
if we seek, as we do, to establish a common mechanism, There
is little difficulty with any of the candidates. Histamine, 5-ur
and the protease pr are found in a wide varicty of animals, and
we may expect polypeptides wherever there are proteins.

Taste 2. Cnteria for the implication of an endogenous
bility factor in infl: ion of vertebrate tissue

Contributions to plausibility
) Universality of species distribution
(2) Potency
(3) Availability in tissues
(a) Quantity
(5) Activability
(4) Availability of natural inhibitors
{5) Mimucry of inflammatory response
Contributions to proof
(1) Presence in tissue at the relevant fume
(2) Effect of depletion
(3) Effect of speafic inhibitors

Potency is sometimes crucial. It is generally expected, on the
assumption that nature is moderately economical, that physio-
logically or pathologically effective substances will be highly
potent and, therefore, that of a number of possible factors, the
most potent is likely to be the naturally effective onc. This is not
necessarily true, but if a mediator has a low potency, it must at
least be available 1n amounts commensurate with the nbscn:v;d
natural effects. The figures 1n Table 3 record the permeability
effect of the candidates, measured as the number of standard
permeability-inducing doses per milligram of preparation, 2
tested in three species of laboratory animal. The serum prs ar¢
highly or reasonably potent, cspeially mn the animal of origin.
So is histamine, but at this stage 5-uT becomes a casualty, at
lcast as a ¢ diator, b in Likely to be
liberated 1n the tissues 1t 15 active only in the rat (Sparrow and
Wilhelm, 1957), though n this animal, whose capillaries are
relatively mnsusceptible to histamine, 1t may well play the role
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that histamine plays in the guinea-pig and rabbit. The polypep-
tides, at any rate in the crude preparations available to us, have
a low posency.

Taprx 3. Potency, measured as the nuraber of ‘Effeciive
Blueing Doses’ (£r0)/mg , of varous endogenous per-
meability factors in the skin of three Iaboratory animals

‘Effective Blueing Doses”
per mg. when tested in

P bilsty factor

gwnes-piy  rab rabbyt
Guineapig globulin pr 36,700  L100 130
Rat rr

n 1,400 620 400
Rabbit PO 30 120 22,000
Teypsin 2,600 s00 600
Kalltkrein® 240 70 1,130
Leukotaxine $ 65 nt nt
“Lencotaxine’} 320 120 80
Bradykmn§ 170 50 300
Hatarane 32,200 1,400 37,000
5-Hydroxytryptanune 60 16,200 20

Th==mot tested

* from pig pancreas 1 from pleural exudate i dog
1 from 2 pepuic digest of fibnn § from gusnea.pig plasma proten

Azadlabrlity i tissues is considered under two heads, the amount
of precarsor and the readiness with which it is activated by
injury, There is plenty of hustamine in the tissue and plenty of
protein as precursors for polypeptides. There is also plenty of
actrvable pro-pr in the serum {Table 4). However, except as a
reservoir from which tissue pro-pr and pr might be derived, the
large amount in the blood is mrrelevant to mediation that starts
in the extravascular tissues, We have investigated this point only
in the gumea-mg, but there 1t 18 clear that both the pro-pr and
the mhibstor 12 are present in the intercellular tissue spaces
and, in fact, shase wath all the plasma protesss the wsuat pro-
perty of passing in small amounts from the normal capifary
through the tissues to the lymph vessels. We estimate that the
pro-pF 1n normat skin would yield 1o times more protease pr
than 13 needed to affect all the capillanies of a given region.



212 A, A, MILES

The extravascular situation of liberable histamine and 5-uris
well established. A great deal of it is concentrated in the para
vascular mast cells and the relation of readily damaged mast
cell, release of histamine and the vascular response to it, i
regarded by some as a neat device of Nature for a micro-
hormonal response of small blood vessels to local injury, It i
neat, but we must not be impressed too much by the coinci-
dences. It may be the mast cell’s misfortune, not its privilege,
to be so incontinent with its histamine; and vertebrate anatomy
being what it is, proximity to blood vessels is a situation that
nearly all the cells of the body, including the mast cell, would
find hard to avoid.

Tapre 4 The content of activable protease per-

meabihity factor (pF) in one millditre of the
serum of various mammals

Activable pr
Source of Pr ‘Effective Blueing Doses’

per ml,
Man* 2,300
Gumea-pig 30,000
Rat 3,000
Rabbit 20,000

. Tfrtd in the guinea-pig, the remaning factors tested mn the homologous
animal,

As regards activability, the mast cell is easily pcrsuadcd to
degranulation and rupture, but not as easily as is commonly
assumed. Synthetic histamine-liberators are usually strongly
basic or highly surface-active substances—like octylamine and
Tween Bo—and other liberators, like distilled water of the
«-toxin of Cl. welchis, are often even more biologically brutal;
suggesting that Liberation involves a greater encrgy exchange
than, for example, the surface activation of a pro-rr by glas.s.
Moreover, although degranulated mast cells are found in
sections of inflamed tissue, inflammation can occur without ther
general degranulation. Smuth and Miles (1g60) studied the
carly stages of bacterial mfection i the peritoncal cavity of the
rat, which is lined with abundant mast cells packed wzl'h
histamine and §-HT. As you will see from Table 5, both Locke's
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solution and a suspension of dead staphylococci in Locke’s
solution induced exudation of protein increasing up to the
fourth hour; and living staphylococci a greater exudation, with
moderate diapedesis of leucocytes. But in all situations and at
the times when tests were made not more than 10 per cent of the
histamine available in the mast cells was liberated, and in spite
of active infection, there was no sign of their degranulation or
rupture. They were equally resistant to staphylococcal a-toxin,
and to infections with C. ozis,

TanLe 5. The response of the rat peritoneal cavity to bacterial
injury

Protein content® and
{percentage histamine released)

Stimulus in rat peritoneal exudates after
1 hr. 3 hr. 4hr.
Locke's solution — — 31 (9%)
Staph aureus. dead 27(6%) 50(9% 48 (8%
Staph aureus. Yiving 29(8%) 64 (11%) 58 (11%)
Staph. aureus toan -— — 12 4 (c. 89%)
Staph, aureus toxin+ antitoxin - —_ 40 (c. 8%)
€ ovis, ng — —_ 90
C.ons, ving {antihistamine)  — — 108
Locke's solution (antihistamine) — — 62
* Expressed as absorptiometer readings.
1 have stressed that permeabil is readily activabl

'y p

by the contact of the pro-pr with a foreign surface, and it is
plausible to suppose that tissue cells injured only to the point of
a change in surface properties, without gross internal derange-
ments of metabolism, could activate profactor in the intercellu-
Tar fluid. I once cast the polymorphonuclear leucocytes for this
role, but unfortunately they could not be induced to play the
part,

The rapid production of a polypeptide presents no difficulty.
At first sight, the degradation of protein to polypeptide might
seem 2 slow process of activation for damaged tissues to depend
on. There 1s no biochemical reason, however, why this should
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not be rapid—and no good reason why the polypeptide pre.
cursor should not be a simpler compound than a full protein.
Hilton and his colleagues have provided a physiological model
for the rapid production of a polypeptide in their discovery that
the stimulation of salivary (Hilton and Lewis, 1956) and sweat
glands {Fox and Hilton, 1958) entails the quick release of
biologically active bradykinin.

Availability of natural inkibitors
In their isolated state, all these endogenous factors, except
rabbit protease pF, induce only a transient increase in capillary
permeability, lasting at most about fifteen minutes. The plausi-
bility of their role as natural mediators is enhanced if we can
find an explanation of this short-lived effect. The transient
effect of histamine is explicable in terms of diamine oxidases,
acetylating and other enzymes present in the tissues, and to
some extent in terms of certain ‘histaminopectic’ globulins, That
of the proteases can be explained by the inhibitory globulins
that accompany the profactor in its wanderings from blood to
Iymph circulation. Among the possible modes of inactivation
by a polypeptide factor, further hydrolysis by peptidases is at
Ieast plausible, since 1 vttro this process yields oligopeptides with
little permeability-increasing potency. .

Our examination in the hight of the ‘plansibility’ criteria
clearly does not point to any one of the substances—histamine,
§+HT, polypeptide, or protease pF—as the most likely endogenous
mediator of increased permeability, except in the negative way
that the polypeptides perhaps lack sufficient potency; that 517
is virtually impotent in certain species; and that the stimuli
needed for the release of histamine are rather more radical than
those which activate the serum profactor. It is at this point
worth reiterating that there is nothing to link the protease Ffs
with leukotaxine-like polypeptides in one process of mediation.
Not only has pF no frank proteolytic acuvity, but as a perme-
ability factor it is largely insusceptible to inhibition by anti-
histamine drugs—a fact difficult to reconcile with the notion
that it acts e riwo by forming leukotaxime, which is itselfl @
thistamine-liberator.
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Mmicry

In one respect mimicry of the natural response by a pro-
posed medi; is already established, since we are discussing
only substances which increase permeability and (presumably)
stickiness of the capillary wall. There is no evidence that any
of them promote the ‘liquidation’ of ground substance. They
have all been implicated in the induction of the other outstand-
ing feature of inflammation—tissue leucocytosis; in our hands
small doses of histamine are but feebly active, the proteases
moderately and leukotaxine certainly so. Whether this activity
depends on a true chemotactic effect in addition to facilitating
diapedesis through the endothelial wall is doubtful (Harris,
1954).

We must conclude, then, that all the candidates except 5-nr
qualify for serious consideration as natural mediators.

Tue Proor oF MeEDaTION

‘The criteria of proof, however, are difficult to apply, because
no proof is acceptable without a demonstration of a simulta-
neous, or near-simultancous, appearance of newly formed
medijator and the vascular response—a demonstration that de-
pends on how accurately we can chart the time-course of the
events. We cannot always observe the events on a microscopic
scale, and in any macroscopic inflammatory focus we choose to
examine we are likely to be dealing with a number of our
inflammatory ‘units’ at different stages in their response, The
fact that we have to work wlth a tissue dlsplaymg the average
AT L - being content

es at about the

with the kind
and degree of inflammatory stlmulus, though when we confine
our examination to the results of minimal effective stimuli, there

18 a certain pattern of response common to many kinds of
1nflammation,

S PRI e

The time-course of permeability change n injury

Figure 2 summarizes the time-courses of the permeability effects
mnduced by a number of permeability factors, and by various
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kinds of injury. All were determined in guinea-pig skin except
curve p, which was determined in rabbit skin. The curves record
either the intensity of exudation of dye-stained protein, or the
diameter of the area of exudation at the treated site when
the dye is given intravenously to an animal bearing lesions of the
appropriate age in the skin, The responses are plotted for con-
venience on three different time-scales, the top scale spanning
one hour, the middle two spanning ten hours, and the bottom
scale one hundred hours,

We may begin with an example of natural inflammation
induced by acute bacterial infection. The response (curve 6} is
biphasic, the first transient phase occurring immediately after
infection, the second rising to a peak in the third and fourth
hour. The immediate response is probably accidental because it
can be largely eliminated by prolonged washing of the bacterial

pension used for i Iation, The second phase is a constant
feature of a number of acute infections (Burke and Miles, 1638)
and it coincides roughly with the period of frank immigration
of leucocytes into the tissues. Curve £ summarizes the response
to mild thermal injury (54° for 20 seconds) of the skin. It too
is biphasic, but, unlike that in the bacterial infection, the im-
mediate phase is a consistent feature of the response (Wilhelm
and Mason, 1958). Curve ¢ represents a chemical burn, made
by xylol—an immediate increase in permeability, but on¢
which slowly decreases over several hours, Curve F is the mono-
phasic latc response to the e-toxin of Cl. welchit, and curve1 the
similar but more delayed response to the a-toxin of CL oedeme-
tiens (Elder and Miles, 1957). The biphasic response i 1s I
duced by a short exposure of the skin to ultraviolet light.

It will be seen that from ¢ to 1, which exemplify natural kinds
of inflammanon, the delayed prolonged response is the rule-
with a Jatent period in all but ¢, The immediate responst 0CCurs
only after injury by bacteria, xylol, heat and ultraviolet Iight-
When tests are made in the rat, it is noteworthy that although
the second phase 1s also characteristic of all the responses we
have so far measured, the immediate phase is lacking, €.g- after
injection of bacteria, and 1s only inconsistently and feebly
elicited by therma) injury.
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The first phase, when it occurs, has a time-course like all but
one of the endogenou: di we are idering. Curves A
and B are the responses to histamine and protease pr, and would
serve equally well for 5-ut and leuhotaxine, tested in guinea-pig,
rat or rabbit. The exception is the protease pr of the rabbit,
which 1n small doses elicits only a delayed response {curve b)
in the rabbit skin. (Curously enough, in rat and guinea-pig
skin the responses to rabbit protease pr, and in rabbit skin the
responses to rat and guinea-pig protease PF, are all immediate,
as in curve A.) This exception apart, for an explanation of the
delayed and prolonged second phase we must either look for
mediators with a more durable action, or suppose that if short-
acting mediators are responsible, there is not only a prolonged
period of continuous release, but a continuing susceptibility of
vessels to their action.

Detection of meduators in vivo

Coming now to the detection of mediators in action, we find
that all the substances in our list have at one time or another
been found in inflamed tissues or in exudates. Thus Spector and
Willoughby (1957b) found both histamine and 5-ur in early
pleural exudates induced in the rat by turpentine; and Menkin,
of course, first discovered leukotaxine in late turpentine exu-
dates—a discovery that may well be relevant to the patho-
logical state of the tissues at this stage of severe inflammation,
but is not necessarily relevant to the early hours covered by the
first and second phases of inflammation, during which, as far as
I am aware, no one has ever found an active polypeptide in
substantial quantity. The demonstration of activated protease
pF in inflamed tissue is all too easy, because the profactor is
there in any case, and is so readily actvated by laboratory
manipulations. Spector (1956) found pro-pF in 6-12-hour
protewn-rich exudates induced 1n the pleural cavity by turpen-
tine—a result to be expected in circumstances where copious
late exudates tend towards the same composition as serum
itself. On the other hand, lus demonstration of actize PF in half-
hour exudates more nearly approaches the conditions under
which direct proof of mediation is convincing. Nevertheless, the



218 . A. A. MILES

proof is not watertight because one cannot in these circum-
stances distinguish Pr responsible for the exudation from pr
activated after the exudation of pro-pr,

InpirecT TESTS R
When direct proof of the sequence ‘mediator-then-permeability
increase’ is difficult, we must turn to indircct tests—the effect
of depleting the body of reservoirs of its supposed mediator, and
the effect of inhibitors.

Depletion
Rats, for example, may be depleted of a large part of their hist-
amine and 5-HT reserves by treatment with histamine-liberators
like compound 48/80, or of the 5-11T rescrves alone, by treatment
with reserpine. The depletion is not complete, but sufficient to
diminish the permeability response to the injection of sub-
stances known to liberate histamine or §-ur. In turpentine in-
flammation of the pleural cavity of depleted rats Spector and
Willoughby (1958) observed a decrease in exudation, but only
1n the first half-hour or so. At the fourth hour, the exudation
was as great as that in undepleted animals, indicating that the
histamine and 5-ur effects are confined to the early part of the
response. Depletion cannot help very much with proteases and
polypeptides. It would be impossible to deplete the abundant
reservorrs of profactor in the serum—even severe and prolonged
infection and radiation sickness have no effect on the profactor
content of guinea-pig serum (Wilhelm ef al,, 1957)—and to
remove all the potential sources of polypeptide would be to
destroy the animal.

Depletion experiments are, however, unsatisfactory, not only
in fact, but in principle If responsiveness to injury is necessasry
to existence, and the mediators we seek arc essential to the
vascular reaction, a really cffective depletion is likely to be very
disturbing to the economy of the animal, if not fatal.

Inkabition
The same objections apply to the use of inhibitors, but ‘in prac-
tice they are less important because, whereas ficplcnon and
subscquent repletion are usually slow and the animal therefore
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subject for some time to the effects of depletion, inhibitor con-
centrations can often be built up for an acute test before long-
term effects are manifest. Our greater concern in such tests is
that the inhibitor should act with the maximum specificity in
doses so low that non-specific effects, including general intoxica-
tion, can bc ignored.

(a) By k ists. Among the gonists of hist-
amine, some are highly specific. Either mepyramine or triproli-
dine {Actidil), for example, decreases the early part of the
response to turpentine in the rat, and to xylol in the guinea-pig.
As in the depletion tests, the later part of the response is un-
affected. Systemic triprolidine abolishes the first phase of the
guinea-pig’s response to burns, and it has no effect on the 4-hour
response to staphylococcal infection in the rat peritoneal cavity
(Table 5).

A systematic study, in several species of animal, of the action
of antihistamines—and, indeed, of other inhibitors—on repre-
sentative inflammation is badly needed, All the available evi-
dence points to the participation of histamine in the early stage
of inflammation. But before we hail this as a triumph of phar-
macological analysis, we must reflect on two facts: (1) in many
kinds of inflammation there is no detectable immediate re-
sponse, and {2) when there is an immedsate response, and it
is abolished by antihistamines, the ultimate course of the
inflammation is scarcely affected by its absence; and in this
context the virtual failure of the more specific antihistamines in
anti-phlogistic therapy of man endorses the evidence of experi-
mental pathology.

On these g ds, we must provisionally, but quite firmly,
relegate the participation of histamine to the class of neutral
events as far as the main response is concerned, and probably a
nuisance as far as the body 1s concerned. As a chincher to this
argument, I would cite a third fact—not elicited by dubious
manipulations of the &xperimental pathologist—namely, that
thc cornea, bcmg avascular in the normal state, cannot respond

diately to any hypothetical hi ine liberated by injury,
yet in its own good time displays all the stigmata of orthodox
nflammation.
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(6) By protease antagonists. The antihi ine results are also
useful 1n clearly separating the delayed response—which is the
most constant feature of inflammation—as something not medi-
ated by histamine. But that, alas, is perhaps the most striking
positive fact about this second phase, because as far as inhibitors
are concerned, it has yielded none ofits secrets about mediators.
It is virtually insusceptible to anti-proteases like soya bean

P o PO .
response, but then it depresses all permeability effects, whether
induced by histamine, 5-HT, polypeptide or protease, and is
therefore useless as an indication that any one of them is active.

The failure of the anti-proteases does not exclude the protease
PFs quite as firmly as the failure of the antihistamines excludes
histarmune, because there are in the body so many other pro-
teases which might selectively deviate a protease inhibitor. This
is I think a valid reason for hedging. Another reason is the fact
that in all instances tested the serum protease is present (but
whether as PF or pro-pr is not clear) during the delayed response.
We might also plead pharmacological inaccessibility of protease
PF to inhibitor, but that is unlikely unless we discard the hypo-
thesis of an extrinsic mediator, and postulate intracellular
activation of pr. Failure to inhibit a substance in oo is clca_fl)'
a less firm proof of its irrelevance in an event than specific in-
hibition is proof of its participation. But having said this, we
cannot on the present evidence do anything but exclude the
serum proteases as proved mediators of the second phase.

OriER MEDIATORS
It was the sequence of events in early response to micro-injury,
it will be recalled, which indicated an extracellular mediator.
We have no comparable observations of the sequence of later
events, so that this indication is not necessarily relevant to the
problem of the delayed response, 1~4 hours after injury. At this
stage, the increase in vascular permeability may be the expres-
sion of an intrinsic change, for example, in the mctabollsm. of
the capillary endothelium. Again, bearing in mind the duration
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of this delayed phase, an extravascular mediator may be a long-
acting substance quite unlike those (Fig. 2, A and B) we have
already discussed. The delayed phase, moreover, daffers strik-
ingly from the carly in another respect; in this phase neutrophil
leucocytosis of the tissues has at least begun and is often well
established. The tissues have gained a new cell, with its own
pecuharities of metabolism.

In mature inflammation, tissue respiration tends to be re-
placed by glycolysis, with a consequent drop in pH, and accu-
mulation of lactic acid. Leucocytes themselves can be strongly
glycolytic, and lactic acid itself is a permeability factor about as
potent as some preparations of leukotaxine; fifty micrograms
suffice to increase permeability of the capillaries in a gram of
guinea-pig skin. Now as few as a thousand million polymor-
phonuclear cells under optimum conditions of anaerobic glyco~
lysis can in one hour produce about 10 pg. of lactic acid (Barron
and Harrop, 1929) Given circumstances, then, of not too much
buffering, and not too rauch removal of the lactic acid formed,
a pericapillary mass of lencocytes might well raise enough free
acid for a local and sustained increase of permeability. The
lactic acid notion is worth 1nvestigating, but I doubt whether it
will prove to be correct. I mention it as an obvious example of a
product of the infiltrating leucocyte which might be relevant,
and because there is good experimental evidence of a perme-
ability change dependent on the presence of leucocytes. The
severe inflammation in the skin of animals in which either the
Arthus or the Schwartzman phenomenon has been elicited has
the time-course of our typical delayed response. At this stage
both infiltration by neutrophil leucocytes and oedema are pro-
nounced. But as Stetson and Good (1951; Stetson, 1g51) in the
Unted States and in this country Humphrey {1955) have clearly
shown, when the neutrophils of the blood are considerably de-
creased by treatment with nitrogen mustard or anti-neutrophil
serum, the Arthus and the Schwartzman responses are greatly
dirmmshed, and both neutrophil infiliratton and oedema are
absent; only a late accumulation of Iymphocytes occurs. The
experiments were 5o conducted that a direct effect of the de-
pleting agents on the endothelium was excluded, and we can
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reasonably infer that the vedema is in some way a consequence
of some stage in the polymorphonuclear leucocytes’ passage
from the blood to the tissues,

Corcrusion
It will be seen from this analysis that we cannot say of any part
of the minimal inflammatory response that it is necessary for
ultimate recovery of the injured tissue, and can only guess that
most of it is neutral or an unwanted nuisance. We can, how-
ever, suggest that the essential part of the inflammatory reaction
lies in the delayed responses, and that the immediate response is
cither neutral or a nuisance. But that essence, embodied in the
delayed response, will submit to no generalization about
mediators. Nevertheless the analysis, and especially the dissec-
tion of various responses into as precise a time-course as possible,
indicates the time and place to laok for the answers to the
question ‘Is all inflammation a nmsance, and will knowledge of
its mediators help to control it?” The pharmacological dream of
an isolable mediator may be unrealizable because the mediator
18 produced so fieetingly or in such small quantities that it is
undetectable in samples from inflamed tissue. And if the dream
is realized, it may fade because no inhibitors are specific enough
to prove its participation in natural inflammaton. There are
plenty of other lines of sttack. We might, for example, look for
a subtle or perhaps not-so-subtle derangement of tissue respira-
tion, or of a sodwm-potassium balance modifying transport
through the endothehal cytoplasm. We might concentrate on
the general anti-phlogistic eﬂ'ect of say, s:xhcylates, and 1ts rela~

tion to the ling of phosphorylation; or, recall-
ing that CI. ueldm leclthmase isa p:rmeablhty factor, look into
fat bolism, and its ion with der of lipo-

protein cell surfaces. Then again, the tissue polysaccharides have
been implicated in the induction of tissue lencocytosis (Meler
et al, 1956), and nucleosides as histamine-liberators that may
be released by damaged cells {Spector and Willoughby, 1957a).
There 15 plenty going on in these fields, but as they have not yet
Mluminated the obscure mysteries of inflammation, I can say
little about them.
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As ¥ intimated at the outset, there are no clinical applica-
tions. Indeed, the burden of my lecture may have scemed
reminiscent of Albert Chevalier's old song “Wot's the good of
Hanyfink? Why—Nuffink,” But 1 contend it is not as nihilist a5
all that, The imposing array of negative results, if accepted, has,
I hope, cleared the field of some of its speculative liteer, and at
least holds out 2 promise of further advance, I hope too that 1
have conveyed some of the excitement of chasing substances that
look promising as mediators, I have probably imbued alf who
read this Jecture with the sense of the disappointment, as each
cherished notion comes to rigorous test, in learning once again
that a substance can have an effect without having a discover-
able function; and I have certainly imposed on them the exhaus-
tion that seizes those who try to cover this vast and intractable
field.
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The normal pressure in the pulmonary circulatior'x is about
16/ mm. Hg. (Wood, 1958) and hypertension is said to exist
when the pressure 1s about double this—30/15 mm, Hg. In the
systemic circulation there is probably only one mechanism
for the production of hypertension, namely increased arterial
or arteriolar tonus but this is not true of the pulmonary circula~
tion. Here hypertension can be produced by a variety of

hani luding simple mechanical blockage. The mech-
anisms of production of pulmonary hypertension may be
classified as follows:

Passive

Hyperkinetic

Organic vascular obstruction
Increased vascular tonus
Mixtures of the above.

Passive pulmenary hypertension

In this form there is a back pressure from the left atrium im-
peding the outflow from the lungs. Examples are:

Left ventricular failure

Mild mitral stenosis or mitral incompetence
Left atnial myxoma

Pulmonary venous or atrial thrombosis.

.// To keep up an adequate pulmonary blood flow there needs
to be a pressure gradient of about 10 mm. of mercury across the
Tungs and therefore to praduce a pulmonary arterial pressure of
30 mm, Hg, the left atrial pressure would need to be about
20 mm. Hg, Theoretically this pressure ought not to be exceeded
or the pulmonary capillary pressure would rise above the colloid
osmotic pressure and pulmonary oedema would result. In prac-
t1ce higher 1aft atmnl mennnnn < ine o at o R
pulmonary
with consid .
ever, unusual and in general passive pulmonary hypertension
is of minor degree.
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Pulmonary Hypertension
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the systemic and pulmonary vasculature and these have

a bearing on the production of hypertension in the two
circulations. The pulmonary vasculature has relatively little
need to alter the distribution of blood within the lungs by
directing more or less to different parts according to the needs
of the moment. Furthermore, it does not have to counteract the
effects of gravity to any degree. On the other hand it has to
transmit the total cardiac output through a limited anatomical
territory. The pulmonary vasculature must therefore be capa:
cious but can and does have a low pressure, and this is reflected
in its structure{Elastic arteries, which have little contractility,
extend from theé right veniricle down as far as the end of‘ﬂ.w
cartilagi bronchi—to a di of about 1 mm.: this s in
striking contrast to the systemic circulation where elastic
arteries end at the level of the carotids or the subclavians. In
the lungs muscular arteries have a short range roughly corre-
sponding with the bronchtoles and extending from 2 dian}ttrr
of about 1 mm. to about o 1 mm, The size range in the arterioles
is not much different from the systemic circulation, At all
levels the pulmonary arteries are much thinner than the cor-
responding systemic oncs and this difference is due to a smaller
complement of muscle; the fibrous and elastic components being
little altered, This applies only to post-natal hife: dunng foetal
life the pulmonary arteries arc as thick-walled as the correspond-
ing systemic arteries.

Txmu are differences in structure and function between




PULMONARY HYPERTENSION 229

is due to vascular contraction resulting from anoxaemia but
loss of vascular territory plays some part.,

Tonic vascular contraction
Primary pulmonary hypertension
S dary to passive pul y hypertension
Secondary to hyperkimetic pulmonary hypertension
Secondary to anoxaemia
Pulmonary collapse.

These are the conditions that cause a rise of pressure in the
pulmonary circulation: what are the effects that they produce
in the pulmonary vasculature?

For some years I have studied the lungs from cufferent types
of pulmonary hypertension by postmortem angiographs fol-
lowed by histological studies and it is the results of these
investigations that I wish to put before you.

LUELEIOLE ULISLLESY 1IN LIS group dll LUE Lasts 1 1ldVe exainined il
which the pulmonary hypertension was due to back pressure
from the left atrium. This list includes 40 cases of mitral stenosis
and 12 other examples of passive pulmonary hypertension.

In discussing the vascular pathology in this group it will be
easiest to describe first the changes in a typical case of mitral
stenosis and then to deal with the variations from this.

The postmortem angiograph of a typical mitral stenosis is
characteristic (Plate VI, Fig. 1):! the pulmonary artery at its
entry into the lung is dilated in approximately half the cases and
normal in the other half. The segmental arteries vary between
the upper and lower zones of the Jung. In the upper zones they
are usually normal-sized but sometimes dilated; 1n the lower
zones they are either normal-sized or narrowed about equally
often. There is a perceptible difference between the two zones
in about two-thirds of the cases.

1 The plates referred to in this lecture will be found between pages 232-3.
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Hyperkinetic pulmonary yp

This group includes all the cases in which the pulmonary artery
receives blood in either an unduly great volume or at an unduly
high pressure. It includes therefore atrial and ventricular septal
defects and communications between aorta and pulmonary
artery, In atrial septal defects there may be a high flow and low
resistance without necessarily a rise of pulmonary pressure al-
though the latter usually occurs in time. In ventricular and
aorto-pulmonary communications there is inevitably a trans-
mission of left ventricular pressure into the pulmonary artery.
In the latter cases the pulmonary vasculature must offer a high
resistance otherwise the peripheral circulation would not receive
enough blood for the body’s needs.

Organic vascular obstruction

The lesions included under this heading can be classified as
follows:

Within the vascular lumen:

Thrombi

Tumour embol

Parasites

Fat and air emboli (temporarily)

in the vessel walls:

Endarteritis
Polyarteritis
Scleroderma

outside the vessels:

Emphysema

Pulmonary fibrosis

Pneumoncctomy.
In addition to these pulmonary collapsc causes a local closing
down of the vasculature and therefore in effect a loss of territory
though the h is that of far contraction. It is
generally accepted that in emphysema most of the hypertension
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thrombotic origin. In favour of this is an association between
thrombo-embolism and occlusive atheroma and even more con-
vincing was the finding of mural thrombi being incorporated
into atheromatous patches.

In cases of mitral stenosis thrombo-embolism is a frequent
and serious complication. It was present in 20 out of 40 cases
and in the Jungs actually examined by angiography there was
an average of over four {4-3) occlusions per lung in these cases.
The site of the occlusions was interesting. Out of 126 occlusions
there were 24 in the upper lobe, 30 in the middle lobe and 72 in
the lower lobe. This distribution corresponds with the distribu-
tion of emboli, These emboli play 2 significant part in the
patients’ deterioration, They cut off territory in an already bur-
dened circulation and due to infarction they produce pleural
effusions and further pulmonary collapse,

Passive venous congestion

Venous congestion appears to reflect the mode of dying. In
patients dying in congestive failure or cardiac cachexia the
degree of congestion was usually not particularly severe. The
typical severe congestion was seen almost entirely in patients
dying in acute pulmonary oedema. In the latter it was noted
that oedema and congestion was maximal in the upper and
middle zones and that the lower 2onesoften escaped (Plate VIII,
Fig. 3). It is possible that the more hypertrophied arteries in the
lower zones helped to protect these parts from capillary en-
gorgement

Kerley's “B* Lines
It is now generally agreed that the horizontal linear shadows
described by Kerley (1933 and 1951) are due to oedematous
thickening of the interlobular septa where they happen to lie in
the plane of the X-ray, We have been able to confirm the
presence of such cedematous septa in cases of passive pulmonary
hypertension (Plate 1X, Fig. 4).

These are the findings in typical cases of mitral stenosis. In
other forms of passive pulmonary hypertension the Jesions were
stmilar but usually of considerably less severe form.
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Coming to the smaller pulmonary arteries this tendency was
exaggerated, and there was a difference between upper and
lower zones in about three-quarters of the cases.

On microscopical examination it was found that this lower
zone narrowing was accompanied by and presumably due to
exaggerated arterial hypertrophy (Plate VI, Fig. 2). It is in-
teresting that such hypertrophied arteries retained their tonus
after death sufficiently to produce these characteristic angio-
graphs, This could be shown by perfusing such lungs with a
solution of sodium fluoride which caused loss of muscular con-
traction and loss of the characteristic pattern.

If as we have suggested the pulmonary hypertension is due to
a raised left atrial pressure there ought to be a corresponding
hypertrophy of pulmonary veins and cven perhaps differential
hypertrophy. In fact this is found. It seems reasonable to suggest
that the difference between zones in this may be due to gravity
since the absolute pressures are so much lower, If so, pcrh‘_‘Ps
the greater contraction and hypertrophy on the arterial side
may be dependent on some reflex connection between arteries
and veins.

Vascular complications of mitral stenosis

It has been known since the work of Moschcowitz in 1g27 that
pulmonary hypertension caused exaggerated pulmonary athe-
roma and it is natural to wonder whether the narrowing seen
in these angiographs or in corresponding in £ ones could be
due to atheroma encroaching of the lumen. Briefly one ¢an say
that in the cases we have so far described atheroma is not the
cause. It is, however, the cause of a different picture, namely
that of beaded or localized narrowing. This was seen in about
one-third of cases and was always confined to the lower zones.
One should perhaps mention here that pulmonary atheroma 1§
ordinarily a very mild lesion even in cases of pulmonary hyper-
tension. To find therefore in some cases of mitral stenosis
atheroma as severe as that seen 1n coronary arteries and c’alpi‘ble
of causing gross narrowing is a matter for surprse. This in turnt
leads oné to wonder whether this gross type of pulmonary
atheroma may not be as Duguid (1946) has suggested, partly of
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the upper lobe and 1n the apical segment of the lower lobe appearnormal those
1n the msddle labe and m the basal segments of the lower lobe are narrowed
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Hyperkinetic pulmonary hyp
Ir.x fhis group I have been able to study 20 cases. They can be
divided into two main groups: those with a high flow typified by
t}'xc atrial septal defects and those with a high pulmonary re-
sistance and low flow typified by the ventricular septal defects.

Atrial septal defects

The typical angiographic finding here is that of enormous
dilatation of the whole arterial tree down to the end of the
clastic arteries (Plate X, Fig. 5). If there is a high flow and low
resistance and thercfore low pressure then the muscular arteries
are of normal size. If, as is usual in cases coming to autopsy,
there is high resistance and high pul ry arterial pressure
then the muscular arteries undergo first hypertrophy and then
intimal fibrosis and this produces in the angiograph a loss of
filling in small arteries. In contrast to what we have seen in
mitral stenosis there is no zonal difference that we have been
able to detect, cither in the angiographs or in the histology.

Ventricular septal defects
In these cases the angiographs show only a mild degree of
dilatation of the elastic arteries but there is a striking, sudden
loss of vascular filing at the muscular artery level, Microscopi-
cally there is generalized muscular hypertrophy which is more
severe than in atrial septal defect, together with a severe degree
of intimal fibrosis.

Organic vascular obstruction
Intravascular. Pulmonary thrombosis and embolism in its com-
mon form does not cause persistent pulmonary hypertension but
in a minority of cases the emboli are small and obstruct suffi-
cient of the circulation to cause hypertension but not ‘tfncu‘g}1 to

etiology it is essential to make a detailed dissection of the pul-
monary arteries and also to examine many sections.

Malignant tumours can also occlude the pulmonary vascula-
ture sufficiently to cause hypertension.
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T1c 1, Postmortem angiograph from a case of mitral stenewis The atteries in
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Permeation of the periarterial connective tissue by cancer
cells leads to strangling of the arteries in cases of so-called
Iymphangitis carcinomatosa. In addition embolism of the ar-
terial lumen by tumour can cause fatal pulmonary hypertension.
I have seen one case due to chorion epithelioma and Dr., A.
Rickards of Lancaster has shown me another due to carcinoma
of the stomach.

Parasitic embolism occurs with Bilhargia infestation in Egypt
and Puerto Rico. Infestation is extremely common, pulmonary
embolism by parasitic ova occurs but is slight and only very
rarely involves sufficient arteries to cause hypertension (Shaw
and Ghareeb, 1938).

Disease of the arterial wall

‘We have already mentioned endarteritis or intimal sclerosis as
a reaction to hypertension. Polyarteritis nodosa only involves
the pulmonary circulation in a minority of cases and even then
is not a significant cause of hypertension. One arterial lesion
that may cause pulmonary hypertension is scleroderma. I have
examined one case Here the angiography did not show any
detectible change but microscopically there were lesions in the
smallest muscular arteries and the artenoles which I presume
were significant since the patient died of right heart failure and
there was hypertrophy of the larger muscular arteries.

Finally, of the obstructions due to lesions outside the vessels,
the only one we have had the opportunity of studying is
emphysema. In this disease the elastic pulmonary arteries are
dilated, distal to this the picture is vanable depending on the
distnbution of the emphysema. Where there is centrilobular
emphysema there is loss of territory at the level of the small
muscular artery or arterioles. On the whole the loss of territory
is very shight and probably does not account for much of the
pulmonary hypertension seen in this disease.

Tonic vascular contraction

The forms of pulmonary hypertension in which tonic vascular
constriction is secondary to some other change, such as mitral
stenosis, have already been considered. The only form m which
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Chronic Bronchitis and Hypersecretion
of Mucus

LYNNE REID

thought a somewhat commonplace subject to be in-

cluded in a series of lectures on the scientific basis of
medicine. Even today it feels 2 little self-conscious, for it has long
been a Cinderella of diseases, but because of the suffering and
dusability it causes, not to mention the loss of working time, its
social and economic significance for the community has brought
it into the limelight. Moreover, to the extent to which acute
infectious diseases are q d and brought under control, so
perforce chronic bronchitis is seen in higher relief.

Behind the diagnosis ‘chromic bronchitis’ are unanswered
questions of the normal and abnormal functioning of the
bronchial tree, particularly in relation to secretion of mucus—
wherein lies the secret to the understanding of the condition.
The crux of this problem is to ascertain the causes of excessive
secretion, a persistent feature of the disease from its onset to
the stage of grave disability. Recurrent infection, which plays
so large a part in producing that disability, presents a further
aspect—the interaction of hypersecretion of mucus with infec-
tion. Discussion of chronic bronchitis reasonably begins with a
description of the structures responsible for secretion and of the
factors which are known to influence its production.

UNT!L recently chronic bronchitis might have been

STRUCTURES RESPONSIBLE FOR SECRETION oF Mucus
Mucus 15 secreted by cells in the surface epithelium lining the
bronchial tree and by branched tubulo-acinar glands lying in
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tonic muscular contraction is believed to be the sole cause is in
so~called primary pulmonary hypertension. Some workers hold
that such a condition does not exist and that all cases have some
other explanation. Clinically it is virtually impossible to make a
certain diagnosis because of the impossibility of excluding em-
bolism or other rare causes. Pathologicallyit is nearly as difficult.
1 think angiography is essential in order to examine the whole
pulmonary vasculature properly. With this and with extensive
histology one can exclude virtually all the known causes.

I have been able to study two cases in this way, These were
women between 20 and 30 years with histories of dyspnoea and
progressive right ventricular failure of one to two years’ duration,
In both patients the postmortem angiographs showed character-
istic pictures (Plate X, Fig. 6). The vascular outlines were
approximately normal down to the distal part of the elastic
arteries; beyond this there was a sudden striking diminution of
vascular size with almost complete failure of penetration beyond
the proximal parts of the muscular pulmonary arteries.

Microscopically, both cases showed striking hypertrophy
down to the levels of the smaller muscular arteries and beyond
this the type of change seen 1 ventricular septal defect. In these
two cases I think it 15 highly probable that the mechanism of
hypertension was one of spastic vascular contraction.
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described a cell to which he gives the name ‘cellule en brosse”
and which, he suggests, may be of importance in humidification.

The distribution of mucous glands roughly parallels the dis-
tribution of plates of cartilage in the wall of the hronchi, but
not completely, as cartilage may extend further distally along
the bronchial tree than do the glands. Because of its small size,
it is easier to examine the foetal lung in serial and step sections
and in my department we have, therefore, used embryological
material to ascertain the distribution and numbers of glands
(Bucher and Reid, in press). The interpretation of certain ap-
pearances in the adult have been made easier thereby. The

ore Tak
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Cartilage and mucus glands :appcar first in the trachea and
then progressively further out in the bronchial tree—the carti-
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segmental bronchi. The period of greater growth is from the
twentieth to the twenty-fifth week; thereafter the increase is
slight. ™* et e e mm
no mor*

an axiz “ .

in the epithelium, from which tubules, simple or branched,
grow in the wall. They are recognizable as glands before any
matenal giving positive stains for mucus is found in the cells,
Such material soon appears, however, though rarely in surface
epithelium in foetal life. The glands pass deeply into the wall
and beyond the cartilage, so that soon after they first appear
they are found external to cartilage, Thus such an appearance
mn the adult 15 not in itself evidence of hypertrophy.

To give some 1dea of the number of glands along one bron-
chial pathway they were counted 2s ducts in serial sections,
Taking the superior lingular pathway as an example, at birth
the duct concentration was 21 per sq. mm. in the superior
lingula bronchus. Absolute figures for successive generations
were 71 ducts in the segmental bronchus, 9o in the first division
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the depth of the bronchial wall, In both these sites and even in
the ducts of the glands are cells which do not stain for mucus
and, broadly speaking, two types of cell which do—cells dis-
tended with secretion and others containing discrete granules
{Plate X1, Fig. 1).* The surface cells distended with mucus are
generally called goblet cells. In the glands the cells are usually
described as either serous or mucous, but this division s mis-
leading for two reasons—first because it is based on the haema-
toxylin-eosin appearance of the parotid and submaxillary glands,
2 classification which has been found unsatisfactory even in
relation to the gut, as Babkin (1g50) has shown. He is among
the authorities who have emphasized the limitation of this over-
simple classification, a limitation which applies even more to
the bronchial tree. Secondly, with haematoxylin-eosin it is
possible to recognize three types of cell in bronchial glands, the
first with abundant palely staining basophilic cytoplasm, i
mucous; the second and third, usually designated serous, are
smaller cells with centrally placed nuclei and cytoplasm, either
brightly eosinophilic, or somewhat basophilic. The eosinophilic
cells, less common than the basophilic, are seen in bath narm_nl
and diseased conditions, including chronic bronchitis, and in
both the mucosa of the ducts and the acini. Special stains sho‘w
that mucous cells are distended with mucus, others contan
granules, while others again are free; either type of serous cell,
the brightly cosinophilic or basophilic, may contain mucus
granules. The fundamental significance of these differences 18
not known. Some authorities, such as Gammarrora (1954) and
Leonardelli and his colleagues (1957) believe that the types are
distinct, others that they are only different phases of secretory
actwvity (among them Florey, Carleton and Wells, 1932; Polt-
card and Galey, 1945). This Jatter view scems most likely to be
right as, in disease, cells which do not normally secrete mucus
can develop the faculty, which emphasizes their capacity for
change from one type to another. .
In animal tissue electron-microscopy has recently distin-
guished cell types not previously recognized. Rhodin ( 1957), for
instance, working on the bronchial cpithelium of the rat, has
1 The plates referred (o tn this lecture well be found between pages 2489



BRONCHITIS AND HYPERSECRETION OF MUCUS 239

CoNTROL OF BRONCHIAL SECRETION

Our knowledge of the function of mucus-secreting structures,
especially the bronchial tree, is limited, depending as it does on
deduction from animal experiment. Further, because it is tech-
nically more difficult, less work has been done on trachea than
on gut. From the classic experiments of Florey, Carleton and
Wells (1932) on the trachea of the cat and dog it would seem
that the goblet cells of the surface epithelum secrete in response
to direct irritation, but that the stimulation of the vagus nerve
has no effect on them. The glands, however, seem to be under
nervous control since vagal stimulation causes glandular secre-
tion, as does injection of pilocarpine. Moreover, nervous path-
ways exist between the epithelium and the glands, for stimula-
tion of the surface causes reflex glandular secretion, which can
be prevented by atropine (Fig. 5).

EPITHELIUM

GLAND

= upitary

Fic 5 Bronchial wall illustrating nervous control of glands—efferent
pathways in the vagus nerve, afferent pathways coming from the surface
epithelnmm

Florey’s attempt to separate the secretion of the surface cells
from that of the glands in the wall was frustrated by the
impossibility of keeping the surface epithelium dry, since it
possesses the striking ability to produce fluid without the inter-
vention of the glands. The secretion of the glands can be com-
pletely controlled by atropine but when dry air is passed over
the tracheal epithelum the same amount of fluid collects in
spite of atropinization. From histological studies of the surface
epithelium it appears that even the goblet cells play little part
in producing the fluid, which probably resultsin a rapid trans-
udation of flmd through surface epithelium, a possibly impor-
tant factor in humidification.

Cells do not secrete uniformly and, broadly, the secretion of
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beyond, 32 in the next, It in the next, gradually decreasing
until in the eighth division there were only one or two, a total of
225 in this single axjal pathway. Although the total number
varies somewhat from foetus to foetus, these figures give an idea
of gland distribution. In the main bronchi of the adult the con-
centration of glands, according to von Hayek (1953), is some-
thing like 1 per sq. mm,, which figure is consistent with our
findings.

In the normal adult lung, goblet cells are about 1 in 4 of the
epithelial cells of main bronchi but, like the glands, they
decrease progressively towards the periphery, so that in any one
cross-section of a normal bronchiole (Plate XI, Fig. 2), for ex-
ample, no mucus-secreting cell is seen. This means that in
finer airways, near the respiratory part of the lung, mucus is
not normally produced. At birth goblet cells are still sparse,
much fewer, relatively, than in the adult. As the area of the
bronchial lining increases so greatly between childhood and
adult life the normal quota of goblet cells in the latter may
reflect environmental factors in childhood.

RELATIVE IMPORTANCE OF SURFACE AND GLANDULAR EPITHELILM
‘What is the relative importance of glands and goblet cells in the
adult? A rough idea can be gained by comparing the volume of
glandular tissue with that of the goblet cells of the susface
epithelium. The former was calculated by multiplying the
average thickness of the gland layer by the surface area of
trachea and bronchi as far as and including the fifth generahion
of intra-segmental bronchi. The volumes of the goblet cells is
about 0-1 ml, the volume of glands 4 ml.; thus the gland volume
is about 40 times that of the goblet cells, Although the vo]u'me
of secretion cannot be precisely related to that of secreting
tissue, broadly speaking it would scem justified to deduce that
even in the normal the glands are responsible for much greatef
mucus secretion than the epithelium. Absolute measurements o)
the depth of the gland layer are dealt with later in relating the
volume of sputum to changes in the glands.



BRONCHITIS AND HYPERSECRETION OF MUCUS 241

every 24 hours, These resnlts suggest that in man 100-150 ml.
in 24 hours is possible (Policard and Galy, 1945). Perry and
Boyd investigated the effect on secretion of changes in tempera-
ture and found that a loweting of temperature caused a fall in
s:crctwnv Our ignorance of the effect on secretion of the con-
ik of epithelium, glands and tr d respectively,
makes us consclous of the dearth of our knowledge. We cannot
yet gauge secretion expenm:mally, Iet aionc in man~whmh
may explain why the experimental proach of apply»
ing drugs to man and measuring the :ffcct on amount and vis-
casity of sputum have so far proved disappomnting {Forbes and
‘Wise, 1957)-

Rrration of CiLia 16 SECRETION
Any consideration of the secretion of mucus raises the question
of us removal. This is effected by what Proetz has called the
‘ciliary escalator’ {quoted Hilding, 1g43); once the sccretion
is outside the cell and resting on the brenchial epithehum the
cilia come into play.

S~ CAPILLARY

Fic 6 Diagram showrag two layers of secrevion on the surface of the
epnhelum--tiuck mucus Iymg on the tips of the ofia, a less viscous fayer
surrounding them prlhd)a! cells free of mucns, eontanstig granules stan-
mg for mucus, by secretion, or disck 3t, the amount of ffuxd
passng \hmugh the cell 1s infinenced by the stare of the capalianses and
hydranon of thic walt

Lucas and Douglas {1g34), studying the nose, have shown,
and Hilding (1943) has confirmed, that the ailia are not bathed
m mucus, but that outside the cells secretion s identifiable as
two layers—a superficial fayer of thick mucus resting on the tips
of the cilta and beneath this and bathing the cilia a thinner,
mare fluid, layer (Fig. 6). This latter 15 the medium in which
the oha bem, and in which therr movement causes the strands

iy
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each cell can be considered of two types (Babkin, 1950). The
first consists of specific substances, actively manufactured, and
probably recurs with a natural rhythm relatively independent of
external factors, but may also result from surface irritation. The
second is more passive—the passing of tissue fluids through the
cells; while these may contain certain salts and organic material,
the amount is not significant. Hydration of the wall and the
degree of dilatation of the capillaries in the wall are, therefore,
further factors which may influence the level of secretion
(Figs. 5 and 6).

Where there is cardiac failure accompanied by bronchitis the
primary factor in hypersecretion is probably this increase in the
tissue fluids, a hypothesis supported by observation of patients
with mitral stenosis. In this connection a survey by Wood ( 19;4)
indicated that 25 per cent of both the surgical and medical
groups had attacks of winter bronchitis. Chronic bronchitis is
predominantly a disease affecting males (Stuart-Harris .an.d
Hanley, 1957; Oswald, 1958) but in cases of mitral stenosis 1t
15 common among women. To quote Wood, ‘One of the remark-
able results of technically successful mitral valvotomy is 'thc
disappearance of winter bronchitis’, which supports the view
that in the majority of cases the critical factor in the excessive
secretion which is the basis of the diagnosis of bronchitis is the
alteration of the fluid balance in the tissue of the bronchial wall-

Experimentally, secretion from a mucus-secreting surface can
be increased by a variety of surface irritants—particulate mat-
ter organic or inorganic, bacteria alive or dead, noxious gascs
and noxious fluids (e.g. Florey, 1930; Florey, Carleton and
Wells, 1932).

AMOUNT OF SECRETION |
Briefly, the constituents of secretion have been shown by Binct
and Bourlitre (1944) to be g5 per cent water and 5 per €ent
dry residue, of which about half1s mucus. The extent to which
man secretes mucus is not known, so that it is necessary to fall
back on animal cxperiments. Perry and Boyd (1941) bave
shown that, 1n the cat and the rabbat, the bronchial tree secretes
continuously even under normal conditions and that secretion
of the order of 2 ml. per kilogramme of body weight occurs
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known nor, when there is hypersecretion, what proportion is

ghed up. The hyper ion giving rise to sputum Is re-
flected in an increase in the mucus-secreting elements, both
glands and goblet_cells (Reid, L., 1954 and 1958). Plate XI,
Figure 3 shows patt of a normal main bronchus from a male
adult, adjacent and in contrast to part of the main bronchus
from a male adult patient with chronic bronchitis. In the latter
the total thickness of the gland is increased, the individual acini
are bigger and more cells are distended with secretion.

r—————EFITHELIUM
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One of the difficulties in epidemiological studies of chronic
bronchitis is the establishing of criteria for diagnosis. Certain
diseases can be diagnosed through a specific lesion—a tubercle
or an Aschoff nodule—but in chronic bronchits there is no
typical leston, The changes are only a hypertrophy and, there-
fore, can only be assessed by comparison with the normal.

In order to reach a quantitative assessment of the degree of
change in chronic bronchitis the thickness of the gland layer in
bronchi was measured (Reid, L., 1960). The mawn, lobar, or
segmentaf bronchi were used because the thickness of their walls
1s simufar, aithough as the diameter of the bronchus decreases
the thickness of the wall relative to the lumen 15 greater.
Figure 7 shows the three measurements which were used—
A, the thickness of the wall from cartilage to mucosa (i.e., inter-
nal thickness) and 8, the thickness of gland at the same point
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or carpets of thick mucus which lie on the surface to move
upwards. Lucas and Douglas have further shown experimen-
tally that the thicker and denser the strands of mucus the more
efficient the upward movement.

The efficient functioning of this very delicate mechanism is
dependent on the maintenance of a proper balance between the
two layers, which can be disturbed in several ways. Excessive
drying of the mucus may destroy the physical state at the inter-
face between them. Too deep a fluid layer could prevent the
mucus secretion on the surface from being in contact with
the tips of the cilia; too shallow a serous layer might mean that
the mucus would be entangled in the cilia, preventing them
from functioning normally—this may occur, for instance, in cer-
tain cases of status asthmaticus, where secretion does not become
free of the cell (Houston, Navasquez and Trounce, 1953).

Norwmar FUNCTION SUMMARIZED
Arguing, then, from examination of the normal structures in the
human lung and experimental physiological studies, it woulld
seem that there is 2 minimum daily secretion from the bronchial
tree of perhaps 100-150 ml. This comes from goblet cells in the
epithelium and glands 1n the wall, of which the latter, to judge
by volume, are the more important. Glands are under nervous
control, goblet cells are not, but the presence of afferent path-
ways from the cpithelium means that the glands are affected by
surface irritation. In addition to the mucoid material from !l}C
glands and goblet cells there may be transudation of fluid
through the cells of the epithelium, in which the state of the
capillary airculation and the degree of hydration of the wall arc
important. The functioning of the cilia is dependent on the
maintenance of a proper balance between the constituent Tayers
of the secretion, particularly as regards their amount and
viscosity.
CHANGES IN THE Broxcmar WarL i Ciirovic Brovcms

Glands. The characteristic feature of chronic bronchitis is the
hypersecretion swhich manifests itself as sputum. What inC_rcﬂSC
beyond the normal is necessary before sputum is produced is not
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increase was seen in all cases of chronic bronchitis, it suggests
that hypertrophy of glands occuss in all the large bronchi.

From thirty counts on ten lobar bronchi of seven operation
casesof b hi is a similar § is seen, the mean for the
group being significantly different from the noemal. The average
ratio of gland thickness to wall thickness was 0-54. I{ the success
of local jon in stopping sputum production is evid
gland hypertrophy in this condition may be local.

The figures from which these averages were compiled show
ittle varfation inter s¢; the normal ratio varied from 0-14 10 0-36.
In only four of the bronchi from the cases of bronchitis was the
ratso less than o 5, the maximum being 0-79. In the branchiec-
tasis group the range of ratios was wider, from 0-33 {the normal)
ta o 8o. This fits with the clinical history of these patients, as
great deformity of peripheral bronchi is not necessarily associ-
ated with large amonnis of sputum. In some patients there was
often only a trace of sputum, while in others several ounces were
still being produced although the patient was taking antibiotic
drugs continucusly.

The figure in the last columin in Table 1 represents the number
of acim seen in one lugh-power field. Fewer acini, an average of
14 instead of 24, are seen in a chronic bronchitic than in the
normal, and simalarly with bronchiectasis, 16 as against 24.
This difference results from an increase in the diameter of the
acmd in chronic bronchitss, which also encroach on the inter-
acinar connective tissue. The increase in the depth of the glands
1 relatively greater than the increase in the diameter of an
acnus, suggesting that there is hyperplasia as well as hyper-
trophy—new acwni, not merely an lncrease in the suize of the
pre~exsting ones. The celis particularly increased are thase dis-
tended with mucus. These form the majority, but there are sull
oceasional cells in which granules can be seen and some which
are {ree of them.

These results show a clear distinction between normal sub-
Jects ang the group of cases of estabhshed bronchus. To investi-
gate whether wath Jesser amounts of sputum there 15 a correla-
tion between the amount produced and the degree of gland
hypertrophy, similar measurements were made m 37 bronchs
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(they were measured in units of a graticule placed in a x6
eyepiece with a 16 mm. objective). These are expressed as 2
glandjwall ratio. The third measurement was made with a
4 mm, objective and represents the total number of acini which
could be seen in one ficld of 6-4 mm. diameter.

TasLE 1. Measurements of bronchial wall and glands  bronchs
from normal subjects and from patients with chronic bronchitis,
bronchicctasis, and emphysema swithout sputum

Thickness v
No.of No. of o . No,of
cases bronchi (;’;:l’.d "l::‘“ Ratio “geini
Normal 7 8 47 64 26 24
Chronic bronchitis 20 26 64 107 59 M4
Bronchiectasis 7 10 52 93 54 16
Emphysema without sputum 3 4 23 68 3 24

Table 1 shows the summarized results of these measurements
from bronchi of seven normal subjects, of twenty patients with
chronic bronchitis and of seven with bronchiectasis, The mea-
surements were made in units of the micrometer eyepiece, but
these have been converted to millimetres. Twenty-five counts
were made on the eight normal bronchi and the average gland
layer thickness found to be 0-17 mm.,, the maximum thickness
0-26 mm. The thickness of the wall internal to the cartilage was
0-64 mm., the ratio of gland to wall being 0-26. Sixty-five
counts were made on 26 bronchi from 2o cases of chronic
bronchitis (predominantly autopsy); the average gland-layer
thickness was 0-64 mm. or three times the normal thickness, the
corresponding depth of epithelium to cartilage being 1-07 mm.,
the increase in gland and wall thickness being o 47 and 043
mm. respectively. Individual cases similarly show that it 15
the increase in the gland layer which is largely responsible
for the overall increase in the wall. The gland forms less than
one-third of the wall 1n the normal lung and about two-thirds
in that of the chromic bronchitic. The bronchi were taken from
the region of the hilum without any regard for the severity of
the disease in the area they drained or for macroscopic appeas-
ance, and include main, lobar and segmental bronchi. As the
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in the epithelium and relatively little in the glands. The large
amount of seeretion could represent the rapid transudation of
flnid through these cells. The patient responded to prednisolone,
is still on the drug, and recently cycled 70 miles in an afternoon.

onpsy after twelve months' control by prcdmsolone showed a

resp y-type epitheli reduction in the congested sub-
mucus layer and a more normal | appearance of the glands
However, it cannot be d that the pathologi

seen in this patient are always present, pamcularly as in two
cases to my knowledge prednisolone has failed to control the
symy Dr. F. H. Scadding has, , had another case
who responded to large doses of potassium iodide, while one
reported case (Hartley and Davies, 1923) recovered with sup-
portive measures only.

Hyrpersecrerion or Mucys Ao Crrrary Activiry

In many bronchitics the formation of mucus occurs abnormally
close to the alveolh and in abnormally large amounts, bath of
which factors may strain the normal mechanisms for removal
and may cause an accumulation of mucus in bronchi, in the
tiny bronchioles or even in alveoli. The alia may be over-
whelmed by the secretion or it may be that the effective ciliary
surface is reduced by the increased production of mucus, causing
more goblet cells to discharge. Infection may destroy the epi~
thelium, resulting in loss of ciliary function and effect. With
healing, a layer of stratified epithelium is temporanly created,
within which after about fourteen days there is differentiation of
the cells to cidiated and mucus-secreting cells. This has been
well demonstrated experimentally by Wilthelm (1953) and con-
firmed in man by Hers (1955).

Metaplasia to a stratified epnhehum may be seen in paucms
with chrome bronchius, but it 1s my experience that it is not a
major feature. So also in b b is, 1t 15 Ot n the
bronchial tree except at the blind end of the dilated and
obliterated bronchi, where a stratified epithelium often lines the
residual sacs whose wall consists of fibrous tissue.
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from consecutive operation specimens, mostly from patients
u{ith carcinoma. Dividing these into seven sputum groups—
nil, trace, up to 3 s5, 3 ss to 1, 1 to 1}, 1} to 2, and more
than 2, the trend emerges that in each the ratio.of gland to wall
increases (Reid, 1960).

Surface epithelum, The epithelivm in chronic bronchitis also
shows an increase in goblet cells, most dramatically in the
bronchioles, as normally only an occasional goblet cell is seen
here (Plate X1, Fig, 2), while in chronic bronchitis (Plate X,
Fig. 4) almost every cell may be transformed to onc distended
with mucus. Even the 1 in 4 concentration of goblet to epithelial
cells in the normal main bronchus is then surpassed in the
periphery. Thus hypertrophy of mucous-secreting cells is present
in bronchi, and also bronchioles and even the terminal bron-
chiole. These changes c ly occur throughout the lung,
but they are irregularly distributed in that, in any one micro-
scopic section, several square centimetres in area, some bron-
chioles may show change of the same degree, while others show
very few cells. Mucus is thus produced much nearer the alveoli
than in the normal; it is sometimes found free in alveoli and
may be seen also in sears. 5

I was recently able to contrast the characteristic change in
chronic bronchitis with the biopsy findings in a rare condition,
pituitous catarrh, otherwise known as bronchitis serosa or
bronchorrhea. A man of 70, a patient of Dr. F. H. Scadding,
was incapacitated by the production of nearly a pint of phlegm
a day, much of 1t looking like diluted egg white; the patient was
breathless at rest and could walk only a few yards. Biopsy was
performed at intervals of a week from two different sites in the
right main bronchus and both showed a similar picture (Platc
XI11, Fig. 8). Itis seen that thesub-mucosallayer of the bmnch\fs
is thickened; while the glands are to some extent rcsponsiblc,“h“
thickening is mainly between the glands and the surface in a
layer of oedematous connective tissue with numerous cnpi]}ams-
The epithelium is replaced by 2 transitionfxl cpithc}}um with no
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InrECTION IN CHRONIG BRONCHITIS
With regard to infection I wish simply to mention a few points
relating to the histological appearances in chronic bronchitis,
Plate X1, Figures 1—4 illustrate the changes which accompany
hypersecretion of mucus, Both gland and surface epithelium
may be in a state of hyperactivity without infiltration with

ction is not
ugh infection

inflammatory cells. Thus, histologically, hype:
necessarily associated with current infection, t
may have been present at some stage.

The accepted picture of the damage caused by bacteria is the
characteristic one of acute bronchiolitis, with its sequelae—
stenosis or obliteration of bronchioles and, in alveoli, scarring
and destruction giving rise to emphysema (Reid, L., 1958,
1959). This peripheral damage is too big a subject to discuss
here but, to put it in context, it is this which is probably the
most critical factor for disability or survival. However, if the
role of bacteria is to be fully understood, lesser degrecs and
different types of infective damage must be taken into account.

Pus cells are often found in the sputum, but their presence
does not necessarily mean ulceration of the surface cpithelium,
for they can migrate through the bronchiolar wall. This is per-
haps better understood with eosinophils than with the neutro-
phils, though these latter can also migrate through epithehum
as seen in the section in Plate X111, Figure g. Pus cells may be
numerous in the lumen of a bronchiole whose epithelium s still
intact, by reason of migration between the cpithelial cells of
polymorphonuclear leucocytes in response to bacteria present
on the surface (Florey, 1933). Hers and Mulder (1953) have
demonstrated migration by H. influenzae.

There are probably two levels at which bacteria may act—
primanly on the surface where, as an irntant, they may caus¢
secretion or migration of pus cells, and within the wall of the
bronchiole. Inflammatory responses of both types are usually
irregularly distributed, even n autopsy specimens. For instanc¢,
the main bronchi are often frec of cellular infiltration, while
peripherally there may be evidence of bronchiolar infcf:tion,
either pus cells within the lumen or heavy infiltration within the
wall, whether the epithelium is intact or damaged.
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INFECTION IN CHRONIC BRONCHITIS

With regard to infection I wish simply to mention a few poiats
relating to the histological appearances in chronic bronchitis.
Plate X1, Figures 1~4 illustrate the changes which accompany
hypersecretion of mucus. Both gland and surface epithelium
may be in a state of hyperactivity without infiltration with
inflammatory cells. Thus, histologically, hypersecretion is not
necessarily associated with current infection, though infection
may have been present at some stage.

The accepted picture of the damage caused by bacteria is the
characteristic one of acute bronchiolitis, with its sequelae—
stenosis or obliteration of bronchioles and, in alveoh, scarring
and destruction giving rise to emphysema (Reid, L, 1956,
1959). This peripheral damage is too big a subject to discuss
here but, to put it in context, it is this which is probably the
most critical factor for disability or survival. However, if the
role of bacteria is to be fully understood, lesser degrees and
different types of infective damage must be taken into account.

Pus cells are often found in the sputum, but their presence
does not necessarily mean ulceration of the surface epithelium,
for they can migrate through the bronchiolar wall. This is per-
haps better understood with eosinophils than with the neutro-
phuls, though these latter can also migrate through epithelium
as seen in the section in Plate XII, Figure 9. Pus cells may be
numerous in the lumen of a bronchiole whose epithelium is still
intact, by reason of migration between the epithelial cells o
polymorphonuclear leucocytes in response to bacteria present
on the surface (Florey, 1933). Hers and Mulder (1953) have
demonstrated migration by H. influenzae.

There are probably two levels at which bacteria may act—
primanly on the surface where, as an irritant, they may cause
secretion or migration of pus cells, and within the wall of the
bronchiole, Inflammatory responses of both types arc usually
irregularly cistrbuted, even in autopsy specimens, For instance,
the main bronchi are often free of cellular infiltration, while
peripherally there may be evidence of bronchiolar i{lfefﬁon,
either pus cells within the lumen or heavy infiltration within the
wall, whether the eprithelium is intact or damaged.
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The exacerbations which characterize the natural history of
chronic bronchitis are usually regarded as infective, because pus
is often found, with or without pathogenic organismns in the
sputum. There are, however, features which do not support this
vvcmmphﬁed picture—the i equent 2 absence of s cells, fevcr
antihodies in the blood corresp g to the ‘pathog
organisms cultured from the sputum and the fact that pathogens
cannot always be identified, The role of bacteria cannot be
assessed simply as a recutrent invasion; they may assert them-
selves in a variety of ways—as a surface irritant causing an
increased flow of mucus, by chemotactic effect giving rise to
the passage of polymorphs through an intact epithelium, with
or without an accumulation of polymorphs throughout the
sub-mucosa, Even the ‘non-pathogens’ might, as an irritant, act
as a damaging agent if they were sufficiently numerous.

With the excess of mucus which characterizes chronic bron-
chitis 1y populate the bronchial tree, although
normally befow the jarynx it is free of them The bronchial tree
then shows some resemblance to the gut, in which 2 mucus-
secreting surface constantly carries a bacterial population,

The suffix ‘iti’, of course, means inflammation, but not
necessarily inflammation due to infection. Although the pre-
sence of pus cells in chronic bronchitis points to mnfection and
Gram stains show the presence of bacteria, hypersecretion of
mmucus is also a sign of infl ion, as Muchs- ing surfaces
respond to damage by secretion—a so-called ‘catarrhal inflam-
mation’. The word ‘bronchitis’ refates to inflammation of
bronchi in this broad sense and is not restricted to infection.

RELATION OF CRANGES 1O Ermzmomcxcm. me\rcs
What o ot shont Aemns b AT ot e e

intdence of the disease or mortality.

A varnety of conditions can be shown to be associated with a
hugh inaidence of chronic bronchitis; they range from housing
conditions (Ogilvie and Newell, 1957) and atmospheric poltu-
tion (Logan, 1949, Pemberton and Goldberg, 1954; Stocks,

N
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anatomy of mucus-secreting structures. The first task was to
establish the number of glands in several small laboratory
animals. The hamster has only rudimentary glands in the
trachea, each gland a dimple of epithehum with a few goblet
cells and capillaries adjacent. Bronchi within the lung have
very few goblet cells. In the mouse only an occasional goblet
cell is present either in the trachea or along airways within the
lung. Of larger animals the rabbit has very few mucus-secreting
cells. The cat, on the other hand, has 2 large number of goblet
cells and glands, which extend much further into the lung than
in man. Strangely, however, a Periodic-acid-Schiff stain shows
that the surface cells contain much mucin, but the glands in
the wall comparatively little. This is a very different picture
from that in the human lung and yet the behaviour of this
species had to be drawn on in the attempt to understand human
function,

The rat was the animal finally chosen. It is small compared
with the hamster, but by contrast has well-developed glands in
the trachea. They are multiple, branched tubular, and more
numerous in the upper two-thirds and the anterior wall of the
trachea. In the normal they are usually empty. Goblet cells are
present in the epithehum of the trachea, numerous in main
bronchi and along the main bronchial pathways within the
lung. The finest bronchioles, and in particular the terminal, are
free of them.,

It was felt, therefore, that the rat offered the best chance of
success in the experiments, even though it is prone to pulmonary
disease, ‘rat bronchiectasis’ being a freq; almost an invari-
able; finding in animals over eighteen months old; using the
young rat we managed to exploit its propensity for secreting
mucus while avoiding 1n the control animals the development of
spontaneous infection,

These animals have been exposed to sulphur dioxide fumes
for five days a week. A garden cloche mounted on a table was
used, into which, through a hole in the base, were introduced
three sampling tubes whose position could be varied and samples
taken during exposure. It was found that the mixing of the
fumes with air could be maintained at a constant level.
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1959) to infection (Reid, D. D. and Fairbairn, 1958), smoking
(Oswald and Medvei, 1955) and occupational factors (Lane,
1954; Reid, D. D,, 1958). To attempt a synthesis between these
findings and those of morbid anatomy it may be that all these
stimuli act similarly by inducing hypersecretion of mucus. We
know that in chronic bronchitis the amount of secretion is above
the threshold level of sputum production, but how much above
we do not know, With persistent irritation the tissues will suffer
a work-hypertrophy—the factors which operate in any indivi-
dual patient, and their relative importance, will vary,

The definition of chronic bronchitis adopted in various epi-
demiological studies has a twofold importanee, first, that com-
parison of results must be made in relation to it and second, that
one’s attitude and further study of the disease may be influenced
by it. If the definition includes disabilities such as shortness of
breath (“Triple complex’, Stuart-Harris, 1954; Oswald, 1958),
incidents of infection and absence from work (Higgins et o,
1956), it will take in more advanced stages than if cough and
sputum (Ogilvie and Newell, 1957; Stuart-Harris, 1954) are the
qualifications. If the earlier phases of the condition are to be
studied—-at a stage before medical treatment is sought or is at
present possible-—the latter definition may prove itself.

The main feature, then, of chronic bronchitis is hypersecre-
tion of mucus, but the presence of bacteria in the lung is 2
further crucial element. Therefore, the questions which have to
be answered are: (1) can irritation of itself lead to hypersecretion
or must infection be present? and (=) if hypersecretion is itsell
a response to irritation, what role does infection then play? .I
have undertaken certain studies to test these questions expert-
mentally. :

LXPERIMENTAL STUDIES

By reason of its interest in relation to atmospheric pollution,
sulphur dioxide has been chosen as the irntant in the experi-
mental studies. Becausc of the key position which mucus-
secretion holds in chromc bronchitis, in trying to produce‘ the
‘disease’ in an anmal, the aim has been to produce an anima
which is hypersecreting mucus (Reid, L., 1960a). .

The choice of ammal presented a problem in the comparative
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increased and most are distended with mucus, whereas in the
normal many contain only granules. But what is especially
notable is that the goblet cells develop in the finest airways ina
part of the bronchial tree which is usually free of them. Mucus
is not only found in the trachea but also in the bronchi and
Jater it is found retained and impacted 1n the lung. Plate XIV,
Figure 10 shows mucus in the alveoli of an animal killed after
five weeks’ exposure.

Tao return to the question to which the experimental studies
have been directed, the selected agent has produced its effect
by jrritation of goblet cells and not by infection, Under normal
conditions rucus is rapidly and effectively removed from the
lungs and the lungs are empty and sterile although bacteria
must frequently be inhaled. A simple mechanical explanation is
that with the increase of mucus in the lungs, arising probably
from both an increased production and stower removal, bac-
teria populate the bronchial tree.

While the dose has proved effective in these experiments to
produce a hypersecreting animal, the size of dose of sulphur
dioxide makes these experiments of hittle value in assessing the
role of this irritant in causing human bronchitis, since our dose
was 300 p.p.m. and the highest recorded concentration on the
roof at St. Bartholomew’s Hospital during the winter of 19589
was 1 6 p.p.m. (Lawther).

In brief, the stigma of chronic bronchitis is an increase in
mucus-secreting tissue of all types at all levels—glands in the
trachea and bronchi and goblet cells 1 the epithelium. The
glands increase in total volume, while goblet cells appear in
parts of the bronchial tree in which they are not normally
present.

Tt would seem that a variety of imtants, including infection,
may contribute to this i Once established, the i
mucus scems to predispose to bacteriological population of the
bronchial tree, which may act either as an irmitant on the surface
of the bronchi or by invading the wall and alveoli. These
<hanges also seriously implicate the respiratory tissue, giving
rise to damage and the respiratory failure that characterizes the
fater stages of the disease,
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Large doses cause death through ocdema and haemorrhage
(Pattle). Exposure to 300 p.p.m. one day a week for six weeks
brought no change, but goo p.p.m. for five hours a day five days
a week produced hypersecretion of mucus. To avoid bronchial
irritation the animals were killed by intraperitoneal pentothal
at weekly intervals and the thorax opened under ascptic con-
ditions. Cultures were taken from each of five sites, the trachea,
right and left main bronchi and both lungs, using sterile instru-
ments for each. The presence of mucus in the trachea and
bronchi was noted. In control animals no mucus was found and
the trachea, both main bronchi and lungs in all were sterile.
After three weeks mucus was seen by the naked eye in the
exposed animals, which increased and persisted throughout the
experiment and did not immediately disappear when exposure
ceased, In most the mucus was sterile; no bacteria could be
grown (virus culture was not attempted), which points to the
fact that an excess of mucus was not necessarily associated with
organisms within the lungs or bronchial tree, However, in some
animals orgamsms were recovered, generally H. influenzae or
H. porainfluenzae. The animals which died also showed these
same organisms, a greater degree of mucus production and the
presence of oedema.

Even f its rate of production is normal, there may be an excess
of mucus 1n the bronchi; this may be due cither to reduction in
ciliary activity or to aspiration from the nose. The latter was
investigated by placing India ink in the nares of animals before
expaosure, no India ink was found in the lungs. Further, am{nals
subjected to sulphur dioxide often have obviously blood-stained
mucus on their nose, but in no case was it found in the trachea.

The presence of mucus could mean that ciliary activity was
so reduced that mucus remained in the lungs. Dahlam {1955)
has shown that sulphur dioxide in smaller doses than we used
does lower the rate of ciliary activity, but that recovery 0ccurs
if the cilia are not destroyed. The umportance of this fag(or
would be difficult to assess but, fortunately, there 15 histological
evidence of increased cellular secretory activity in that goblet
cells are also increased. The glands in the wall contain mucus;
the number of mucous cells in the mamn bronchus epithelium is
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Iconclude, as I began, by saying that when we understand the
origin and mechanics of hypersecretion we may be nearer the
control of chronic bronchitis; we shall not solve the problem
without that understanding.
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lying cause can be removed ¢ et ot
noses malignancy
pathologist by the
neaosis of_terminal_arteries.and atterioles_and_proliferative
intimal thickening of slightly larger vessels. Yet neither has any
clear picture of what lics behind this dramatic transformation.
The significance of hypertensive encephalopathy is that it en-
ables us to bridge the gap in knowledge.

The various causes of hypertension all seem to act by causing
an increase in the tone of the systemic arterioles, to which the
heart responds by contracting more strongly and so raising the
systemic blood pressure. It will be observed that the plain
muscle fibres in the arterioles are consequently between two
fires, for they are being at once overstimulated to contract and
overstretched by the resulting rise in filling tension, The most
remarkable fact about hypertension is that in the great majority
of cases the arterioles contrive to the end, despite this double
strain, to serve their normal function of accurately controlling
the distribution of the circulating blood. So it is that in the
benign phase serious symptoms are deferred until the heart fails
or a vital artery bursts or becomes blocked by secondary
atheroma, But there is a limit to the adaptability of the arterial
muscle and it is when this limit is exceeded that the essential
circulatory disturbance of malignancy occurs. I propose first to
state the nature of this disturbance as I see it and then to out-
line the evidence on which I base this statement.

The sequence of events seems to be as follows, When the
undcrlymg v: rictor sti its nature,
becomes too intense or develops too rapidly, the excessive intra-
“arterial tension du‘cctly provokes a state of cramp-like contrac-
ture, or spasm, in scattered groups of arterioles and termnal
artenies, which in turn leads to fogal anoxia, anaemia or as-
phyua of the tissue supphied. The effects of this tny vascular
criss vary with its scvemy, its duration and its extent, Thus an
acute wxdespr:ad crisis will cause anoxia of whole organs and
smce the bramn is most sensitive to anoxia this will commonly
cause an attack of acute encephalopathy, of which the eclamp-
tic convulsion is a typical example. Such an attack may be too

H




XV

The Significance
of Hypertensive Encephalopathy

F. B, BYROM

HEN the blood pressure in hypertensive disease be-
'\ ; s / comes unusually high or rises very steeply two appar-
ently unrelated complications are apt to occur. The
first is the acute disturbance of_cerebral function known as
hypertensive encephalopathy, The second is a crop of acute
necrotic lesions involving terminal arteries and arteroles in
many tissues—the lesions of malignant hypertension. In the
course of a long-term study of experimental hypertension it
became increasingly clear that the two were different expressions
of a single focal but widespread vascular disorder, the course of
which could be followed in some detail in the brain of the
hypertensive rat.

In reporting these findings in detail (Byrom, 1954) I was
concerned primarily with the problem of encephalopathy and
only incidentally with malignant hypertension, In the present
lecture I shall reverse the emphasis and try to show how a study
of experimental encephalopathy throws direct light on the early
stages of the local vascular catastrophe which underlies malig-
nancy.

It is now generally accepted that hypertensive disease, al-
though deriving from a number of different causes, known and
unknown, can be divided into two sharply contrasted phases or
grades of severity, benign and malignant, the former usually
persisting for years without causing scrious symptoms, the latter
spelling death within months or even weeks unless the under-
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malignancy were found in many organs but not in the kidney
distal to the clamp. From this observation, which has been
repeatedly confirmed, it follows that the lesion cannot be caused
by a circulating toxin, by simple ischaemia, nor by simple vaso-
constriction by a circulating pressor substance, but must in
some way be a result of excessive intra-arterial tension. It
seemed that the determining factor was a sudden strain imposed
on the vessel wall by the combination of severe vasoconstriction
and the excessive filling tension. A similar distnbution of lesions
was observed by Goldblatt in the dog but since he observed
lesions only when the constriction of the renal artery was severe
enough to cause renal insufficiency he believes that this, as well
as hypertension, is essential to their causation (Goldblatt, 1947).
To produce severe and persistent hypertension in the rabbit or
the dog it is necessary to constrict both renal arteries or one
artery after excising the opposite kidney and severe constriction
in such circumstances is, of course, liable to be complicated by
renal insufficiency. Fortunately it was soon found that in the
rat permanent hypertension could be caused by constricting one
renal artery, the opposite kidney being left intact (Wilson and
Byrom, 1939}. In such animals typical arterial lesions appeared
in the usual sites and were absent from the clamped kidney.
The opposite kidney, however, displayed not only arterial
necrosis, but also and in minute detail the characteristic changes
of malignant hypertension. This experiment demonstrated
clearly that renal insufficiency was not necessary to the produc-
tion of the arterial lesions or, in other words, that the difference
between benign and mahgnant hypertension js sitaply one of
degree. This simple concept of malignancy, which does not
necessarily imply that the critical level of pressure is the same n
all cases, is supported by the demonstration that arterial necross

can be caused by sudden distension of the artenal tree, in

ammals by foraible injection of sahne (Byrom and Dodson,

1948; Masson, Corcoran and Page, 1951; Magarey, 1956) and

in man by operative rehef of coarctation of the aorta (Benson

and Sealy, 1956). Necrosis is also found in the pulmonary

arteries in mitral stenosis. Furthermore it is now well recognized

that some forms of unilateral renal disease in man may cause
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short to damage tissue. On the other hand less widespread but
more lasting crises recurring at short or even imperceptible
intervals will lead to a succession of crops of scattered small
lesions. These may be of three grades, viz. (1) mild and rever-
sible, consisting of small zones ofincreased capillary permeability
and focal oedema, (2) severe enough to kill tissue, that is, to
cause small infarcts or haemorrhages, or (3) severe enough to
kill the artery itself.

Once this pathological process has become firmly established
the patient’s life is in danger because the process leads to pro-
gressive renal damage of a kind which not only leads to uraesmia,
but also reinforces the original hypertension (Wilson and
Byrom, 1941). I may add that I have long held the view (Byrom
and Dodson, 194g) that hypertensive disease s irreversible only
in so far as 1t may derive from, or has itself caused irreparable
damage involving both kidneys—and nowadays even this
obstacle can be surmounted, at least in twins, by kidney grafls
(Murray, Merrill and Harrison, 1958).

The evidence from which the above picture is derived is a5
follows.

TuE ArRTERIAL LEstoNs oF MaLIGNANT HYPERTENSION

ARE Resurts oF Excessive INTRA-ARTERIAL TENSION
The fact that almost any kind of hypertension can become
malignant indicates that malignancy is not determined by any
of the undeslying causes of the disease and suggests that it 1s
related in some more direct way to the hypertensive process
itself. Post-mortem studies have shown that arterial necrosis,
proliferative endarteritis and associated tissue damd}e are thc'
essential lesion of malignant hypertension and are only occa”
sionally seen in the benign phase. But morbid anatomy throws
no light on the cause of this lesion and for many years it was
regarded as ‘inflammatory’ or ‘allergic’ in nature. The true
nature of the lesion became quite clear soon after Goldblatt's
work opened the field of hypertension to experimental study.
The crucial piece of evidence was the observation of Wilson and
Pickenng (1938) that in rabbits with severe hypertension causc
by constricting the artery to a solitary kidney typical lesions of
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malignancy were found in many organs but not in the kidney
distal to the clamp. From this observation, which has been
repeatedly confirmed, it follows that the lesion cannot be caused
by a circulating toxin, by simple ischaemia, nor by simple vaso-
constriction by a circulating pressor substance, but must in
some way be a result of excessive intra-arterial tension. It
seemed that the determining factor was a sudden strain imposed
on the vessel wall by the combination of severe vasoconstriction
and the excessive filling tension, A similar distribution of lesions
was observed by Goldblatt in the dog but since he observed
lesions only when the constriction of the renal artery was severe
enough to cause renal insufficiency he believes that this, as well
as hypertension, is essential to their causation (Goldblatt, 1947).
To produce severe and persistent hypertension in the rabbit or
the dog it 1s necessary to constrict both renal arteries or one
artery after excising the opposite kidney and severe constriction
in such circumstances is, of course, liable to be comphcated by
renal insufficiency. Fortunately it was soon found that in the

in the usual sites and were absent from the clamped kidney.
The opposite kidney, however, displayed not only arterial
LN : BOCRERE
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tion of the arterial lesions or, in other words, that the difference
between benign 2nd malignant hypertension 15 simply one of
degree. This simple concept of malignancy, which does not
necessarily imply that the citical level of pressure is the same in
all cases, 1s supported by the demonstration that artenal necrosis
can be caused by sudden distension of the arterial tree, in
animals by forcible injection of salne (Byrom and Dodson,
1948; Masson, Corcoran and Page, 1951; Magarey, 1956) and
in man by operative relief of coarctation of the aorta (Benson
and Sealy, 1956). Necrosis is also found in the pulmonary
arteries in mitral stenosis. Furthermore it is now well recognized
that some forms of unilateral renal disease in man may cause
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benign or malignant hypertension which responds dramatically
to nephrectomy provided that this is done before significant
secondary hypertensive damage has developed in the opposite
kidney. Finally it is widely accepted that renal insufficiency is
often absent in the early stages of malignant essential hyper-
tension (Ellis, 1938).

All these facts support the simple quantitative concept of
malignancy and it is probably true to say that it is now generally
accepted. Goldblatt’s (1947) opinion that hypertensive artetial
necrosis occurs only in the presence of renal insufficiency is not
consistent with the evidence described ahove and his view that
the renal lesions in the hypertensive rat were due to spontaneous
pyelonephritis (Goldblatt, 1947) or polyarteritis nodosa (Gold-
blatt, 1958) ignores the photographic evidence (Wilson and
Byrom, 1939, 1941) and the fact that in these experiments the
lesions were invariably absent from the clamped kidney. More
recently the current hypothesis has been questioned by Kincaid-
Smith, McMichael and Murphy (1958). These authors do not
deny that hypertension can cause arterial necrosis but they
consider it unwise to assume that this is the only type of injury
concerned. They suggest that the appearances could be the
same if the vessels were ‘damaged by some toxic influence or
even by allergic injury’ and use the term “exudative angeitis’ to
cover the various lesions. In the early years of the present cen-
tury mahgnant hypertension was completely confused with
primary nephritis and the recogmtion of its scparate nature has
been generally accepted as an important step towards .th:
clarification of one of the most obscure problems in medicine.
To postulate unspecified toxins or allergens must " necessanly
revive old confusi and the Ha ith workers’ reasofil
must therefore be closely scrutinized. Their first point, that the
vascular lesions of malignancy closely resemble those of allergy,
is not disputed, but, as I have pointed out elsewhere (Byrom,
1954), a common structural lesion in disease does not necessarily
implyac ism, much Jess a cause, for a
tissue has only a very limited number of ways of reacting against
an almost infinite range of njuries. Two further arguments
advanced by these authors are that although the blood pressure
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tends to be very high in the malignant phase it is not impres-
sively higher than in patients with severe benign hypertension
and retinitis, and that scattered arterial necrosis is not uncom-
monly found post-mortem in benign hypertension. In my
opinion both these facts are consistent with the present hypo-
thesis. For if the difference between the two phases is simply one
of degree the blood pressure in severe benign hypertension must
closely approach the malignant level and even exceed it if due
allowance is made for relevant factors such as individual varia-
bility and the steepness of the rise of pressure. By the same token
arterial lesions are to be expected occasionally in the benign
phase because it takes more than one vascular crisis to constitute
malignancy. A final argument is that in the kidney in malignant
hypertension it is common to find arterial necrosis in afferent
glomerular arterioles distal to intralobular arteries which are
greatly narrowed by proliferative endarteritis, which should,
on the mechanical hypothesis, protect the smaller vessels against
necrosis. The weakness of this argument is that it presumes that
the lesion in the larger vessel precedes that in the arteriole.
There is no evidence that it does and elsewhere in their paper
the authors accept the experimental evidence and adduce fur-
ther clinical evidence that narrowing of a large renal artery
protects the smaller vessels against both types of lesion, I have
discussed this problem at length because the simple quantitative
explanation of malignancy is crucial to the modern conception
of hypertensive disease, The hypothesis must remain tentative
as long as so little is known about aetiology. But T believe it
provides the simplest explanation of the known facts and itisa
sound principle in science to avoid multiplying hypotheses
unnecessarily.

Tre PropucTiON 0F HYPERTENSIVE ENCEPHALOPATHY IN THE RaT
To pursue the problem further it is necessary to turn to a small
animal, preferably the rat, One reason for this is that although
the arteries differ widely in s1ze 1n man and the rat the arterioles
and capillanes do not, so that a focal vascular upset at the
arteriolar level which would be a trivial matter in man may in
the rat be a major disaster which by causing gross cerebral
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symptoms would regulatly attract attention in the early stages
A further advantage is that the brain is so small that the presence
and number of organic lesions can easily be determined by a few
serial sections at intervals of about 05 mm. I have therefore
used young adult male rats made hypertensive by constri

the left renal artery with a silver clip after removing the right
kidney. Rats so_treated regularly develop severe hypertension
which is at any time liable to be complicated by acute attacks
of general or local convulsions, ataxia, weakness and coma, that
is by typical acute encephalopathy. Apart from occasional rats
‘which_are moribund at the time of operation and remain in
coma, these attacks can be abruptly terminated by removing the
clip from the renal artery, a procedure which always abolishes
the hypertension in a few hours. The hypertensive origin of the
symptoms is therefore not in doubt. In the rat, morcover, asin
man it has been shown that renal insufficiency plays no part
in causing the symptoms. With this preparation it becomes pos-
sible to make serial observations on the same rat before ccr.ebral
symptoms appear—that is, in the stage of simple hypertension—
during cerebral attacks, and finally after abolishing both the

hypertension and the symptoms.

ENCEPHALOPATHY AND MALIGNANCY ARE RELATED PHENOMENA
The symptoms just mentioned are clearly acute attacks of hyper-
tensive encephalopathy. What evidence is there that they are
related to the equally acute essential lesions of malignancy? Thls
question was readily answered by examination of serial sections
of the brain. In fourteen rats with severe simple hypertension
two healed infarcts were discovered but no acute lesions were
found. On the other hand, in 196 rats with enccphalopa'!h)’
organic lesions were found in 108 (55 per cent). The lesions
were focal, usually multiple and varied 1n appearance. Acute
arterial necrosis or proliferative endarteritis occurred in 26 per
cent, recent miliary infarcts in 21 per cent, capillary haemor-
rhages in_g0_per cent, larger haemorrhages in 22 per cent an
healed infarcts m 12 per cent. These are all components of the
essential lesion of malignant hypertension and they clearly occur
ly enough m encephalopathy to indicate that the two

[
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phenomena are in some way related. It can be stated definitely
that the structural lesions are_not the cause of the cerebral
Symptoss,, (1}-because lesions were absent in 45 per cent of
attacks of encephalopathy and-(a)because when the clip was
removed from the renal artery convulsions ceased immediately
and other symptoms within a few hours, that is, long before
organic lesions could heal. The only reasonable explanation of
the association is that the symptoms are an early and lesions a
Jater and by no means inevitable Tesult of a single functional
disturbance precipitated by the high blood pressure, a dis-
turbance which is manifestly vascular in nature and focal,
though widespread, in distribution. -

Before considering the nature of this primary disturbance itis
necessary to examine another of its effects which is of consider-
able interest and significance, namely focal oedema.

EncEpraLorATHY AND MaLIGNANCY ARE BOTH RELATED
10 Focar OEDEMA
QOedema of the brain has_occasionally been reported in_fatal
eclampsia, while in rats dying from encephalopathy a con-
spicuous.cerebellar ‘pressure cone’ (Plate XV, Fig. 1)! is com-
monly discovered. post-mortem. For these reasons the water
content of the brain was measured after death in a large number
of rats. In simple hypertension the readings were found to be
normal, but in encephalopathy a significant increase of brain
water ocgurred, slight at first, but more marked in the later
stages,*What is the significance of this oedema? s it a simple
oedema due to an alteration in the effective filtration pressure
in the capillaries® Or does the underlying vascular disturbance
cause a focalincrease.in capillary permeabihity or in the affinity
of the tissues for water? To study this question a convenient tool
is provided by trypan blue, a dye which when injected intra-
venously fails to stain the normal brain because it cannot
penetrate the blood-brain barrier, unless this barrier is injured.
The dye is therefore a useful marker of acute capillary damage.

1 The plates referred to in thus lecture vl be found between pages 264-5.
2 For full data sce Byrom, 1954.
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A further series of rats was accordingly injected with trypan
blue and killed 30 minutes later, In 45 rats with severe simple
hypertension the brain remained unstained in all cases. But out
of 145 rats with encephalopathy no fewer than 126 (87 per cent)
showed multiple blue spots on the surface of the cerebral cortex
post-mortem (Plate XVI, Fig. ).

The next step was to compare the water content of the stained
areas with that of the intervening brain. This study showed a
clear increase of water in all brain tissue containing blne zones.
The results also showed a less marked but definite oedema in the
unstained regions of the brain in late but not in early cercbral
attacksA Thus the cerebral_ocdema_in_encephalopathy is
primarily a local phenomenon associated with increased capil-
lary permeability, but if the.condition is not relieved this soon
becomes overlaid by a generalized oedema, I suspect that this
last is a secondary result of venous obstruction, but whatever its
cause it is of great practical importance because it involves
enough brain tissue to cause death from respiratory paralysis.
The earlier focal oedema is not on 2 large enough scale to be
dangerous but it is of greater theoretical moment in two
respects. First, it provides additional evidence to that already
mentioned of the regular recurrence of a focal vascular distur-
bance in rats with cerebral symptoms. Secondly, it raises the
question of what relation if any exists between these zones of
focal oedema and the acute structural lesions described above.
This question was answered by histological study of a large
number of brains containing blue zones. This study showed that
wherever an active organic lesion was observed it was found to
tally with a blue area. A much more sigmificant finding was that
blue areas were five times as numerous as organic lesions, These
findings provide a further link in the chain joining encephalo-
pathy and malignant hypertension, We are clearly dcalin'g wu_h
a focal vascular disturbance which usually (though not invart-
ably) causes in the brain multiple areas of increased capillary
permeability. Most of these areas show nothing more than local
oedema but in a significant minority the process is sufﬁcxc{:tly
intense to cause the typical lesion of malignant hyp.crtcnsxon-
Amongst the most disturbing symptoms of this disease ar¢
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Fio 1 Post-mortem dissection of the back of the neck of 2 rat dying from encephatopathy.
The occrpito-atlantal membranc has been removed, showing a bulbous protrusion of the eraus
of the cercbettum through the foramen magnum (¥ 5).

T ey

Fi6 5 Spawn of arteries on the surface of the small mtestine in a rat with encephalopatby. (> 10}
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amorning headache, vommng and failing vision. These symp-
toms are F d by papiiloed and are clearly due to
increased intracranial temsion. The demonstration that the
typical lesions of the disease are accompanied by much more
numerous foci of oedema suggests a simple explanation of these
symptoms, an explanation which implies that the sustained
cerebral symptoms of mallgnant hypertensmn may properly be
described by the term * -~
To what extent is { ute
cerebral sympwrﬂ?_ in k . _is
_abolished in such rats vy rcmuvmg e cnp wom tne renal
artery, focal myoclonic contractions, when present, often persist
for a few_hours_and_may. therefore be_due to oedema. On the
other hand generalized convulsions are always abolished im-
mediately by removing the chp and must therefore be caused
by some more rapidly reversible factor. Moreover focal cedema
is not demonstrable, at any rate by vital staining, in 13 per cent
of attacks.

EVIDENCE FOR ARTERIAL SPASM

It has long been suspected that cerebral arterial spasm is at the
Toot of encephalopathy but.dire ditect_gvidence has_been_entirely
lacking. Measurement of the carotid blood flow in the rat
showed a progressive fall in encephalopathy, but this could well
be a secondary result of cerebral oedema. The problem was
therefore examined more directly by developing a technique
(Byrom and Cameron, 1955) for inserting permanent windows
of moulded acrylic resin in the dorsal surface of the skull which
could be covered over with skin and exposed on suitable occa-
sions for observation and photography of the cerebral arteries.
The windows were inserted in rats with severe simple hyper-
tension before any cerebral attacks had been observed. The
results of this photographic study were as follows {Plate XVI,
Figs. 3, 4). On 190 occasions (160 rats) in rats with simple
hypertension the arteries almost always appeared normal, spasm
being observed on only 7 occasions. In encephalopathy, on the
other hand, diffuse andfor focal arterial spasm with pallor of
the surface of the brain was recorded on 134 occasions (120 rats)
and was absent on 16 occasions (15 rats). In 76 rats control
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photographs were taken several days after removing the clip
from the renal artery. The vesscls always appeared normal,
In assessing these findings allowance must be made for the
fact that the brain starts swelling very early in an attack of
encephalopathy and in many photographs the vascular pattern
during attacks is distorted and it may fairly be suggested that
the spasm was secondary to such distortion. But cven when all
cases showing distortion are excluded there remain 20 instances
(18 rats) in which well-marked arterial spasm was present and
only 2 instances (2 rats) on which spasm was absent. J regard
this as strong evidence that the spasm so regularly observed in
cerebral attacks is genuine, but in such an important question
there is clearly room for further study by other techniques.

CHANGES 1v OTHER OrcaNs—THE CONCEPT
OF THE *Vascurar Crists’
The concept of the \‘,v{scgl;g crisis’ is not_new. According to
Volhard (Berglund and Medes, 1935) J. Pal (1gos) long 2go
recognized on purely clinical grounds that some hypertensive
patients were subject to sudden attacks in which abrupt eleva-
tions of blood pressure were accompanied by symptoms refe.rrcd
to varjous organs and he termed these attacks ‘vascular crises’.
At that time encephalopathy was generally regarded as an ex-
pression of uraemia and malignant hypertension had not been
distinguished from primary Bright’s disease. If these two ?ondl-
tions are in fact different facets of the vascular crisis envisaged
by Pal, the changes which I have described in the brain should
be and in fact are demonstrable in other organs of rats display-
ing cerebral symptoms. Typical structural lesions were com-
mon in the mntestine, pancreas and heart. Local oedema was
commonly seen in the pancreas and occasionally in the wa]} of
the intestine. Arterial spasm is regularly seen in the intestinal
arteries (Plate XV, Fig. 5) and often in the retina (Plate xvii,
Figs. 6, 7) and I have also observed lateral detachment of the
retina (Plate X V11, Fig. 8), another example of focal oedema.
But several fundamental questions remain unanswered. Frst, 1t
is not clear why excessive intra-arterial tension should precipi-
tate focal arterial spasm. 1t may be (Byrom, 1954) that 1t is an
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exaggeration of a primitive tendency of plain muscle to contract
against a stretching force (Bayliss, 19o2) but as long as the cause
of the underlying vasoconstriction in hypertension remains ob-
scure the question seems likely to remain unanswered. Secondly,
to what extent does the pulsatile component of the blood pres-
sure, which is considerably increased in hypertension, contribute
to the strain which precipitates spasm? Inspection of the tortuous
pulsating arteries in the mesentery of the hypertensive rat will
leave the observer with the strong impression that the contribu-
tion is a large one. In operating on such animals to remove a
renal arterial clamp I have repeatedly been impressed by the
virtual absence of pulsation in the renal artery distal to the
clamp and by the striking increase which occurs as soon as the
clamp is removed. Lastly, while it is easy to understand how
spasm can cause cerebral symptoms, focal oedema and death of
tissue, it is still not clear how it leads to local déathof the artery
itself. In recent unpublished observations, however, I bave found
that single intravenous injections of very large doses of synthetic
hypertensin (Ciba) regularly cause renal arterial necrosis in
circumstances which support the view that sudden rises of blood
pressure cause necrosis simply and.directly by overstretching
the contracted muscle fibres of the media.
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XVI
Viability and Survival of Red Cells

T. A. J. PRANKERD

HE challenge of haemolytic anaemias to different in-
I vestigators has appeared in different forms. To early
workers the problem naturally appeared morphological,
and emphasis was placed on variations in cell size and shape.
Later as interest grew in the in vitro properties of blood the
emphasis shifted to various chemical agents which haemolysed
red cells, and later still with the advent of splenectomy it shifted
to the spleen as a site of red cell destruction, Today, antibodies
dominate the field, and the importance of the cell itself and its
living actwities are being appreciated. It is the purpose of this
lecture to consider only the living aspects of the red cell, to
examine these and try to assess their significances in the hie of
the red cell. By hving processes are meant those that are in a
state of dynamic equhbrium, and which depend for the upkeep
of this equilibrium on energy processes within the cell.

Rep CeLL METAROLISM
The red cell differs metabolically from other cells in certain par-
ticular features. There 15 no glycogen in the cell and glucose
appears to be the pri being degraded anaerobi-
cally via the Embden Myerhoﬂ' pathway; the ultimate chemical
process is the formation of lactate from pyruvate and its diffu-
sion out of the cell. There is therefore no store of metabolite as
exists 1n most cells. The enzymes of the tricarboxylic acid cycle
are not present in complete sequence so that pyruvate and
acetate cannot be oxidized. Two unusual features are the pre-
sence of large of 2,3-diphospk

lycerate and of
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glutathione; both compounds occur of course in other cells,
but in them only in catalytic amounts. The possible reasons for
the presence of these compounds in the red cell will be con-
sidered later, but an important role of 2,3-diphosphoglycerate
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F1c 1 Scheme of some metabolic events in the red cell.

is that it can act as a store of phosphate and energy in the cell
much as creatine phosphate does in muscle. It appears that the
hexose monophosphate shunt operates, but in normal circum-
stances it is probably not very active, however certain reactions
in this cycle are potentially important. These sequences of
metabolic events are shown in Figure 1 and have been pre-
viously reviewed (Prankerd, 1956).

‘The degradation of glucose results in the formation of energy
which is stored in the cell in chemical form as the high-energy
bonds of purine nucleotides and 1,3-diphosphoglycerate. This
energy is required by the cell for several purposes, but the most
important function of the red cell, that of combining and trans-
porting oxygen, is a simple physical process not dependenton any
source of energy. The energy in the cell appears to be diverted
to other functions which are those most intimately concerned
in maintaining the survival of the cell itself in the circulation.

First of these functions and possibly most important is the
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maintenance of the cation distribution peculiar to all cells. To
maintain this electrochemical gradient, energy is required to
extrude sodium from the cell and take up potassium. There are
many theories about the mechanisms involved in this process,
which will not be considered here, but this function can be
calculated to involve about 7 per cent of the total energy
formation of the red cell, and in the face of a breakdown of
these mechanisms the cell becomes osmotically unstable since
there is nothing to oppose the osmotic pressure exerted by the
high intracellular concentration of haemoglobin; a cell, such
as the red cell, which behaves as an osmometer must therefore
progressively swell and burst, unlcss other changes mtcrvene
The second function to be dered is the of
the integrity of the cell membrane. There is evidence suggesting
that the lipid fraction of the membrane exists in a dynamuc state
although the protein does not do so. The evidence for this is not
yet complete, but several workers (Altman, 1951; James, Love-
lock and Webb, 1957) have shown that labelling of lipids occurs
if blood is incubated with 14C-acetate, and that the lipids so
labelled are then released into the plasma. What is not certain
is how much of the synthesis of lipid in blood is due to white
cells. Buchanan (1960) has shown that the red cell contribution
must be very small. Some small extent of synthesis may occur
in red cells as lipids can be washed off the red cell membrane
very readily and if these cells are then reincubated in plasma
they appear to regain some of their lost lipid, a phenomenon
which would probably only occur by synthesis. Whether we
accept the existence of an energy-dependent dynamic state of
the lipids of the red cell wall is therefore still uncertain, but the
lipids themselves are of vital importance in maintaining the con-
tinuity of the cell membrane.
The next energy-dependem function to consider is the
din i glutathione in its reduced
state. Oxidation of glutathione occurs rapidly in a cell deprived
of glucose, but this reaction 1s reversed if glucose or a nucleoside
1s present; no other substrate 1s effective. A flavoprotein, gluta-
thione reductase is the immediate enzyme involved in gluta-
thione reduction, and it activates the donation of hydrogen from
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reduced triphosphopyridine nucleotide which is itself reformed
continuously by the oxidation of glucose to 6-phosphogluconate.
The enzyme involved is ghucose 6-phosphate dehydrogenase. It
is not known why the red cell is so rich in glutathione although
a possible reason is that it is required to protect haemoglobin
from oxidation i swe by such substances as hydrogen peroxide
and various drugs; it also appears to be involved in maintaining
lipid stability in the membrane. Lastly it should be mentioned
that the peculiar biconcave shape of the red cell may also be
dependent on a source of energy for its maintenance, but direct
evidence is lacking on this point.

ExpErRmENTAL FacToRs InvLuENcING RED CELL SURVIVAL
For many years, until perhaps the 1940s, it was usual to regard
the red cell as inert and lifeless and to assume that its ultimate
destruction was the result of a physical process attributable to
wear and tear. However, red cell survival curves simulate those
of any population diminishing by a process of ageing, and o
experiments can be described to show that the ‘wear anfi tear
hypothesis 1s not correct and that in considering mechanisms of
red cell destruction in the body the metabolic state of t!xe cell
must be taken into consideration. The first of these experiments
depends upon the changes occurring in red cells during storage.
After about six weeks of storage at 4° C. in acid-citrate-dextrosc
media radical changes have occurred in the composition of red
cells. There 1s a considerable breakdown in phosphate ester,
particularly adenosine triphosphate (aTe) and 2,3-diphospho-
glycerate, If these cells are now reincubated with glucose at
physiological pH no utilization of sugar occurs and the meta-
bolic state of the cell only deteriorates. Cells which haYc been
stored in this way are more spherical than normal, contain more
sodium and potassium and their membranes are deficient 1
lipid. When injected into the circulation of a compatible
recipient they are rapidly removed, mainly by the spleen. These
cells are thus non-metabolizing and r iable. If, however, the
cells are taken and mcubated for half'to one hour with a suitable
nucleoside a remarkable change occurs in them. They re-
synthesize adenosine triphosphate, and 2,3-diphosphoglycerate,
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A i i if they are now
and begin again to metabolize gl}xcos'c, 50 tha(' i Y
injected into circulation their survivalis greatly improved. These
two changes are shown in Table 1. The mechanism Lhmfxgh
which this revival is brought about is probably the following.

Tasit 1. Percentage survival Ate mntmugl’ cells ﬂnjrcd !‘or
varyung periods and incubated wash itick

before transfusion

o survival at 48 hus, AT content of cells ugP/ml. cells

Daysof - -

storage Nucleosde o ide Glucose , BSfore  After ,x}mléa{mn

T ioeaton Tuceonte Ve
Guancsine 75 54 25 54 30

2 {Adexmsinc 80 28 21 31 10
{Gymesine 63 23 21 36

2 4 Adenosine 51 10 16 277 [}

5 Guanesine 49 10 16 2

When a cell's aTe stores have fallen below a critical level there
isno longer sufficient present to assist the initial phosphorylation
of glucose by hexokinase and the cell is apparently dead. If
however, the other source of sugar, the nucleoside, is present,
ribose is split from the purine by a nucleoside phosphorylase and
converted to ribose §-phosphate which can then be utilized in
the monophosphate shunt with the formation of triose phosphate
and thence pyruvate, and the resyathesis of arp; the reactions
are made clear in Figure 1. In this way atp is built up again in
the cell and can once more be utilized for the phosphorylation
of glucose, The apparently dead cell is now viable, The con-

Claveinm o1 -0 g

«
1

<awat cunusions can be justified in another way, in this case
by the use of metabolic inhibitors. Thus if blood is incubated
with sodium arsenate for two hours the arsenate radicle replaces
that of phosphate in esters within the cell; compounds of this
sort can no longer be utilized and glycolysis stops. Cells treated
in this way and labelled with an isotopic tag can be injected

into the circulation, from which they rapidly disappear after-=

T
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reduced triphosphopyridine nucleotide which is itself reformed
continuously by the oxidation of glucose to 6-phosphogluconate.
The enzyme involved is glucose 6-phosphate dehydrogenase, Tt
is not known why the red cell is so rich in glutathione although
a possible reason js that it is required to protect hacmoglobin
from oxidation ir tize by such sub as hydrogen peroxid
and various drugs; it also appears to he mvolved in maintaining
lipid stability in the membrane, Lastly it should be mentioned
that the peculiar biconcave shape of the red cell may alsa be
dependent on a source of energy for its maintenance, but direct
evidence 15 Jacking on this point.

Exreriventar Facrors IsvLuenaing Rep Cerr Survivar
For many years, until perhaps the 1940, it was usual to regard
the red celt as inert and hifeless and to assume that its uitimate
destruction was the result of a physical process attributable to
wear and tear. However, red cell survival curves simulate those
of any population diminishing by a process of ageing, and two
experiments can be described to show that the ‘wear and tear’
hypothesis is not correct and that in considering mechanisms of
red cell destruction 1 the body the metabolic state of the cell
must be taken into connideranion. The first of these experiments
depends upon the changes occurring in red cells during storage.
After about six weeks of storage at 4° C. in acid-citrate-dextrose
media radical changes have occurred in the composition of red
cells. There 15 a considerable breakdown in phosphate ester,
particularly adenosme triphosphate (ate) and 2,3-diphospho-
glycerate. If these cells are now reincubated with glucese at
physiological pH no utilization of sugar occurs and the meta-
bolic state of the cell only deteriorates. Cells which have been
stored in this way are more spherical than normal, contain more
sodium and potassium and their membranes are deficient 1n
lipid. When injected into the circulation of a compatible
recipient they are rapidly removed, mainty by the spleen. These
cedls are thus non-metabolzing and non-viable, If, however, the
cefls ave taken and incubated for half to one hour with a suitable
nucleoside a remarkable change occurs in them. They re-
synthesize adenosine triphosphate, and 2,3-diphosphoglycerate,
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and begin again to metabolize glucose, so that if they are now
injected into circulation their survival is greatly improved. These
two changes are shown in Table 1. The mechanism through
which this revival is brought about is probably the following.

Tasre 1. Percentage survival +Ate contents of cells stored for
varying penods and incubated with nucleosid dratel

before transfusion

9% survival at 48 hrs.  AT? content of eells ugP/ml, cells

Daysof 0 cleoside : ~
P Before After incubation
storage Glucose 1 Bo0S T incubation
45 d Guanosme 75 54 25 51 30
Adenosme 80 2 2 4 bt
42 { Guanosine 60 28 21 35
Adenosme 51 10 16 27 0
56 Cuanosine 49 10 16 2

‘When a cell’s AT stores have fallen below a critical level there
is no longer sufficient present to assist the initial phosphorylation
of glucose by hexokinase and the cell is apparently dead. If]
however, the other source of sugar, the nucleoside, is present,
ribose is split from the purine by a nucleoside phosphorylase and
converted to ribose 5-phosphate which can then be utilized in
the monophosphate shunt with the formation of trose phosphate
and thence pyruvate, and the resynthesis of aTp; the reactions
are made clear in Figure 1. In this way AT is built up again in
the cell and can once more be utilized for the phosphorylation
of glucose. The apparently dead cell is now viable. The con-
clusion that can be drawn from these results is that the survival
of the red cell depends on its being able to unhze glicose, and
that this 15 dependent on sufficient cell stores of atp.

These conclusions can be justfied in another way, in this case
by the use of metabolic inhibitors. Thus if blood is incubated
with sodwum arsenate for two hours the arsenate radicle replaces
that of phosphate in esters within the cell; compounds of this
sort can no longer be utilized and glycolysis stops. Cells treated
in this way and labelled with an isotopic tag can be injected
into the circulation, from which they rapudly dusappear after

T
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this treatment., There is one striking difference, however, be-
tween the destruction of cells in these two experiments; in the
case of stored cells we have found that the cells are mainly
destroyed in the recipient’s spleen, whilst in the case of arseno-
lysed cells the destruction is throughout the circulation {Harris,
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Fig. 2. Survival of 51Cr-tagged red cells after
various degrees of Iipid depletion,

Prankerd and McAlister, 1957). It will be explained later that
the principal factors in deciding the different sites of destruction
of two such lots of cells are their thickness, the seventy of their
metabolic damage and their degree of aggluunability.

Another factor to be considered is the influence of the cell’s
surface on its survival. It has been mentioned that there are
grounds for believing that the cell surface 15 not in a static con-
dition but a dynamuc one, this flux affects only the lipids, the
protein component being stable. The problem can be ap-
proached by following the survival of cells after suitable treat-
ment to remove a fraction of their lipid. In Figure 2 the cells
involved were shaken with alumina for ten minutes during
which time 20 per cent of their cholesterol and 15 per cent of
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their phospholipid were removed, the total loss of lipid being
about 31 per cent. On reinjection after labelling, the half-time
of their survival was only 24 hours. Careful consideration of the
cell survival curve shows that a fraction of the cells, about 60 per
cent, was removed from the circulation rapidly whilst the
remainder survived almost normally. This finding could be due
to one of two things, either the cells present did not all lose
lipid to the same extent, or else the lipid loss may have been
uniform but those that survived normally were able to resynthe-
size their lipids after injection. The latter explanation is prob-
ably correct since after incubating the cells for an hour in their
plasma before injection and after treatment with alumina, the
number destroyed during the rapid phase is reduced. From a
number of experiments of this nature it seems that about 2o per
cent of cell lipid has to be removed in order to reduce their
survival, less than this has negligible effect. It is difficult to
visualize in what way the reduction in lipid leads to premature
cell destruction. It might be that this treatment renders them
mechanically more fragile, and this appears to be so in zitro,
though what relationship shaking cells with glass beads has to
their mechanical fragility in the circulation is problematical.
Alternatively it might be that the removal of lipid alters the
agglutinable properties of the cells and leads to their destruction
by agglutination in situations where they stagnate, as has been
s0 elegantly demonstrated by Jandl, Jones and Castle (1957)
and Mollison (1959).

The next factor which must be considered is glutathione. The
role of this pound In clinical b lytic conditions will be
discussed later, at this point only the experimental evidence that
this substance can alter cell survival will be discussed. Fegler
(1952) studied the haemolysis of horse erythrocytes in ritro on
incubation after oxidation of their reduced glutathione with
iodine. He was able to show a linear relationship between the
amount of oxidized glutathione in the cell and in its liability to
haemolysis under these conditions.

We have been particularly interested in the mechanism
through which glutathione inBuences cell survival and Dr. Bailey
has done some experiments which shed light on this problem.
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Firstly blood was taken from a patient with favism whom it
was known could not maintain the glurathione of his cells in a
seduced state when they were incubated with acetyl-phenyl
hydrazine for 3 hours in the presence of oxygen; in this way cells
containing oxidized glutathione were prepared, At the same
time the same cells were incubated with acetyl.phenylhydra~
zine, but with the oxygen replaced by coal gas; and in these
cells the glutathione remained in the reduced state. Cells were
thusobtained containing oxidized or reduced glutathione, which
had been treated similarly except for the presence of carbon
monoxide which it is known does not alter the kifespan of red
cells. Both types of cells were labelled with 5'Cr and injected
inte a compatible donor; their survival after injection is shown
in Figure 3 where one can see the rapid disappearance of those
containing oxidized glutathione, Various analyses were also
made on the contents of these cells and the only change from
normal found was a loss of lipid amounting to about 25 per cent
in those cells containing oxidized glutathione. The effect of re-
moval of lipid from red cells upon therr lifespan has already been
mentioned and it is possible that this is the mechanism through
which a decrease in reduced glutathione operates to produce
haemolysis.

Before considering the chinical problems, the processes accom-
panying red cell ageing must be discussed. Since the early
studies of red cell survival curves it has been clear that the form
of these is such as to indicate that each cell disappears after a
lifespan of about 120 days. What change occurs in cells at this
age which leads ta their disappearance? The difficulty in tack-
ling this problem 15 that analyses of samples of ordinary blood
always consist of a mixture of cells of all ages, when what is
required for analysis 1s a sample containing only very old or very
young cells. Apart from age, however, the red cell population
is also heterogeneous in its densities and jn 1ts osmouc fragilities
and these two facts have been used to obtain more homogeneous
samples of cells. If blood 1s obtained in which the young cells
(i.e. a week old or younger) are labelled with “Fe, and this can
readily be done by injecting the donor with $9Fe and collecting
the blood five days later, it can be shown that the youngest
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cells are those which are less dense and least osmotically fragile
(Prankerd, 1958; Marks, Johnson and Hirschberg, 1958). Be-
cause of this fact young cells can be separated at the top of a
centrifuged column of cells, or as the residua after partial

100
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Fic. 3 Survival of 51Cr-tagged red cells after
oxtdation of their glutathione,

haemolysis of a blood sample with hypotonic saline. Certain
differences in cells segregated by these methods have now been
shown, Marks and his colleagues using osmotic methods have
shown a deterioration in enzyme activity as the cells age. It has
also been shown, using centrifugal separation, that old cells
contain less lipid than young cells (Prankerd, 1958; Westerman,
Pierce and Jensen, 1959), but that there is no difference in their
phosphate ester content. The two methods of separation agree
1n that the young cells from the top of a column of centrifuged
cells are also most resistant to haemolysis in hypotonic sahne.
T 5
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Firstly blood was taken from a patient with favism whom it
was known could not maintain the glutathione of his cells in 2
reduced state when they were incubated with acetyl-phenyl-
hydrazine for 3 hours in the presence of oxygen; in this way cells
containing oxidized glutathione were prepared. At the same
time the same cells were incubated with acetyl-phenylhydra-
zine, but with the oxygen replaced by coal gas; and in these
cells the glutathione remained in the reduced state. Cells were
thus obtained containing oxidized or reduced glutathione, which
had been treated similarly except for the presence of carbon
monoxide which it is known does nat alter the lifespan of red
cells. Both types of cells were labelled with 5'Cr and injected
into a compatible donor; their survival after injection is shown
in Figure g where one can see the rapid disappearance of those
containing oxidized glutathione., Various analyses were also
made on the contents of these cells and the only change from
normal found was a Joss of lipid amounting to about 25 per cent
in those cells containing oxidized glutathione. The effect of re-
moval of lipid from red cells upon their lifespan has already been
mentioned and it is possible that this is the mechanism through
which a decrease in reduced glutathione operates to produce
haemolysis.

Before considering the clinical problems, the processes accom-
panying red cell agemg must be discussed. Since the early
studses of red cell survival curves it has been clear that the form
Prov - A R
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[irg1g this problem is that analyses of samples of ordinary blood
always consist of a mixture of cells of all ages, when what is
required for analysis is a sample containing only very old or very
young cells. Apart from age, however, the red cell population
is also heterogencous in its densities and in 1ts osmotic fragitities
and these two facts have been used to obtain more homogeneous
samples of cells. If blood 15 obtained in which the young cells
(i.e. a week old or younger) are labelled with #*Fe, and this can
readily be done by injecting the donor with $°Fe and collecting
the blood five days later, it can be shown that the youngest
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Firstly blood was taken from a patient with favism whom it
was known could not maintain the glutathione of his cells in a
reduced state when they were incubated with acetyl-phenyl-
hydrazine for g hours in the presence of oxygen; in this way cells
containing oxidized glutathione were prepared. At the same
time the same cells were incubated with acetyl-phenylhydra-
zine, but with the oxygen replaced by coal gas; and in these
cells the glutathione remained in the reduced state. Cells were
thus obtained containing oxidized or reduced glutathione, which
had been treated similarly except for the presence of carbon
monoxide which it is known does not alter the lifespan of red
cells. Both types of cells were Iabelled with $:Cr and injected
into a compatible donor; their survival after injection is shown
in Figure 3 where one can sce the rapid disappearance of those
containing oxidized glutathione, Various analyses were also
made on the contents of these cells and the only change from
normal found was a loss of lipid amounting to about 25 per cent
in those cells containing oxidized glutathione. The effect of re-
moval of hipid from red cells upon their lifespan has already been
mentioned and it is possible that this is the mechanism through
which a decrease in reduced glutathione operates to produce
haemolysis.

Before considering the clinical prob) the processes accom-
panying red cell ageing must be discussed. Since the early
studies of red cell survival curves it has been clear that the form
of these is such as to indicate that each cell disappears after a
lifespan of about 120 days. What change occurs in cclls at this
age which leads to their disappearance? The difficulty in tack-
Iing this problem is that analyses of samples of ordinary bloo.d
always consist of a mixture of cells of all ages, when what is
required for analysis is a sample containing only very old or very
young cells. Apart from age, however, the red cell population
is also heterogeneous in its densities and in its osmotic fragilities
and these two facts have been used to obtain more homogencous
samples of cells. If blood is obtained in which the young cells
(i.e. 2 week old or younger) are labelled with *°Fe, and this can
readily be done by injecting the donor with $*Fe and collecting
the blood five days later, 1t can be shown that the youngest
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the use of substrates other than glucese such as nucleosides. This
would suggest that the defect, if due to an enzyme involved in
glycolysis, is Jocated between the phosphorylation of glucose and
the formation of triose phosphates. The hereditary spherocytic
cell is also unusually sensitive to the inhibitory action on
metabolizm of ﬂnondc, nd an enzyme that would snusfy these
criteria would be phosg The | here or
elsewhere awaits fur(her proof. A question that it is important
to consider is the importance of the glycolytic defect in the
natural history of this disease, It is well known that the haemo-
Iytic component of the discase can be removed by splenectomy
with apparent cure, but without alteration of the cell abnor-
mality. This might suggest that it is the shape of the cells which
xs \he determining factor in thcxr destruction since there s
idence now that sp ytic cells are seq din
the spleen. An explanation in terms of cell shape, however,
neglects two phenomena which are important for a fuller under-
standing of the disease process, Firstly, it is possible to produce
spherocytic cells by suttably heating blood at about 50° C.
for a few minutes, and this degree of heating does not appear to
cause any metabolic damage although after this treatment the
cells are permanent spherccytes. By altering the conditions of
heating 1t 15 possible to produce blood with fragility curves
rmmicking those of the natural disease, but in this case with
normal metabolic functions (Fig. 4). 1f these cells are labelled
and injected into a compatible recipient it is interesting o com-
pare the patterns of therr survival with those of the natural
spheracytes similarly labelled. Figure 5 shows the differences
that are found. Spleme equilibration curves are similar with
both types of cell, but the daily accumulation of radioactvity in
the spleen 15 less in the case of heated cells, whilst their ehmina.
tion from the peripheral blood is also less. Since the only detect-
able differences between the cells appear to be in their
bolism it is ¢ ble to suppose that it is this metabolic
hiference that accounts for the different patterns of survival,
A feature of the disease which also demonstrates the impor-
tance of the metabohe defect is the occurrence of a form in which
the osmotic fragility of fresh eells is normal. These cells therefore
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The dynamic chemical and physical factors considered so far
have omitted any reference to haemoglobin. This is partly be-
canse haemoglobin does not take any active part in cell metabol-
ism, except through such mechanisms as keep it in reduced
state, and partly because nothing is known of the way in whick
a cell reaches its premature fate when possessing an abnormal
haemoglobin, except in the case of the sickle pigment, In the
latter case the gelling of the haemoglobin within the cell both
distorts the shape and stops metabolism and in this state the cell
cannot survive long.

CHEMICAL AND PHysicAL FAcTors IN CriNicar. HamsoLysis
The first group of djseases to consider are the congenital haemo-
lytic anaemias, and the common example of this is hereditary
spherocytosis, or as it is still sometimes called, acholuric jaun-
dice. There are two defects in the cells of this disease. The first,
their shape is well known, although not all cases have spherocy-
tosis in fresh blood. The cause of the spherocytosis is not known,
but it is probably related to the other cellular defect, that in-
volving glycolysis. The link between the two abnormalities
could be that the enzyme involved in metabolism is also a struc-
tural component of the cell, or, if the cell shape is the result of 2
dynamic state mnvolving a contractile protein, failure of con-
tracture could result from the glycolytic defect. So far 1¢ is only
possible to define the metabohc defect from the relationship of
3P fluxes in the various phosphate esters 1 the cell, but this

Tapre 2 Mean relauve specific actuvities of phos-
Phate esters of red cells after mcubation with **P

for 4 hours
ATP Inorganic P
Normal cells 336168 384£104
HS cells 2214164 460130
DT of means4sz  115+18 112 £32

<0001 <001

abnormality is very marked and is illustrated 1n Tab!e 2, These
findings have been confirmed by other workers, and it has been
found that the defective phosphorylation can be corrected by



VIABILITY AND SURVIVAL OF RED CELLS 279

the use of substrates other than glucose such as nucleosides. This
would suggest that the defect, if due to an enzyme involved in
glycolysis, is located between the phospherylation of glucose and
the formation of triose phosphates. The hereditary spherocytic
cell is also unusually sensitive to the inhibitory action on
metabolism of fluoride, and an enzyme that would satisfy these
criteria would be phosphofructokinase. The location here or
elsewhere awaits further proof. A question that it is important
to consider is the importance of the glycolytic defect in the
natural history of this disease. It is well known that the haemo-
Iytic component of the disease can be removed by splenectomy
with apparent cure, but without alteration of the cell abnor-
mality. This might suggest that it is the shape of the cells which
is the determining factor in their destruction since there is
abundant evidence now that spherocytic cells are sequestered in
the spleen. An explanation in terms of cell shape, however,
neglects two phenomena which are important for a fuller under-
standing of the disease process. Firstly, it is possible to produce
spherocytic cells by suitably heating blood at about 50° C.
for a few minutes, and this degree of heating does not appear to
cause any metabolic damage although after this treatment the
cells are permanent spherocytes. By altering the conditions of
heating it is possible to produce blood with fragility curves
mimicking those of the natural disease, but in this case with
normal metabolic functions (Fig. 4). If these cells are labelled
and injected 1nto a compatible recipient 1t is interesting to com-
pare the patterns of their survival with those of the natural
spherocytes similarly labelled. Figure 5 shows the differences
that are found. Splenic equilibration curves are similar with
both types of cell, but the daily accumulation of radioactivity in
the spleen 15 less in the case of heated cells, whilst their elimina-
tion from the peripheral blood is also less. Since the only detect-
able differences between the cells appear to be in their
metabolism it is reasonable to suppose that it is this metabolic
difference that accounts for the different patterns of survival.

A feature of the disease which also demonstrates the impor-
tance of the metabolic defect is the occurrence of a form in which
the osmotic fragility of fresh cells is normal, These cells therefore
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cannot be said to be spherocytic. On incubation in zitro, how-
ever, they behave like the cells of hereditary spherocytosisin that
they swell significantly more than normal cells sa that their os-
motic fragility after 24 hours’ incubation is increased. A case of

8
%, HAEMOLYSIS

£33 039 ©45 o3 057 063 069
SODIUM CHLORIDE (pH 7 4)

F16. 4. Osmotic {ragilities of heated cells and natural spherocytes,

x————x Hereduitary spherocytic cells
[ 3 ® Heated cefls

this type has been studied; the cells showed the typical metabolic
defect and the patient had a moderately severe haemolytic state
with a serum bilirubin of 1-7 mg. per cent, 14 per cent reticulo-
cytes and a mean cell survival of about zo days. The red cells
were labelled and mjected into a compatible normal recipient
and as there was no spherocytosis there was no stow cquilibration
curve of radioactivity over the spleen as scen when spherocytes
are sequestered there; however, over the following days the radio-
acuwity in the spleen became greater than normal and con-
tinued to rise, and at the same time the cells were removed
sapidly frowe the arculation (Fig. 6). How can we explain the
splenic destruction in this instance? There is plenty of evidence
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to show that normal cells stagnate several hours in the spleen
and that during this time they swell and gain water and electro-
Iytes. The swelling of cells in the spleen from this particular case
would be greater than normal if the ir zitro results are analogous

Ser N SPLEEN
ao0d HI4Dg

MIN 160 DAYS )

Fi6 5 Survival of $1Cr-tagged red cells and splemc radoactivity after
injectron of heated and HLS red cells of similar osmotc fragihity (two normal
recipients)

A A Blood counts {f: }I:Icasmjcflek
® @ Spleen counts {i lll_;aslcg:ﬁ:lh

to conditions in the spleen and this excessive swelling would then
result in the cells becoming trapped in the spleen. There is one
further question we must ask and that is why the excessive
swelling of the hereditary spherocytic cells occurs. If their
metabohsm 15 defective one might expect their ability to main-
tain the normal electrolyte gradients to be defective also, and it
has recently been found that on incubating spherocytes without
glucose for 3 hours they undergo greater swelling and show a
more rapid breakdown of their phosphate esters than do normal
cells (Prankerd, 1960). In particular 2,3-dhphosphoglycerate
breaks down more quickly.

Tha cmealecseaes o2 L2 R — .

packed together and the amount of available substrate’red\;::;a;
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as a result of this swelling their transit through the spleen is
further delayed, packing accentuated, and a vicious circle
brought into operation. Furthermore, cells which escape from
the spleen after a period of swelling may after recirculation re-
enter the spleen and undergo further stagnation and chemical
change.

£l

P

S'crIN SPLEEN
A00TE NIuD,

Fic 6 Survival of $1Cr-tagzed red cells and srlcmc radioactwvity after
mjection of non-spherocytic HS cells into normal recipients.

A Blood counts (H.S, cells)

© Spleen counts (ELS, cells)

~~~~~~ Normal red cells

Apart from hereditary spherocytosis there are a number of
other congenital haemolytic anaemias. In some the cell mor-
phology is abnormal, and in some biochemical defects in the
cells can be demonstrated. As yet this remains an ill-defined
group of disorders, but we have recently examined the cells
from a hereditary haemolytic anaemia in a young boy and his
father, neither of whom was cured by splenectomy and who both
showed a heterogeneous population of cells, some thicker and
some thinner than normal. In these we have been able to show
2 defective synthesis of 2,3-diphosphoglycerate presumably due
to a defictency of the enzyme phosphoglyceric acid mutase. _In
other anaemuas of this group enzyme defects probably also exist.
It may seem odd that some cells with a certain biccl.lcmxcal
lesion are destroyed 1n the spleen whilst others with a different
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lesion are destroyed throughout the body. One might ask what
it is about the chemical defect that determines the site of
destruction. The exact answer to this question is unknown;
undoubtedly cell thickness plays a part and if the cells are
abnormally thin, then when under metabolic stress, they can
undergo more swelling before being trapped in the spleen, An-
other factor which is probably important is the severity of the
metabolic defect; it has already been indicated how non-meta-
bolizing cells are destroyed throughout the circulation and it
seems reasonable that when the defect is severe cell destruction
will be more widespread, and of course splenectomy less effees
tw: as (re:\tmcm.
1 d with 2 deficiency of the
enzymc glucosc 6-phasphate dehydrogenase have been exten-
sively investigated recently. These anaemias were discovered as
@ result of the hacmolysis observed afier prophylactic treatment
of mataria in negroes with Primaquine. A group of workers in
Chicago {Beutler, Dern, Flanagan and Alving, 1g55) have in-
vestigated this phenomenon and shown that as a result of the
enzyme defici these individuals cannot in their red
cell glutathxonc cﬂ'ccuvcly in a reduced state; 1 the presence of
P ercvcrsxbly oxidized. The
haemo!yuc state produced by anaqumc is self-limiting and
these workers have also shown that this is due to a difference in
the enzyme defect between young and old cells; once the older
cells with the greater defect have been eliminated the rate of
haemolysis declines. Patients are thus no longer susceptible to
haemolysis immediately after an attack if they are given more
of the drug, This is very elegantly shown in Figure 7. Beutler
{1957) has devised a test for glatathione stability which proves
a simple means of detecting subjects with susceptible red cells,
In this test hlood is incubated thh acctyl phtnylhydrazmc and
the d in reduced glutatt
Sheba and his colleagues i Israel (Szembcrg, Sheba,
Hirshorn and Bodonyi, 1957) have now shown that the same
defect occurs in many Asatic Jews and is responsible for the
occurrence of haemolysis in favism, and after taking such drugs
2s sulphonamides and P.A.S, Other workers have shown that
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as a result of this swelling their transit through the spleen is
further delayed, packing accentuated, and a vicious circle
brought into operation, Furthermore, cells which escape from
the spleen after a period of swelling may after recirculation re-
enter the spleen and undergo further stagnation and chemical
change.
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Fic 6. Sunuval of 51Cr-tagged red cells and splenic radroactuity after
mnyection of non-spherocytic H S, cells into normal recipients.
pay A Blood counts (H.S cells)
© Spleen counts (HS cells)
—————— Normal red cells

Apart from hereditary spherocytosis there are a number of
other congenital haemolytic anaemias. In some the cell mor-
phology 1s abnormal, and in some biochemical defects in the
cells can be demonstrated. As yet this remarns an sll-defined
group of disorders, but we have recently examined the cel!s
from a hereditary haemolytic anacmia in a young boy and his
father, neither of whom was cured by splenectomy and who both
showed a heterogeneous population of cells, some thicker and
some thinper than normal. In these we have been ablc to show
a defective synthesis of 2,3-diphosphoglycerate presumably duc
to a deficiency of the enzyme phosphoglyceric acid mutase. .In
other anaemias of this group enzyme defects probably also exist.
It may seem odd that some cells with a certain biocl"xemlcal
lesion are destroyed in the spleen whilst others with a different



VIABILITY AND SURVIVAL OF RED CELLS 285

6-phosphate dehydrogenase have an excess of glutathione
reductase, a finding which suggests an attempt to compensate
for the diminished efficiency of glutathione reduction.

The last factor to be considered is the role of cell lipids in
haemolytic states, Here the ground is at present still insecure.
Erickson and her colleagues in 1937 analysed the lipid content
of red cells from a number of patients with hereditary haemoly-
tic disorders and found rather variable results. They expressed
their results as quantities of lipid per cell, but when one con-
siders the functional significance of lipid in the cell it is really
the concentration per unit area which is important. If Erick-
son’s data are recalculated in this form certain differences be-
tween types of cells are clearer. We have repeated this type of
analysis and found somewhat similar results to Erickson’s; a
striking abnormality amongst various cells studied being a de-
ficiency of cerebroside in the thalassaemic cell.

Another haemolytic disease which laoks as if it may be pri-
manly an error of lipid synthesis is paroxysmal nocturnal
haemoglobinuria. Harris, Prankerd and Westerman (1957)
have found the cells in this condition deficient in lecithin yet
with a compensatory increase 1in phosphatidyl serine, and Munn
and Crosby (1957) have reported certan abnormalities in the
fatty acid constitution of v cells. Recently Lovelock and I
have been able to find simlar differences on separating the
fatty acids by gas chromatography. However, Barry (1959) has
found no change in cell phospholipids, whilst Hartmann and
Anditore (1959) have reported a deficiency of acetyl choline
esterase in these cells, These conflicting reports remain to be
clarified. It has long been known that the primary defect in this
disease resides in the red cells rendering them more susceptible
to naturally existing haemolytic systems in the plasma, which
in this case includes complement, properdin and magnesium
ions.

This completes the present survey of the life of the red cell.
An attempt has been made to indicate that the cell is a living
component of the body, and that in order to understand the

mechanisms responuible for its destruction, we must first dis-
cover the means whercby 1t maintains its peculiar existence in
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the same defect is also responsible for the occurrence of haemo-
Iysis in certain people given mitrofurantoin, children eating
mothballs and those infants who sometimes show haemolysis
after synthetic vitamin K injections, It is obvious that the
glutathione mechanism is becoming of widespread importance
in haemolysis plicating the admi ion of drugs. All
workers have concluded that the enzyme defect 1s genctrcally
determined and Gross, Hurwitz and Marks (1958) have pro-
duced evidence to show that its transmission 1s sex-linked. Other
recent work shows that the cells which are deficient in glucose
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The Role of Biochemistry in Medicine

M. MAIZELS

medhcine is less simple than might be thought: it is as
though one had to debate the place of history in educa-
tion, though even here opinions differ, for no less an authority
than the late Henry Ford has declared that history is bunk. A
better parallel to our subject 1s the contribution of plumbing to
cwilization, and here an answer of a sort may be reached by
1magining the modern scene in the absence of modern plumb-
ing. So too an answer to our present problem may be reached,
by considening what medicine was like at the dawn of the bio-
chemical era. This in turn involves a consxderauon of the con-
tributions of bioch ry to clinical medi
In the millennia that preceded the eighteenth century,
though many contributions were made to the knowledge of the
structure of the body, little was understood of function, and it
is probably true to say that the first major contribution to
physiology was Harvey’s discovery of the circulation of the
blood in 1657.It is not surprising, therefore, that the treatment
of disease, lacking any scientific foundation, was determmned by
the personal opinions and prejudices of the physician, and was,
to some extent, dictated by the general belief 1n magical spells.
An example 15 Sir Robert Boyle’s remedy for colic (1725): ‘Take
four or five balls of fresh horse dung, and let them steep for
about a quarter of an hour m a pint of white wine, . . . strain
and give of 1t from a quarter to half a pint, or more at a time;
the patient having a care not to take cold after 1t.” By contrast,

Dlscussmu of such a topic as the role of biochermistry in
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the circulation; these means are mainly chemical and physical,
and it is in these fields that a closer understanding of haemo-
Iytic mechanisms probably resides,
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The Role of Biochemistry in Medicine
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medicine is less simple than might be thought: 1t 15 as
though one had to debate the place of history in educa-
tion, though even here opinions differ, for no less an authority
than the late Henry Ford has declared that history is bunk. A
better parallel to our subject is the contribution of plumbing to
civilization, and here an answer of a sort may be reached by
imagining the modern scene in the absence of modern plumb-
ing. So too an answer to our present problem may be reached,
by considering what medicine was like at the dawn of the bio-
chemical era. This in turn involves a conslderanon of the con-
trbutions of biochemistry to clinical medi
In the millennia that preceded the eighteenth century,
though many contributions were made to the knowledge of the
structure of the body, little was understood of function, and it
is probably true to say that the first major contribution to
physiology was Harvey’s discovery of the arculation of the
blood 1n 1657. It is not surprising, therefore, that the treatment
of disease, lackmg any Sclenhﬁc foundation, was determined by
the p and pi dices of the pt jan, and was,
to some extent dictated by t.he general belef in maglcal spells.
An example 15 Sir Robert Boyle’s remedy for colic (1725): “Take
four or five balls of fresh horse dung, and let them steep for
about a quarter of an hour 1n a pint of white wine, . . . stram
and give of 1t from a quarter to half a pint, or more at a time;
the patient having a care not to take cold after it.’ By contrast,

stcussmN of such a topic as the role of biochemistry in
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the nineteenth century was a period of great scientific advance
in anatomy, histology, physiology and bacteriology, though bio-
chemistry was still unknown. At that time, the nature of many
disease processes scemed clear, but the new knowledge could
only be translated into action in the case of a few diseases:
arsenicals for syphilis, iron for anaemia, antitoxin for diph-
theria and 56 on. In the vast majority of illnesses, rest in bed
and good nursing were all that could be offered, other than
symptomatic treatment. Since it must be conceded that the
ultimate aim of medicine is to cure patients, the situation was
frustrating, and in an atmosphere of much apparent knowledge
and few practical applications, it is not surprising that the
magical element in medicine, inherited from previous centuries,
survived and was for a while even intensified, so that as a short-
cut to success in the early part of the present century it was
necessary for a doctor to ‘shoot a line’. In some cases, this line
had no factual basis at all: in others—and these the more
dangerous—it was based on existing knowledge, but was car-
ried far beyond what was justified by the evidence, the criterion
being that because an idea was reasonable, or at least plausible,
therefore it was probably true. At this point two matters must
be emphastzed: first, the ‘line-shooting’ witch-doctor genuinely
believed in his own theories (as in fact all the best witch-doctors
do); he did not consciously cheat, but deceived himself as much
as he deceived his patients. Second, the great bulk of the medical
profession, consultant and general practitioner alike, was con-
tent even at that time to serve honestly and sincerely within the
then defined limits of medical knowledge; 1f success were at-
tained, it was achieved through qualities of mind and character.
However, the first group, though small, was disproportionately
influential because 1t was more vocal, more histrionic, and 1ts
members were in a word the showmen of the profession.

It may be wondered what forms were taken by medical
speculation. They were many and various. Thus forty years ago,
the lithaemic diathests was sull in vogue and included a great
vanety of conditions all supposed to have some common gouty
factor: such condittons were chronic eczema, arteriosclerosis,
cirrhosis, and of course, gout itself, What the diagnosis of the



THE ROLE OT BIOCHEMISTRY IN MEDICINE 289

lithaemic diathesis really implied remains obscure. The tuber-
culous diathesis and the tuberculides were other vague entities,
and of course there was allergy, which still remains a fruitful
field for exploitation, Introduced a fittle Iater, and based on the
new bacteriological knowledge, was the concept of focal sepsis,
a popular focus being the Jarge bowel. Toxic absorption from
this site was thought to occur in rheumatoid arthritis, exoph-
thalmic goitre, chronic eczema, arteriosclerosis and many other
chronic conditions. The condition might be treated by a pro-
longed course of sour milk, or by a course of antogenous vaccine
prepared from the patient’s intestinal flora, or by colectomy:
procedures to which the medical attendant was the more en-
Joined if he could show that there was an excess of indican in
the urine; for indicanuria was regarded as an index of intestinal
putrefaction. There was of course no sort of evidence that either
constipation or excess of indican in the urine is associated with
the maladies in question, or indeed is reatly harmful at all:
but all this was beside the point; the idea was plausible—there-
fore it was true. Looking back after the lapse of many years, it
seems remarkable that drastic procedures like colectomy for
rheumatoid arthritis and goitre could be carried out, without
any attempt at a statistical analysis of the results obtained.
With the pioneer work of Henderson and of Van Slyke in the
secand decade of this century, acidosis and alkalosis became
familiar terms, though their precise implications were not always
well understood. In spite of this, the terms acid and atkaline
diathesis became commonplace, and were used in default of any
supporting evidence, which was neither wanted nor sought,
‘Ftom this period date such catch-phrases as the following.
Youth is sthenic, tending to acidosis and dental caries: age is
asthenic, tending to alkalosis and pyorrhoea’, ‘Seborrhocic
dermatits is due to acidosis, the acid concerned being hippuric
acid’ (100 per cent of a series of one case). 8o 100 in a reputable
textbook on pediatnes, published as recently as 1938, there
appears a diagram (vaguely remumiscent of Clapham Juncuon)
which shows that nckets, tetany, infantile eczema, endocrine
disorders, acute and chronic infections, cyclical vomiting and

other disorders, are either the causes ot the results of acidasis in
o
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the young. It is perhaps unnecessary to add that all these state-
ments are wholely or very largely untrue.

That the preceding statements are not the outcome of sub-
Jjective exaggeration may be shown by a consideration of the
impact of early twenticth-century medicine on the intellectuals
of the day. Two quotations from the mordant preface to Ber-
nard Shaw's The Doctor’s Dilemma will suffice: *. . . the medical
service of the community, as at present provided for, is a
murderous absurdity’, and . . . he draws disastrous conclusions
from his clinical experience because he has no conception of
scientific method . . ..

1t may well be wondered why it is that today witchcraft and
magic have largely disappeared from medicine. The reason is
twofold: first, many more diseases can now be adequately
treated: diabetes with insulin, pernicious anaemia with vitamin
B,,, infections with antibiotics, the so-called collagen diseases
with cortisone, and so on. The second factor js the amazing
advance of biochemistry. Biochemistry has exerted its influence
in several ways: it has provided methods of investigation, and
these methods have been the machine-tools of research. Research
in its turn has provided an explanation of the chemical basis of
disease on the one hand, and on the other has suggested further
methods and tests which are today the foundations of diagnosis,
prognosis and treatment. All these are positive achievements;
and as a negative contribution it has ‘debunked’ the facile and
specious speculations of an earlier generation. This negative
contribution should not be underestimated.

Mention has already been made of the importance of methods
in biochemistry: for clinical work these methods must be
reasonably quick, not too exacting, and sparing of pathological
material, Hence 1t 15, that in this field, the micro-methods of
Folin, Benedict, Van Slyke and King are of special value, and
should rank in importance with their other work, We are too
apt to take our methods for granted, so that Van Slyke is not
now a man but a manometer, while Folin 1s merely the part-
title of a method already osbolete and almost forgotten.

Biochemistry also adapts the techniques of chemistry and
physics, and these methods are further adapted to the needs of
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the medical laboratory, Recent acquisitions of fundamental
importance are flame-photometry, paper electrophoresis and
chromatography, and the use of radioactive isotopes. Hence it is
that in 1920 blood chemistry was restricted to ureas and sugars,
that even in 1940 estimations of the alkali reserve, of plasma
phosphorus, calcium, sodium, potassium and proteins were
regarded as tiresome necessities, supportable only because they
were so rarely requested, while today all these are regarded as
commonplace and essential tests.

Referring yet again to the importance of methods one recalls
the work of Zuelzer, who between 1905 and 1go8 investigated
the effects of injecting pancreatic extracts into animals. He
showed quite clearly (1go8) that such injections into pancrea-
tectomized dogs greatly decreased ketosis and glycosuria, though
the ultimate mortality was high, some of the animals dying in
fits. It is probable that most of the deaths were brought about
by the crude extracts used, but some may well have been due
to hypoglycaemia, a contingency which Zuelzer could hardly
have envisaged in the absence of accurate micromethods for
estimating blood sugars; a decade or so later investigation of the
problem using extracts not of whole pancreas but of islet tissue,
and bining this with appropriate biochemi q
led Banting and Best to the epoch-making discovery of insulin.
So, too, the introduction of flame-photometry with its rapid and
simple estimation of sodium and potassium has vastly extended
our knowledge of the factors concerned in salt balance, and
greatly facilitated the investigation and treatment of conditions
where the balance of sodium and potassium has been disturbed.
It may be well at this point to consider some examples of the
value of these and other tests in the treatment of disease. These
have been chosen for their interest and there is no more con-
nexion between one item and another than there is between the
varnious poems 1n an anthology.

Porasstum DEPLETION AND Excess
Forty years ago diabetic coma was almost invarably fatal,
When the association of coma with ketosis was appreciated,
alkaline therapy was instituted, but the survival rate was not
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improved. Indeed, even after the introduction of insulin many
cases died unexpectedly in spite of the relief and control of
acidosis and hyperglycaemia, It was then shown that prolonged
diuresis and acidesis caused depletion of salts and water, and
predisposed to a shock-like condition with low blood pressure.
It will be recalled that in diabetes excess of acids in the urine is
combined with ammonia formed in the kidneys. But in severe
acidosis this mechanism may become inadequate, and excessive
acidity of the urine is then prevented by a call on the fixed bases
of the body. Hence it is that salt and water depletion occur with
the supervention of shock. Even so, treatment with copious
infusions of sodium chloride solution was often unsuccessful, and
it was ultimately realized that an important factor in cation
depletion was not only loss of sodium, but also loss of potassium,
and that death when it occurred was often due to hypokalaemia.
It may be noted that in this, as in other forms of extrarenal
acidosis, phosphate depletion coexists. It arises as follows: there
is an equilibrium between phosphoric esters and inorganic
phosphate within the cells depending on the balance of phos-
phorylation and dephosphorylation. If the cell becomes more
alkaline, the balance shifts in favour of phosphorylation: if the
cell becomes more acid, it shifts in favour of dephosphorylation;
cell phosphoric esters decrease and cell inorganic phosphate
tends to increase. There is, however, a further equilibrium be-
tween inorganic phosphate within the celly and that outside in
the extracellular flud. Hence when inorganic phosphate within
the cells tends to rise, it leaks into the extracellular medium

and thence into the blood stream, whence it is lost from the body
by excretion 1n the urine. Changes mn total cell phosphate with

variations in the alkali reserve are shown in Table 1. It follows

that 1n acidosis, phosphate capable of binding cell base is lost
from the body. For a fall in pH of 01 units this may casily

amount to 7 mM phosphate capable in the case of erythrocytes

of binding 12 m.equiv cation per L cells, further, with fall of
pH haemoglobin or other cell protein binds less cation, and the

total decrease in cation bound by red cells for o-1 umt fall of

pH may be about 17 m equiv/L or about 14 per cent of the

total cation present. For other body cells the findings will be
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quah(au\ ely similar, and there will be a loss of cation from the
tissues in general. Since about 65 per cent of cell cation is
potassmm, acidosis tends towards dcpleuon of tissue pomssxum.
Hence in acidosis, though the necaslty for excreting cation to
combine with excess acids in the urine involves both sodium and
potassium, the Iability of tissue potassium makes it specially
vulnerable. It should be noted that the successful treatment of
the acidosis with alkaline fluids dreoid of potassium will restore
the complement of phosphoric esters in the cells and also the base-
binding power of cell proteins, so that with the relief of acidosis,
the effects of hypokalaemia may become even more promirent.

Taste 1. Alkali reserve and phosphate in red cells

’ Total cell phasphate
Plasma CO, vols. % gty s
Acidesis 22 20
Recovery 65 2
Allalosis 89 39
Recovery 58 31

Apart from specific effects of sodium and potassium defici-
encies, there also occur in diabetic coma the general effects of
salt loss. Thus excessive loss of sodium in the acid urine tends to
lower the osmotic pressure of the intercellular fluids and a com-
promise i may lead to a concomil Toss of water,
limiting the fall of osmotic pressure but leading to dehydration:
s0 100, loss of potassium from the tissues must involve loss of
tissue water and so lead to dehydration of the tissue cells. These
findings are the basis of therapy by Butler’s solution, which con-
tains water and sodium chloride for the relief of dehydration,
lactate whose oxidation provides bicarbonate for the relief of
acidosis, and potassium and phosphate to make good phosphate
and potassium depletion. Vigorous rational treatment on these
lines, together with the administration of insulin and possibly
of intravenous glucose, have transformed the prognosis in
diabetic coma, but it does require careful control of the blood
sugar by chemical methods, of the alkali reserve by means of the
Van Slyke apparatus, and of plasma sodium and potassium by
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flame-photometry. As a corollary, it follows that no institution
is equipped to deal with this emergency unless a day and night
biochemical service is available. These implications follow from
the valuable work of Gamble, Hartmann and others in the
United States during the past two decades, but it should not be
forgotten that thirty-five years ago Haldane, Wigglesworth and
Woodrow (1924), experimenting with the effects of ammonium
chloride feeding in man, remarked on the acidosis with its con-
comitant loss of cell phosphate and potasstum, and stated ex-
plicitly that in prolonged acidesis, phosphate and potassium
depletion might have serious effects.

Many other conditions may be associated with hypokalaemia
and all of them require that therapy be controlled with flame
photometry. Among these are severe and prolonged vomiting or
diarrhoea from any cause, and it is well to remember that con-
tinued gastric aspiration with or without lavage may lead not
only to alkalosis and hypochloraemia, but also to hypokalaemia.
So, too, in intestinal ileus, the coils of intestine may be greatly
distended with fluid rich in salts, so that sodium and potassium
deficiency may occur without any vomiting ot diarrhoea at all.
Hypokalaemia may also occur from the prolonged exudation of
burns, in treatment with cortisone and ActH, and it is some-
times induced along with acidosis when base-binding resins are
given orally to restrict sodium intake in cases of oedema or high
blood pressure. On the other hand, hyperkalaemia may be
cqually serious, It occurs in association with shock and secon-
dary renal damage after crush injury, and it may be delayed by
the application of a tourniquet (where this is feasible). Hyper-
kalaerma may also occur after copious blood transfusion with
stored blood, and hence is not unknown in the replacement
tr: ion of erythrobl is foetalis, It is frequent during the
anuria of incompatible blood transfusion, but it may be suc-
ceeded by hypokalaemia if the patient recovers and copious
diuresis supervencs. Among other causes of hyperkalacmia are
deficiency of adrenal cortical hormones or of cortico-trophic
hormone. There are other causes of potassium deficiency and
excess besides those already mentioned, but enough has been
said on this topic to show how flame-photometry has made us
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all familiar with sodium and potassium disturbances and their
results, and has enabled us to treat what otherwise would be
serious and even fatal complications of many surgical and
medical conditions. The following is an interesting clinical
example: 2 man was admitted to hospital febrile and semi-
conscious, with slight head-retraction. His condition suggested
subarachnoid haemorrhage, and his cerebrospinal fluid was
indeed somewhat blood-stained, though otherwise normal, ex-
cept for the chloride which was g5 instead of 120 m.equiv/l.
Blood was therefore tested and showed a normal alkali reserve
with a marked chloride and cation deficit: plasma sodium was
low at 112 m.equiv and potassium high at 7 8 m.equiv. A
diagnosis of acute Simmonds disease was made, and so it
turned out, for a large haemorrhage involving the pituitary was
found post-mortem. Simmonds disease with such an acute onset
is very rare: it usually occurs in females in relation to severe
antepartum or postpartum haemorrhage, and tends to run a
more chronic course.

ParER CHROMATOGRAPHY AND PAPER ELECTROPHORESIS

By means of paper electrophoresis it has become possible to
identify a host of different haemoglobins having an important
beanng on anaemia, and also a number of serum proteins,
which with electrophoresis on starch may number thirteen or
more. Not infrequently a diagnosis of collagen disease or mul-
tiple myelomatosis is suggested by a high y-globulin on simple
electrophoresis of serum on paper, and this and associated
laboratory tests are now rightly used in any case of obscure
pyrexia.

Paper chromatography has enabled us to 1dentify simply and
quickly hipids in tissues and reducing substances in urine. It has
many other applications, including the demonstration of amino-
aciduria and hence of renal tubular defect in certain types of
resistant rickets, These are discussed in the next section,

Resistant RickeTs
This rare group differs from renal rickets associated with chronic
nephritis in that the usual evidence of nephritss is lacking: the
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flame-photometry. As a corollary, it follows that no institution
is equipped to deal with this emergency unless a day and night
biochemical service is available. These implications follow from
the valuable work of Gamble, Hartmann and others in the
United States during the past two decades, but it should not be
forgotten that thirty-five years ago Haldane, Wigglesworth and
Woodrow (1924), experimenting with the effects of ammonium
chloride feeding in man, remarked on the acidosis with its con-
comitant loss of cell phosphate and potassium, and stated ex-
plicitly that in prolonged acidosis, phosphate and potassium
depletion might have serious effects.

Many other conditions may be associated with hypokalaemia
and all of them require that therapy be controlled with flame
photometry. Among these are severe and prolonged vomiting or
diarrhoea from any cause, and it is well to remember that con-
tinued gastric aspiration with or without lavage may lead not
only to alkalosis and hypochloraemia, but also to hypokalaemia.
So, too, in intestinal ileus, the coils of intestine may be greatly
distended with fluid rich in salts, so that sodium and potassium
deficiency may occur without any vomiting or diarrhoea at all.
Hypokalaemia may also occur from the prolonged exudation of
burns, in treatment with cortisone and ActH, and it is some-
times induced along with acidosis when base-binding resins are
given orally to restrict sodium intake in cases of oedema or high
blood pressure. On the other hand, hyperkalaemia may be
equally serious. It occurs in association with shock and secon-
dary renal damage after crush injury, and 1t may be delayed by
the application of a tourniquet (where this is feasible). Hyper-
kalaemia may also occur after copious blood transfusion with
stored blood, and hence is not unknown in the replacement
transfusion of erythroblastosis foetalis. It is frequent during the
anuria of incompatible blood transfusion, but it may be suc-
ceeded by hypokalaemia if the patient recovers and copious
diuresis supervenes. Among other causes of hyperkalaemia are
deficiency of adrenal cortical hormones or of cortico-trophic
hormone, There are other causes of potassium deficiency and
excess besides those already mentioned, but enough has been
said on this topic to show how flame-photometry has made us
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blood urea is not high and plasma inorganic phosphate so far
from being raised, is low.

Biochemical investigation has suggested that in this group,
the several members of which show clinical differences, various
types of defect exist for resorption by the renal tubules. Some of
these are shown in Table 2 abridged from a table by Professor
C. E. Dent; it embodies the work of Albright, Fanconi and of
Dent himself (for references see Dent, 1952; 1956). In type 1,
there is a failure in tubular resorption of the inorganic phos-
phate which was originally present in the glomcrular filtrate,
hence plasma inorganic phosphnte falls This in turn leads to
liberation of phosphate from hate in bone, and at
the same time calcium is liberated lcadmg to decalcification. It
is possible that interpreting these findings on the basis of the
solubility product of calcium and phosphate in plasma involves
oversimplification, but if one assumes that plasma is saturated
with regard to calcium phosphate, then one may write:
Ca x phosphate=k (or more properly taking account of the
valencies, [Ca*+]?x[PO,=]*=k). Clearly, 1f phosphate falls
owing to failure of resorption, the plasma will tend to become
unsaturated, and either phosphate must increase to normal at
the expense of the calcium phosphate of bone or calcium must
rise also at the expense of bone. Thus in either case calcium and
phosphate must be liberated from bone. That in fact plasma
calcium does not nse, must result from its excretion by the
kidney. It will be noted that 1n some cases of this type there is
also a failure of glucose resorption leading to glycosuria.

In the next group the defects are multiple. Failure of phos-
phate resorption again leads to decalcification, glycosuria is
Ppresent, aminoacids are incompletely resorbed by the tubules
and may be detected in the unine by chromatography. There is
also a partial failure of water resorption with polyuria, and in
some cases there 15 a failure 1 resorption of potassium, which
may be associated with acidosis and potassium deficiency as
in nephrocalcinosis, Cases of this type often with Milkman’s
fractures of bone have been called by the term ‘Fanconi’s
syndrome’; the disease is familial. It may be noted that the
currhosis which may occur in this condition and the cystine
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TrAGER TECHNIQUES AND THE SYNTHESIS OF HAEM

T T LT T B

niques, is the synthesis of haem (for details and references,
see Rimington, 1956). The tracer techmque here involves
the insertion of radicactive atoms into the haem molecule,
and then by progressive degradation it is determined which
fragment of the original haem molecule contains the tracer
atom.

In 1946 Shemin and Rittenberg showed that feeding with
glycine labelled with radioactive mtrogen quickly caused the
haem of the haemoglobin molecule to become radioactive. No
other aminoacid apart from serine had this effect. The globin
moiety of the haemoglobin was not radioactive. This shows that
haemoglobin lies outside the general metabolic pool of amino-
acid interchange, for otherwise other radioactive amino acids
would have quickly been incorporated into the globin moiety
with a corresponding nise 1n radioactivity. Since, however, 1t 1s
the haem which becomes radioactive after feeding with radio-
active glycine, 1t follows that the glycine 15 used specifically in
the synthesis of haem, and it may in fact be shown that the
nitrogen is transferred to the nitrogen of the four pyrrole rings
(Fig. 1). If carbon and not nitrogen 1n the glycine fed 1s radio-
active, and the haem broken down by stepwise degradation, it
is found that the carbon of the pyrrole rings and the carbon of
the methene bridges becomes radioactive, but not the carbon
of the methyl, vinyl and propionic side-chains. The latter, how-
ever, become radicactive on feeding with acetate contaiming
(. The acetate is probably introduced nto the Krebs citrc
acid respiratory cycle and converted 1nto a succinyl derivative,
It seemed probable that a single compound combining the
structures of glycine and acetate might be concerned in the
synthesis of haem, and the demonstration of such a compound

depended on researches which had been proceeding in other
directions,
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deposits which may be widely distributed in the cornea and
clsewhere, have so far not been explained, and are subjects
for further biochemical research.

Type 5 is associated with nephrocalcinosis, though calcifica-
tion of the renal tubules is not an essential feature, but occurs
at a late stage. Other features are the secretion of a neutral or
slightly alkaline urine, with a reduced alkali reserve in the blood,
a plasma inorganic phosphate which is low and a plasma
chloride which is sometimes, but not always, raised. The
chronic acidosis may be a factor in dehydration and potassium
depletion, these in turn leading to lassitude and occasionally to
hypokalaemic paralysis; decalcification of bones also occurs.
The lesion is obviously complex. There is a failure in the tubular
resorption of sodium and potassium, possibly due to lack of
carbonic anhydrase in the tubule cells, capable of liberating
hydrogen ions to exchange with sodium and potassium. Clearly
if the glomerular filtrate is at pH 7 4 and the pH of the urine s
6, sodium and potassium jons must be resorbed by the tubules
in exchange for hydrogen jons, and if hydrogen ions are not
available, the exchange cannot occur and resorption of fixed
base must fail. High urinary phosphate may be due in part to
the acidosis, and also to defective absorption by the renal
tubules, the latter explaining the low plasma phosphate, Low
plasma phosphate in turn leads, as we have seen, to liberation
of calcium from bone and a raised urinary calcium. The urine
is thus rich in phosphate and calcium, and 1ts neutral reaction
is favourable to nephrocalcinosis and to the formation of phos-
phate calculi. The raised plasma chloride is presumably com-
plementary to the decrease in the alkali reserve.

Defimtion of the type of case within this group of resistant
rickets is of more than academic importance. Thus treatment of
types 1 and 2 with massive doses of calciferol, controlled by
estimations of serum calcium, results in relief of symptoms.
Calciferol and possibly alkalis may also be useful in Fancon’s
disease. In type 5 the hyperchloraemia and acidosis respond to
treatment with alkal, though therapy must be continued

indefinitely.
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but it cannot be doubted that studies on these lines coupled with
tracer studies of the various other constituents of the red cell
will help to elucidate many of the factors concerned in the pro-
duction of defective erythrocytes.
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Fi6 2. Scheme summanzing hiosynthetic steps from glycine + sucermate
(from the tricarbovyhc acid cycle} to porphobilinogen, the simplest pyrrolic
substance known to be a precusor of haem and porphynins

CONGENITAL AND Famiirar, MerasoLic DisEASES

One of the most fruitful sources of investigation are the familial
metabolic diseases. This was reahized by Garrod over a century
ago. There are many examples of such research. Thus Gibson
(1948) has shown that congenital lack of a methaemoglobmn
reductase capable of reversing the conversion of oxyhaemo-
globin to methaemoglobin, which occurs not only  zutro but
also normally i o120, 15 tated with methaemoglobi i

Again, the work of Holzel, Komrower and Schwarz (1957) has
shown that 1n the galactosaerma of infants, an enzyme is lacking
which converts galactose to glucose, or more properly galactose-
I-phosphate to glucose-1-phosphate. The enzyme though mainly
concentrated in the liver 1s presumably of widespread distnibu-~
tion, and 1s certainly presentinred cells normally these glycolyse
galactose far less efficiently than glucose, and 1n galactosaemia
they are unable to ferment it at all Ir typical galactosaemia
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In view of the fact that haem contains four pyrrole rings, it
seemed likely that it might be synthesized from a compound
containing a single pyrrole ring: no suitable compound, how-
ever, was known until Westall (1g52) isolated a compound,
porphobilinogen, from a patient with acute porphyria. Vast
quantities of urine were required, and the substance was
adsorbed on basic resin, Cookson and Rimington (1954) de-
termined the constitution of this compound and showed that
when incubated with a haemolysate of chicken erythrocytes,
porphyrins were formed.

e 2
CHa _CH CHy CH

N
N N
W i

HC
N
H
CHa GHa CHa CH3
3¢ $Hz
COOH COOH

Fig. 1. Structure of protoporphyrin IX (The Fe of haem 1s attached to two
of the mitrogen atoms).

In view of the fact that both glycine and acetate—the latter
probably in the form of a succinyl derivative—were incorpor-
ated in the haem molecule, 1t was surmised by Shemin and
Russell 1n the United States and by Neuberger and Scott in this
country that delta ammolaevulic acid might replace both acetate
and glycine in haem synthesis (Fig. 2). This was shown to be
true for duck blood i sitro by Shemin and Russell (1953) and
by Neuberger and Scott (1953). Then Dresel and Falk (1953)
showed that when 8-aminolaevulic acid was incubated with a
haemolysate of chicken red cells, porphobilinogen and porphy-
rins were formed 1 the absence of both glycine and acetate.
1t thus seems probable that 8-aminolaevulic acid 15 2 precursor
of haem, and Gibson, Neuberger and Scott (1955) have 1n fact
d d the exi: of an swhich will cause the
condensation of two molecules of 8-aminolaevulic acid to form
one molecule of porphobilinogen. The story is not yet complete,
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though they may seem quite healthy, sometimes manifest the
characteristic metabolic defect in a minor symptomless form.
Thus one or other parent of the galactosaemic infant may show
an excessive rise in blood galactose during a galactose tolerance
test; 5o, too, if phenylalanine is fed to the normal-seeming
parent of a patient with phenyl-ketonuria, phenylpyruvate and
other intermediates may appear in the urine, whereas in a truly
normal individual all the phenylalanine would be converted to
tyrosine. So, too, the parents and relatives of patients with
hypophosphatasia, whijle free of all clinical abnormalities, may
nevertheless excrete\é&sjhoqunolami_g; in the urine. All
these examples show how by chemical means genetic defects
may be made manifest in heterozygous individuals, who to
ordinary examination seem quite normal, and the possibility
exists that by more refined and subtle methods, gene defects
might become demonstrable in the commoner diseases where
the famihal influence is less clear: possible examples are obesity
and arterial degencration.

It was stated earher that this Little collection of examples
should be regarded somewhat as an anthology, which could
indeed be extended indefinitely. Thus investigation of the trace
metals is likely to be very fruitful. The association of copper
with hepatolenticular degeneration 1s a case in point (for refer-
ences, see Bearn, 1957). Here the high copper content of the
tissues has suggested treatment with such chelating agents as
BaL (Cumings, 1948; Mandelbrote ¢t al., 1948) and penicill-
amine (Walshe, 1g56): the latter, which may be given orally,
has proved of especial value in promoting the excretion of
copper in the urine and in effecting clinical improvement.
Moreover, apart from these immediate gains, these various
invesugations have given a valuable ‘pointer’ to the importance
of copper 1n cell metabolism.

TuE Future
Finally, what of further developments in the application of bio-
chemsstry to medicine? To some extent this will proceed on
existing lines. exaraples of such advances ate the deronstration
that noradrenalin is raised in the blood in phacochromocytoma
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there are present debility, gastrointestinal upset, cirrhosis,
cataract and mental deficiency, with early death. If, however,
the disease is diagnosed soon enough, all these complications
may be avoided by feeding the patient a diet in which galactose
and lactose are absent.

In phenyl-ketonuria (for references see Knox and Hsia,
1957) there are severe mental deficiency, epilepsy, eczema and
some lack of pigmentation. Phenylpyruvic acid and a number
of allied compounds are found in the urine. A gene concerned
with the development of an enzyme capable of oxidizing phenyl-
alanine to tyrosine seems to be lacking. If very early in life such
patients arc fed on a dict deficient in phenylalanine, the chemi-
cal and physical abnormalities are much improved, and severe
mental defect may be prevented. Yet another familial defect is
hypophosphatasia (for references see Frazer, 1957). In this rare
discase there is failure of proper calcification of the F
with deformity of a rickety type and a tendency to fractures.
‘This is associated with a general lack of body alkaline phospha-
tase. It is interesting to note that the urine of these patients con-
tains phosphoethanolamine (McCance, Morrison and Dent,
1955); possibly this is the natural phosphoric ester which when
exposed to the phosphatase of bone liberates inorganic phos-
phate for calcification.

These familial metabolic disorders are clinically important
from several points of view. First, the abnormal end products
appearing in these patients may well be the metabolic inter-
mediates of normal processes, which in disease fail to reach com-~
pletion: phosphoethanolamine is perhaps a case in point.
Second, these diseases pose the questions of why and how the
accumulation of such intermediates leads to serious organic
disease, and why failure to metabolize galactose or phenylala-
nine properly leads to physical deterioration and death. When
the answer to these questions is known, we shall be better in-
formed about the metabolism of the cell and the interaction of
its enzyme systems. Thirdly, they throw light on genetics. In
these fanulial disorders the homozygous patient has a genetic
defect producing deficiency or absence of an enzyme system.
The defect is inhented from the heterozygous parents, who
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(though the test is at present biological); also that 5-hydroxy-
tryptamine is present in the blood and 5-hydroxyindole acetic
acid (and similar compounds) in the urine of patients with
argentaffinoma, So, too, it has been found that in the necrosis of
various cells, a variety of enzymes are liberated, one or smore of
which may predominate according to the tissue involved: thus
in coronary thrombosis and in liver damage a raised content of
glutamic oxaloacetic tr i may be d rated in the
serum; in liver disease, too, plasma glutamic pyruvic transamin-
ase is raised, while it is said that in pancreatic disease, and
especially in carcinoma of that organ, there is an increase in
serum leucine amino peptidase.

But it is probable that the future of biochemistry in relation
to medicine rests not only on the study of the chemistry and
physics of the body as a whole, or of tissues, or even of the
individual cell as an integrated structure, but also, and perhaps
more especially, on the study of the cell organclles: surface
membrane, mitochondra, microsomes, nucleus and nuclear
structures: this aspect of the medicine and pathology of the
future has been stressed by Cameron (1954). In such studies
radioactive tracers, chromatography, the electron microscope,
genetic studies and also new techniques will all play a part. It
is not too much to’ hope that ultimately the causes of the
degenerative diseases and of cancer will be understood, and that
effecuve treatment will become available.
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intriguing facts had emerged relating the adrenal cartex to a
surprising variety of stresses (Sayers and Sayers, 1949). Though
work was proceeding in animals, little was being done in man.
Marthe Vogt (1943) had estimated the output from the adrenal
vein in dogs by an exacting process of bioassay, and, much less
well known, Eleanor Venning in Montreal (1945) had done a
great deal of work on man by assaying the hormone content of
urine by 2 complex process of bioassay involving glycogen de-
position in the livers of adrenalectomized mice. She was able to
show clearly two things. First, that the adrenal cortical hor-
mone is normally present in human urine; secondly, that its
content is increased by a varicty of stresses such as surgical
operations or by pregnancy. We were able to confirm that such
an increase occurs in active disease states (Cope, Boysen and
McCrae, 1951).
CHEMICAL Assay
At this time the chemical nature of the hormone being esti-
mated was not known with certainty, but it was recognized that
the general group had a side-chain with reducing properties.
The bioassay methods were so time-consuming that strenuous
efforts were made to develop a chemical assay. At that time the
special reaction for 17-ketosteroid estimation held almost un-
disputed sway as a measure of adrenal activity.
Two new general hes to the chemical assay probl

PP
were soon made. The first was to esti the lled red

steroids (Talbot, Saltzman, Wixom and Wolfe, 1945), and the
second was to make use of the ability of the side-chain of these
steroids to split off formaldehyde—permitting the estimation of
the so-called formaldehydogemc steroids (Lowenstein, Cor-
coran and Page, 1946). (See Fig. 1.}

The difficulty with both these techniques lay essentially in
lack of specificity and the lack of precise knowledge of what was
being estimated. We now know that the actual proportion of
real adrenal hormone in those extracts was often less than 10 per
cent of the total reducing steroid. Metabolites and degradation
products accounted for some more, but the total adrenal contri-
bution was probably often not more than 50 per cent in ardinary
urines, The rest was reducing substances largely unrelated
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precise measurement, and in the realm of adrenal cor-
tical physiology the advent of isotope-labelled steroids
has made almost all kinds of measurement possible. They have
in a sense called the bluff of all who seek precise methodology
in this field. For now that so many measurements are available
two new dilemmas are put before us. Firstly, the clinjcal or
scientific value of the results obtained may be insufficiently great
to justify the skill and labour used in gaining them. Secondly,
now that we have the power to estimate or measure so many
things, we need to be sure that we really know what we want
to measure. We have indeed an embarras de richesses. That this
stage has been reached in a mere ten years from a starting-point
where only the most crude estimates of adrenal activity could
be made in man is a good indication of the extremely rapid pro-
gress that can be made, when scientific interest is deeply
stirred, as it was indeed by the discovery of the remarkable
therapeutic effects of cortisone.
It is my proposal to describe some of my own travels through
these ten years and to indicate to you the progress which has
resulted from these technological advances.

Tm: scientific basis in medicine involves the approach by

Broassay
My own interest began when, after return from the disturb-
ing life of the War to pick up medicine again, I found some
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normal quantity of reducing steroid in the daily urine by one
method was two to gy mg, with a mean of four mg. This could
be fnerented four times or more by acuit stimulation, but re-
duced adrenal function could not be detected with any certainty
becawse even in severe Additon's disease, where adrenal func-
tion wav almost zero, the content of reducing steroids in the
wrine might =il be found not greatly reduced below the normal
range (Cope and Taln, 1951).

This bawal figure probably represented the amount of re.
AQuelng ¢ i Tated to adrenal function, Such a test
was unsuited to the detection ol any but the most gross changes
in adrenal function, and indeed often failed to show any reaction
tosevere medical stresses, Now Venning had already shown, and
we had confirmed, that such incidents caused a rise in the
biologically active hormone in the urine, so it seemed that the
reducing steroidy lacked the sensitivity of the biological test in
showing activity change, Similar disadvantages lay with the
formaldebydogenie steroids,

Purther fmportant advances resulted from two things, First,
the demonstration by Schneider (to50) and by Zaffavoni,
Burton and Keutmann (1950) that the active substances in
urine were corticone and cortitol, and by Bush and Sandberg
(1053) that the active ones in bloo were cortisol and cortico~
sterone,

Secondly, the introduction by Porter and Silber (1950) of
thelr chiemical reaction for the particular side-chain which
characterlees the adrenal type steroich (Fig. 1), The reaction
givera strictly linear relation between the colour developed and
the amount of stevold when in pure solution and it is very
tensitive, It wat natural therefore to apply this to urine, Une
fortunately complications immediately arose and it was soon
apparent that there wad o correlation between the colour ob-
tained by this seagent from crude steroid extracts and the
amount of hormone present as judged by bicassay (Cope and
Hulock, 1932), Indeed such was the inaccuracy that negative
results wete frequently obtained by the chemical method even
in normal subjects,
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to the adrenal. The same was true for the formaldehydogenic
steroids. The result was that any change which may have
occurred in adrenal steroid in the urine in response to change in
adrenal activity was very heavily damped down, and largely

co

17 Ketosterod

CHpOH CHzOH
co <0
3
Redu¢ing Formoldehydogenic
7 CHaOH
A 135
CoH ]
Porter- Stiber 17 Ketogenic

17 hydroxy corticosteroid

Fic 1. Types of steroid metaboltte,

obscured, by the 1nert mass of contaminating substances. An
additional problem with the formaldehydogenic steroids was
the presence in the urine of some 1nhibiting factors to the
liberation of the formaldehyde (Paterson and Marrian, 1953)-

For such reasons, neither of these techniques ever really
proved satisfactory. Since there wasnocertainty what was in fact
heing measured, the value of these reducing or formald.ehydo‘
genic steroid assays could only be assessed by obsc;vmg the
manner in which they coincided with clinical conclusions. The
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glyeod smater s so nuech easder to wse than waost of the ethers
that it s almost Raotprocl When a simple chlareform evtract of
an aoil write d washed fud separated an thix spster 4 wide
variety of separate componuds i revealed butenty g or s of these
have reducing propertiess IF then the chromatogram is stainal
with blue tetragolivm, & reagent which forms 3 deep blue,
wateninsoluble, formazan whet radneed, the poasition of thew
reducing stereids i eleathy reveated A rough estimate of the
amount prevent can be obtained by direet visnal cwanpatisan
with standards treated it the same way, but a betrer methed i
to disolve cut the blue dye firom the paper with acetone or
preferably acid pyridine, and to estimate it in & colorimetery
Known standards are treated in the same manner and appros
printe paper blanks are taken, The acenracy is et high, abowt
2 20 per cent in our hands, but this it were than suftictent fe
maost clinieal purposes (Qope and Hurdock 19580 Tho of these
reducing spots are opagque o ultrasyiole ght shawing they have
At unaatwvation, The upper of these ds cortisal, the Tower
corthone, In many hundeed estimations of the upper or cortisol
spot under & wide variety of clinieal conditions we have never
detected any reducing contaminant in this rone, although this
is not true for the other reducing zones, The cortivone spat, for
Tustaner, is usually contaminated with other reducing steroids,

The ability to estimate the actual adrenal cortical hormone in
wrine relatively simply i this way s clearly of theareticat vatue
tat only empirical experience can decide whether it has
clindeat vatue, We will teturn to this patut later,

Other steraid compounds which can be estimated in the same
relatively simple manner are the fist degradation produets of
cortivol metaboliviy, tettahvdrocortisone and tetrahydocortivet,
for both these have sinitar reducing properties, But 93 per cont
of the total of these metabolites i present in the wine in the
forin of glucuronides so that a prefiminary hvdrohsis with a
suitable f-glucuronidase enzy me i necesary betore they can be
extracted with chloreform. Lxeept under very exceptional eire
cunstances the presence of these substances in wtine s proot
that cortisol has been metabalized, IF none has been given by

mouth then the cortitol must have been Gnmed in the adeenal
gland,
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CHROMATOGRAPHY
About this time the introduction of paper chromatography pro-
vided an extremely powerful tool with which to attack the
problem better.

In our own laboratory we were able to show that even 2
simple paper chromatographic purification of the urine steroids
permitted 2 subsequent chemical analysis to give a good cor-
relation with the results of bioassay (Cope and Hurlock, 1g52).
A chemical method for the estimation of the actual hormone
appeared then to be feasible, though the details would need
further development. An alternative suggestion arose at about
this time from the laboratories of Thorn. This was based on the
fact that a very large proportion of the metabolites of adrenal
steroids are eliminated in the urine in the form of glucuronides,
and that these can be very effectively extracted from the urine
by normal butanol. Reddy, Jenkins and Thorn (1g52) de-
veloped a method based on the extraction of the urine with
butanol, and the apphcation to this extract of the Porter Silber
reaction, Though this method was simple in theory, it proved,
in our hands at Jeast, highly unsatisfactory in practice. It was
able to detect a gross increase 1n adrenal activity, but was quite
unreliable for the detection of smaller changes, and Reddy
himself (1954) when improving the method admitted that
negative results were often obtained, because non-specific im-
purities interfered greatly with the reaction.

It is doubtful now whether thus chemical assay problem can
be overcome in utine without the use of some more complete
putification procedure such as can readily be achieved by paper
chromatography, There is a popular belief among many
clinical chemists that paper chromatography of steroids is diffi-
cult, time-consuming, and unreliable in the separation of com-
pounds. A very great deal depends on the solvent systems used.
Generally speaking the less volatile the solvents the easier to

ge are the ch grams, The Bush type systems (Bush,
1g51) rely essentially on volaule solvents and are somewhat
fickle in use, requiring careful temperature control. The so-
called Zaffaroni systems (Burton, Zaffaroni and Keutmann,
1951) are much less volatile and of these the toluenc/propylene
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significance of these different measures is seen in pregnancy,
where in spite of a vast number of measurements made by one
or other method (Table 1) doubt still persists as to whether or
not adrenal function is increased (Martin and Mlls, 1958;
Migeon, Bertrand and Wall, 1957). We shall return to this point
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Fic 2, Unnary cortisol excretion Distribution
1 normal hospital subjects,

NoRMAL VALUES OF INDIVIDUAL STEROIDS

Before we compare their relative virtues we must consider the
normal range and values for some of the individual steroids. By
our method the normal urine cortisol varies from a trace, i.e.
less than 10 pg., to about 100 g., with a mean of 43 pg. (Fig. 2).
Tait and colleagues, using a lighly accurate isotope method,
have quite recently got sirmlar figures (Jones, Lloyd-Jones ¢t al.,
1959). The range for the tetrahydrocortisone and tetrahydro-
cortisol is wider, that for tetrahydrocortisone extending from a
minimum of about 1,000 pg. to 3,500 pg. or more with a mean of
1,750 ug. daily (Cope and Hurlock, 1954).

Itisnstructive to compare the extent to which these measures
change in the adrenal overactivity of Cushing’s Syndrome. In a
series of 12 cases of this disorder the mean rise 1n urine cortisol
output was to 85 times the normal, whereas mean rise in
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Before comparing the clinical valve of estimations of thue
various urinary steroids there is one more group which man be
mentioned. This is the so-called ketogenic steroids {Norym>-
berrk, Stubbs and West, 1953) which have rightly achicned 2
great chinica] popularity (Fig. 1). The pomble estimation of
plarma cortiso] 25 2n index of 2drenal zctivity is zlways 2 &5
cult procedure, 2nd will not be considered here breaure i
clinical possibilities have been excellently survey ed by Baytis iz
an earlier Federation lecture (Bayties 193;,),

The relative advantages of plz!mz 2nd urine analyzes maybe
compared in general terms, Plasmea refiects more clovh' the
internzl environment, but its hormone concentration chz::ﬁ
more rapidly from bour to hour. Thess concentrations are low,
szmples are of pecesstity restricted in volums and apalytes 2
difficult. When wmp!'!:d they reflect conditions at 2 momentin
time, In contrast urine !amp!:s are availzble in pmch larger
volume, they contzin larger quantities of the relevant steroids,
tbn:znz!\*xsulmdx!’cujt,zndlh,rcu.tsoftud:znz!ﬂa
reflect average conditions over the period of urine collections
which may well excerd 24 hours. The diradvantages are that
interpretztion of urinary stercid results involves ths asseument
of varizbles in renal function and in steroid metabolism,

Tazzy 1. Iocreases in some adrenal merabyfices i late pregmancy

wnne

Free bormome (binassay,
}'mld:‘:\z‘.oe—;ar rerovds im
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These then 2re some posrible measures of adrenal activity. It
is remaskable bow few attemprs have been mads to commpare lht
relative values of these or of other mezrures of 2drenal activity
under different clinical circumsiances. Yet 20 excellzot indica-
tion of the urgent need for such a clerification in the relztive
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adrenal function will not be clearly revealed by this measure in
many cases. But in such conditions of reduced adrenal activity,
the tetrahydrocortisone is a far more satisfactory measure. For
this the normal range is wide but the lower level of normal is
rarely below 1,000 pg daily. Because the method for estimation
of this metabolite is specific it is possible to estimate with
reasonable clinical accuracy amounts of less than one-tenth of
the lower normal limit, without any interference by the non-
specific impurities which, in so many methods, prevent the
measure of low degrees of adrenal function.

To illustrate the point by an analogy—one may judge the
activity of a fire by 1ts output of heat, but to determine whether
or not the fire has gone completely out, it is often preferable to
note whether smoke is still being produced.

The lowest tetrahydrocortisone outputs are seen in hypo-
pituitarism or in total bilateral adrenalectomy. Less extremely
low are the results in Addison’s disease, where all degrees of de-
pression of activity may be met according to the severity of the
condition. In so far as adrenal activity cannot be maintained
unless there is pituitary activity the presence of more than a
trace of tetrahydrocortisone in the urine is incompatible with a
marked degree of hypopituitarism. Thus we have in tetrahydro-
cortisone a sharply defined and specific test for hypopituitarism
which has proved of value in confirming for instance the climeal
results of pitnitary implants in the treatment of inoperable
carcinoma. Severe liver cirrhosis, though reducing tetrahydro-
cortisone output, does not interfere seriously with interpretation
of the test (Fig. 4).

These tests can frequently be of great clinical value when other
clinical data lead to ambiguous results. In such circumstances
the demonstration of cortisol in the urne, or of tetrahydrocorti-
sone, can provide effective proof of cortisol production. This has
proved of great value, for instance, in advanced cases of pul-
monary tubercle when weakness, hypochlorema, hyponatrae-
mia and pigmentation may well simulate Addison’s disease as a
complication. They can be of value also in rare patients whose
adrenals, though active, fail to respond to AcTH stimulation,

The relative behaviour and sensitivity of some of these
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ketogenic steroids was only 3-8 times normal, that of tetrahydro-
cortisone only 1-g times and of 17-ketosteroids only 1-4 times
normal, The same essential changes may be seen in the response
to acTh stimulation, Here again the rise in urine cortisol exceeds
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sterords in diagnosis of Cushing’s Syndrome

that of any other measure by a similar amount. That this
sensitivity may be of chimical diagnostic value in the diagnosis
of adrenal overaction of Cushing’s type is shown in Figure 3
which compares the normal and Cushing's ranges for unmary
cortisol and for its next competitor, the hetogenic steroids. The
overlap between normal and abnormal in this series at least fs
almost zero. Urinary cortisol is thus revealed as the most sensi-
tive indicator of increased adrenal activity and has considerable
diagnostic value.

But we hat e seen that the normal uninary cortisol output may
be as low as a trace only. It follows therefore that reduced
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measures of adrenal cortical activity can be very well seen when
attempts are made to inhibit the enhanced adrenal function of
Cushing's Syndrome, a test which we believe to have some
clinical value.

Figure 5 shows that urinary cortisol falls quickest and most
completely. The falls in the metabolites are also large but more
sluggish, no doubt because their turnover rates are slower than
that of cortisol. Ketogenic steroids and ketosteroids, however,
reveal themselves as very much less sensitive and more sluggish
than any of the other tests for showing these changes.

Purely clinical comparison thus reveals the relative value of
these reasonably simple tests, but it does not tell us how
accurately they relate with the actual changes in cortisol pro-
duction, Nor indeed was it possible, except in rare cases of
cannulation of the adrenal vein at operation, to determine
cortisol production rate until the advent of isotopic tracers.

Use oF Rabioacnive CorTisoL
But it is the availability of these isotope-labelled steroids
which now enables us to measure more accurately so many
things.

The estimation of plasma cortisol, for instance, present in only
1/5,000 the concentration of resting glucose, has always been
difficult but it 15 greatly simplified by the addition of a rmnute
trace of the isotopic steroid (Bondy and Upton, 1957).

The first useful direct estimations of actual cortisol production
rate in man were made by Peterson and Wyngaarden (1956)
using classical principles. In their method 2 small dose of
MC-labelled cortisol is injected intravenously into the blood
stream where it gets progressively diluted with the non-radio-
active cortisol produced by the adrenal cortex. By taking serial
blood samples and determining the **C content of the cortisol
in each sample, the rate of this dilution is determined and the
production of endogenous cortisol which 1s needed to effect this
change can readily be calculated.

While the method produces valid results it suffers from the
disadvantage that several skilled blood analyses are required at
wntervals and that the period of observation is of necessity short.
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Tetrahydrocortisone, however, appears to fulfil these needs
admirably. It is present in relatively large amount in urine—
usually from 1 to 4 mg. daily—it can be separated with suffi-
cient purity for these purposes in a single chromatographic step,
and, except under rare circumstances, it is not derived in appre-
ciable quantity from steroids other than cortisol.

If a chloroform extract of a hydrolysed urine is obtained from
a patient who has been given a trace dose of 1¢C cortisol, and
this extract is submitted to a single-stage chromatography, the
tetrahydrocortisone is largely separated from other steroids and
contaminants, but because of the immense variety of steroids
and impurities likely to be found in any urine complete purity
would be most unlikely. Because of the dose of radioactive
cortisol given, all adrenal metabolites of cortisol known and
unknown will be labelled with this 14C, although of course
(owing to dilution with the endogenous supply) at a much
lower specific activity than the original dose. The metabolite
tetrahydrocortisone is 2 reducing steroid and reduces the tetra-
zolium reagent. If then the reducing steroid content of the
chromatogram is compared cm. by cm. with the 4C content, a
good coincidence between the two will show that all the re-
ducing steroid at this point on the chromatogram is derived
from cortisol metabolism. Such a coincidence is found to occur.
It does not strictly prove that the steroid in this zone is tetra-
hydrocortisone, although this is highly probable since similar
coincidence also occurs on other chromatographic systems. But
knowledge of the nature of the metabolite 1s not really necessary
for our purpose. We are concerned only to find a suitable
reducing steroid which is derived from cortisol metabolism and
which can readily be freed from disturbing contamination. This
the tetrahydrocortisone, or tetrahydrocortisol spot, provides
adequately after a single paper chromatography on the easiest
of systems, toluene/propyleneglycol. If then one elutes this spot
with ethanol it is a quite ssmple procedure to divide it into two
equal parts and determine the reducing steroid 1n one half and
the 2C in the other. This is the only stage in the whole analysis
of the urine sample which needs to be done with quantitative
accuracy, The two measurements give the specific activity of
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The result is 2 measure of the mean cortisol production rate
over a period of g to 4 hours. Using this method Peterson and
Wyngaarden obtained figures of 17 mg. to 2g mg. daily with
mean of 21 mg.

Whilst such a measurement can be of immense clinical value
for some purposes, a simpler procedure which gives 2 mean of
the daily output would also have very great clinical advantages.
‘We have devised such a method which makes relatively small
demands on technical skill and should be within the powers of
any competent clinical laboratory with isotope facilities, though
it is scarcely suitable as yet for routine clinical use {Cope and
Black, 1958a).

In this method a known dase of MC-cortisol in water without
added carrier is given by mouth. Most of it is very rapidly
absorbed into the blood stream where it mixes with the normal
cortisol pool. There it is metabolized in the same way as the
endogenous cortisol, and the products of metabolism are ex-
creted in the urine, all labelled with 24C in the same proportion.
The recovery of most of the *%C from the urine is proof that
the dose was absorbed in that patient, and also proof that
metabolite excretion is prompt. If now a suitable metabolite of
cortisol metabolism is isolated from the urine and its specific
activity or 1C content per ug. steroid is determined, then bya
simple arithmetical calculation the daily cortisol production
needed to effect this degree of dilution is easily obtamed. The
principle is the well-known one of isotope dilution. It would be
more reliable to inject the MC cortisal intravenously but that
introduces undesirable complications and is not usually needed
except for special purposes.

Practice is of course often less simple than theory, and such a
method necessitates the selection of a metabolite derived only
from cortisol and the ability to extract it and purify it sufficiently
to determine the specific actwvity or YC content. Itisa peculi-
atity of this type of isotope procedure that no ana}yﬁfﬁl
accuracy is required until the final stages, for a quantitative
recovery is not needed at any stage. Urine cortisol itself should
be suitable for determining the degree of isotope ditution but the
quantity is often small and 1ts analysis is technically difficult.
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Tetrahyd tisone, 1 , App to fulfil these needs
admirably, It is present in relatively large amount in urine—
usually from 1 to 4 mg. daily—it can be separated with suffi-
cient purity for these purposes in a single chromatographic step,
and, except under rare circumstances, it is not derived in appre-
ciable quantity from steroids other than cortisol,

Ifa chloroform extract of a hydrolysed urine is obtained from
a patient who has been given a trace dose of 2*G cortisol, and
this extract is submitted to a single-stage chromatography, the
tetrahydrocortisone is largely separated from other steroids and
contaminants, but because of the immense variety of steroids
and impurities Likely to be found in any urine complete purity
would be most unlikely. Because of the dose of radioactive
cortisol given, all adrenal metabolites of cortisol known and
unknown will be labelled with this 1/C, although of course
(owing to dilution with the endogenous supply) at a much
lower specific activity than the original dose. The metabolite
tetrahydrocortisone is a reducing steroid and reduces the tetra-
zolium reagent. If then the reducing steroid content of the
chromatogram is compared cm. by cm. with the 1C content, a
good coincidence between the two will show that all the re-
ducing steroid at this point on the chromatogram is derived
from cortisol metabolism. Such a coinaidence 1s found to occur.
It does not strictly prove that the steroid in this zone is tetra~
hydrocortisone, although this is highly probable since similar
coincidence also occurs on other chromatographic systems. But
knowledge of the nature of the metabolite is not really necessary
for our purpose. We are concerned only to find a suitable
reducing steroid which is derived from cortisol metabolism and
which can readily be freed from disturbing contamination. This
the tetrahydrocortisone, or tetrahydrocortisol spot, provides
adequately after a single paper chromatography on the easiest
of systems, toluene/propyleneglycol. If then one elutes this spot
with ethanol it is a quite simple procedure to divide it into two
equal parts and determine the reducing steroid in one half and
the 1Cn the other, This is the only stage in the whole analysis
of the urine sample which needs to be done with quantitative
accuracy. The two measurements give the specific activity of



320 €. L. COPE

the metabolite. From this the cortisol production rate is very
readily derived in the following manner:

Let us suppose that D is the dose of 1*C given, and that C,
is the total C recovered in the urine in the subsequent 24
hours. If G, equals D then one can be quite certain that the
whole dose has been given, that it was completely absorbed and
that it has been fully excreted. But, in practice, complete
recovery of the 1¢C is not obtained. An ambiguity in interpreta-
tion at once arises, for it may be on the one hand that the whole
dose was absorbed but that only 80 per cent is excreted in the
urine, or alternatively that 20 per cent of the urine may have
been lost. The other possibility is that only 8o per cent of the
dose was actually absorbed but that this was completely ex-
creted. In the first case an 8o per cent excretion of adrenal
metabolites is indicated, in the latter a 100 per cent efficiency.
The truth will lic between these two extremes and two estimates
of the excretion efficiency may be made.

Now, there is no reason to expect that the radioactive cortisol
will behave in a manner different from natural or endogenous
cortisol, The *¢C! will therefore be distributed evenly among all
the metabolites of cortisol. The specific activity of all these
should be similar so that, once the 14C content per microgram
of a representative metabolite has been found, the total mass of
metabolites, known and unknown, can be calculated, since 1t is
the total 4C content of the urine sample divided by the specific
activity (C,/SA,).

Since we now know the excretion efficiency for the metabolites
of cortisol and the total mass of metabolites, the latter divided
by the former represents the actual daily production of cortisol
This is either

C,/SA, or clse D/C, xC,/8A,=D/SA,.
The difference between these two estimates indicates the degree
of reliability in that particular test. This method has the im-
mense advantage of checking automatically all ward errors such
as loss of part of the dose or part of the urine collection.

It may be objected that the oral route is not a representative
one because the steroid dose must pass through the liver and so
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risk destruction before it enters the general metabolism. Whilst
this is a sound theoretical objection, it does not seem to be valid
in practice for approximately the same result is obtained in a
given individual, if oral and intravenous routes are compared
on different days.

The mean normal resting hydrocortisone production rate
determined in this way is in man 13-5 mg. with a range of
5 to 28 mg. daily, and in young women 10-5 mg. with a range
of 5 to 24 mg. (Table 2).

‘Tasre 2. Cortisol production rates

mg. daily
Normal—male (12) 5 to 28 ‘mean 13 5
femmale (8) 5 7 to 24 mean 105
PP ann .

mean0 9

mean 80

LN mean 25

Late pregnancy (8) 15 to 40 mean 25

Cushing’s Syndrome (3) 20 to 60 mean 45

(Figures i brackets are number of cascs 1n each group)

These figures are considerably lower than some estimates that
have been made, and are, in fact, lower than the results of
Peterson and Wyngaarden (1956) obtained by their different
method of isotope dilution. The fact that our results are lower
is of some importance. For one possible abjection to the method
is that some of the tetrahydrocortisone analysed may in fact be
derived from sources other than cortisol metabolism. Any con-
tamination in this manner would artificially raise the apparent
production rate, so that our very low values help to give us
confidence that this is not an appreciable complicating factor.
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own results represent a mean for the 24 hours and will include
the period of sleep when output is likely to be minimal. It is of
considerable nterest that a single measurement made by
Peterson and Wyngaarden at night gave a figure of 12 mg.,
a result essentially the same as our own mean for males.

Y
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the metabolite. From this the cortisol production rate is very
readily derived in the following manner:

Let us suppose that D is the dose of 14C given, and that C,
is the total G recovered in the urine in the subsequent 24
hours. If C, equals D then one can be quite certain that the
whole dose has been given, that it was completely absorbed and
that it has been fully excreted. But, in practice, complete
recovery of the 19C is not obtained. An ambiguity in interpreta-
tion at once arises, for it may be on the one hand that the whole
dose was absorbed but that only 80 per cent is excreted in the
urine, or alternatively that 20 per cent of the urine may have
been lost. The other possibility is that only 8o per cent of the
dose was actually absorbed but that this was completely ex-
creted. In the first case an 80 per cent excretion of adrenal
metabolites is indicated, 1n the latter a 100 per cent efficiency.
The truth will lie between these two extremes and two estimates
of the excretion efficiency may be made.

Now, there is no reason to expect that the radioactive cortisol
will behave in a manner different from natural or endogenous
cortisol. The *C will therefore be distributed evenly among all
the metabolites of cortisol. The specific activity of all these
should be similar so that, once the 14C content per microgram
of a representative metabolite has been found, the total mass of
metabolites, known and unknown, can be calculated, since it is
the total 1¢C content of the urine sample divided by the specific
activity (GC,/SA,).

Since we now know the excretion efficiency for the metabolites
of cortisol and the total mass of metabolites, the latter divided
by the former represents the actual daily production of cortisol-
This is either

C,/SA, or else D/C, x C,/SA,=D/SA,.

The difference between these two estimates indicates the degree
of reliability in that particular test. This method has the im-
mense advantage of checking automatically all ward errors such
as loss of part of the dose or part of the urine collection.
It may be objected that the oral route is not a representative
one because the sterotd dose must pass through the liver and so
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and patient collaboration in each individual case. There is a
good prospect of radioactive cortisol 1 ing more widely
available and radioactive cortisone has just been put on the
market by the Radiochemical Centre, Amersham.

Somr CLINICAL APPLICATIONS

Clearly such a method has a wide clinical application. It
enables us, for instance, to help solve the vexing problem of
whether or not cortisol production is raised in pregnancy. This
can be done without risk to the mother or to the foetus from
radiation because elimination of the steroid is rapid and the
dose is small. We have investigated this problem in a small
series of patients with the following results. In a control group of
8 non-pregnant women of between 20 and 35 years the mean
production rate was 10-5 mg. daily. In a comparable group of
8 women in the last month of pregnancy, the mean was 25 mg.
daily. Thus the production is on average increased to 21 times
the non-pregnant level by the last month of pregnancy {Cope
and Black, 1959). It 15 of interest that Tait and colleagues have
recently measured an approximately threefold increase in aldo-
sterone secretion also in late pregnancy (Jomes, Lloyd-Jones
¢t al., 1950).

How does such a degree of activity compare with that en-
countered under other conditions?

We have seen that 2 10 or 2o times nse may occur after
ACTH stimulation and that in Addison’s disease a fall of below
one-tenth (1 mg.) may result.

In general medical disease, the rise is relatively small, not as
great as in pregnancy, but in hyperthyroidism a greater stimula-
tion seems to occur and outputs are comparable to those seen
in late pregnancy.

Itis relatively easy with this method to measure the inhibition
of cortisol production which results from admirustration of
similar steroids. For the steroid metabolte is a specific one and
if care is taken its analysis 15 not interfered with by metabolites
of the alternative synthetic steroid. With predmsone, for in-
stance, the cortisol output is inhibited to about 2 mg. daily.
‘We have failed to get a lower 1phibition than that and the
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It is interesting that cortisone acetate can be used in the
same manner and for the same purpose to measure cortisol
production. This is possible because it is largely turned into
cortisol in the body. The normal value for cortisol production
obtained with this steroid is precisely the same as when cortisol
is used. But absorption from the stomach is slightly less efficient
resulting in a rather bigger range between the two alternatives.

It is of interest to see what happens when normal adrenal
cortical function is disturbed (Table 2). Urider the stimulus of
Acth therapy rise in output is very variable but it may be as
much as 250/mg. daily. At the other extreme, damage to the
adrenal cortex as in Addison’s disease, and its atrophy due to
hypopituitarism, both result in a fall in output to below 1 mg.
daily. An interesting point arises here which is unusual in
endocrine assays, It is common experience in most assay methods
that although one may be able to estimate hormones or metabo-
lites when they are present in excess, it is usually impossible to
detect them when they fall to the lower limits of the normal
range, because they fall below the limit of sensitivity of the
methods used and are lost in the inevitable impurities and
interfering substances. This is not true, however, with the
isotope method for cortisol production, and its percentage
reliability is just as high at very low outputs as at high ones
because the amounts of G measured are not affected by the
adrenal activity and the reduced content of tetrahydrocortisone
in the urine in hypoadrenalism is easily comp d for by
taking a larger sample of urine for analysis.

The validity of such a method is dependent on a lack of any
significant recirculation of the 4C within the body. The
excretion curve for this 2*C and the behaviour of injected meta-
bolites both support the view that no such recirculation occurs
and that once cortisol has been broken down the degradation
products are treated as foreign bodies.

We thus have a relatively simple method of measuring the
daily cortisol production which is readily applicable to r{c:.xrl)'
all hospital patients and which involves an almost negligible
exposure to radiation. It has the enormous advantage also of
providing an automatic internal check on the efficiency of ward
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the latter from the former. An excretion of 27 mg. 17 ketoster-
oids daily for instance may be associated with cortisol outputs
of from 10 to 200 mg. daily.
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Fic. 7 Relation of urinary ketogenic steroid excretion
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‘The urinary cortisol level, which is so sensitive for some pur-
poses, also shows a rather poor correlation with the actual pro-
duction rate. The cortisol in the unne represents from o0°1 to
1 per cent of the amount produced. This vanability may well
be due to the fact that a large part of the plasma cortisol is
bound to protein and the amount so bound is likely to vary in
different individuals.

The excretion of the first-stage metabolites, tetrahydrocor-
tisol and tetrahydrocortisone, taken either separately or to-
gether, shows a much better relation in the middle and lower
ranges of activity, and their excretion represents from 10 to
15 per cent of production. But in the higher ranges of activity
the correlation seems to be less good and the proportion of total
production excreted as these tetrahydro compounds is reduced,

The urinary 17-ketogenic steroids of Norymberski show the
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reason may well be the existence of a slight artefact here, for
Vermeulen (1958), using radioactive prednisolone, has shown
that a small amount of tetrahydrocortisol is found among its
metabolites. The creation of this additional fraction will raise
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to actual corusol production

the apparent production rate slightly above its true value.
Under most circumstances this source of error seems to be a
minor factor, but very occasionally it can be a factor causing
erroneous conclusions to arise. This may occasionally happen
in adrenal congenital hyperplasia in which condition hydro-
cortisone production is imparred, but in which nevertheless
considerable amounts of tetrahydrocortisone may be formed,
some very probably from other parent steroids not at present
recognized (Cope, 185g).

With a method of this type it is for the first time feasible. to
compare the results of the more routine methods a{ assaying
clinically adrenal function with the actual production rates.

We have already seen that 17-ketosteroids are a very poor and
insensitive indicator of changing adrenal cortical function and
this is well revealed by such a comparson (Fig. 5):

If urinary 17-ketosteroids are plotted against cortisol produc-
tion the scatter is such that no conclusions can be drawn about
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CONCLUSIONS

What general conclusions can we draw from all this? I suggest
that the main one is that too little effort is yet made in clinical
studies of adrenal activity in man to take the elementary pre-
caution of adapting the tool to the particular job in hand.
There are now widely varied methods of measurement of
adrenal activity available. Some are accurate but exacting to
perform, but some others are relatively simple though yielding
precise information which surely is the essence of the scientific
approach. Much greater efforts could and should be made to
choose the type of adrenal function test best suited to the par-
ticular job in hand.

The introduction of isotope-labelled steroids makes possible
much better reference standards by which to judge the relia-
bility of more simple tests. No longer are we compelled to take
the view that the critedjon of a good test is that 1ts results agree
with the clinical impression. We can at last express the activity
of the adrenal cortex in absolute terms and that is a step forward
indeed in the scientific investigation of this gland and of the
study of steroid metabolism in man.
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best general correlation with actual production rate. From
Figure 7 it can be seen that they represent on average about
50 per cent of the total production. That so large a proportion
of the metabolites is represented by this group of steroids is im-
portant, for it may be taken as a general rule that the bigger the
percentage of the total metabolites which can be estimated by
any analytical procedure, the more closely will the result cor
relate with the actual secretion rate,

That is why the 1C-cortisol method is so reliable, because, in
effect, it measures the total mass of metabolites,

There are other adrenal activities known and probably stil
more to be discovered. Cleverer groups than mine have applied
essentially similar methods to the study of aldosterone secretion.
The production rate for this steroid is only about one-hundredth
of the amount of cortisol production so that its study demands
much more refined methods.

Nevertheless, two groups have successfully tackled the prob-
lem. As with cortisol, three possible methods theoretically exist,
The first, the measurement of the rate of dilution of a sample of
radicactive aldosterone introduced mto the blood stream, is not
technically feasible because of the excessively small quantities
involved. In the other two we have the choice, as with cortisol,
of measuring the specific activity either of the urine aldosterone,
or of a metabolite. Both methods are difficult, and use of the
metabolite has not got the great advantage it has with cortisol,
because the gain in quantity of steroid handled is much less.

Jones, Lloyd-Jones, Riondel, Tait and their colleagues (1359)
in the United Kingdom have used the aldosterone and Lieber-
man and his team at Columhia, New York, the metabolite
(Ulick, Laragh and Lieberman, 1958). The results of .both
groups agree. Production 1s from 50 to 300 pg. daily on ordinary
drets, but may nse over 1,000 ug. in nephrosis, or on low salt
mtake. There 15 growing evidence, too, that, as with urine
cortisol, the relation between urine aldosterone and aldosterone
secretion 15 a relatively poor one. But aldosterone techniques
are scarcely available yet except to a few enthusiasts.
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XIX

Some Aspects of Iron Metabolism

D. F. CAPPELL

aspects can be touched upon in this lecture, and I shall deal

chiefly with matters that concern the pathologist and shall
try to illumine them from my own experience in experimental
and human pathology. There has been a certain continuity of
interest in iron in the Pathology Department at Glasgow begin-
nng with the work of Robert Muir on the marrow, his funda-
mental studies on haemolysis ir zttro with Browning and others,
and in 1100, along with Shaw Dunn and McNee. McNee’s work
on haemolytic icterus thus began in Glasgow and was con-
tinued in Freiburg where it contributed to Aschoff’s concept of
the reticulo-endothelial system. Soon thereafter I became in-
volved in the problems of vital staining. I used saccharated
oxide of iron, at first merely as an inert substance to demarcate
the reticulo-endotheltal system and later to produce so-called
reticulo-endothelial blockade, Soon, however, it was observed
that this substance was far from inert and experiments were then
conducted to follow the fate of the 1ron and to assess whether it
was harmful when admimstered in excess. Interest was, of
course, shmulated by Muir and Dunn’s observations on the iron
content of the organs in haemochromatosis and attempts were
made almost simultaneously by Polson in Manchester and by
me m Glasgow to reproduce this disease by excessive parenteral
admnistration of iron.

Iron s a remarkable substance. The human body contains on
an average about 4-5 g. of iron, of which 2-3 g. 1s incorporated
in haemoglobin, about 1-1-5 g. as storage iron, and most of the

IRON metabolism is so vast a subject that only certain
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facts and figures about these are given in Table 1. Since our
paper on this subject two years ago we have had the opportunity
of analysing some additional cases and I shall refer to these
later.

I shall begin with the proposition that the long-continued
presence of excessive deposits of iron in the tissues does not
necessarily bring about such distinctly harmful effects on the
parenchymal cells as to lead inevitably to destruction and
fibrosis of parenchymatous organs such as liver and pancreas.
I do not claim that excessive iron storage from transfusion is
never associated with signs and even symptoms of organ
damage, but I think it would be fair to insist that if the storage
of iron from transfused blood is to be held responsible for
hepatic and pancreatic fibrosis then the severity of the damage
to these parenchymatous organs should bear a well-defined
relationship to the quantity of iron stored in the organs and the
length of time it has been there. In my view, analysis of cases
reported in the lterature as ‘transfusional’ or ‘exogencus’
haemochromatosis brings to light such wide discrepancies that
there must be factors other than the quantity of iron to be taken
into account.

My matenal 1s divided into two groups, who had been trans-
fused in varying degree. I shall give a general account of our
findings and illustrate my thesis especially by a more detailed
consideration of Case No. 4 of Group 1. The essential and
relevant facts are given in Table 1 and the amount of blood
transfused and the time of survival are adequate to give every
opportunity for signs of damage to the organs to have occurred.
‘The amount of iron stored in the organs also 1s very high, and is
even greater than that found in haemochromatosis (Sheldon,
1935). Yet the microscopic examination of the tissues shows
clearly that there 1s no real fibrosis or destruction despite the
prolonged iron overload.

The general distribution of the iron pigment. The two Cases
(4 and 5) which had received the largest amounts of blood
showed brownish pigmentation of the skin, generally slight and
most obvious in the legs. Pr d rusty-bi pi 10n
of the organs from haemosiderosis was present 1n all cases, the
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remainder (about 0-3 g.) in the intracellular respiratory en-
zymes, the cytochromes, catalases etc., and a small amount is
bound in the plasma {0:004 g.). In certain pathological condi-
tions in man the iron content of the liver alone may be over
50 g. and the total body iron about 100 g., that is, twenty
times the normal. There are few substances which can accumu-
late to this remarkable extent with so little obvious ill effect. It
is important that apart front blood loss and loss by exfoliation
of cells from skin and mucous surfaces, there is little excretion of
iron once it has gained entrance to the tissues (McCance and
Widdowson, 1937).

ConprT10NS OF EXCESSIVE IRON STORAGE
Gross excess of stored iron is found in the tissues in a variety of
pathological states of diverse etiology. The chief of these are:
(a) idiopathic ——haemochromatosis

(8) nutritional —Bantu siderosis
~—Kaschin-Beck disease

{¢) blood —haemolytic anaemia
dyscrasia —Addisonian anaemia
—thalassaemia

(d) iatrogenic —transfusional siderosis
—siderosts of prolonged iron administration

Of all the conditions of excess iron storage, that resulting from
repeated blood transfusions is the best documented, since the
total of blood administered is known, and this repre-
sents a minimum addition to the body’s store at the rate of
0-5 g- iron for each litre of blood transfused. This s, of course,
depleted by the usual sources of loss and by haemorrhage, which
is often a feature of the condition for which transfusion has been
required. Blood transfusion 15 today so easily available and is
so much used to keep alive patients with aplastc and other
anaemias unresponsive to other treatment that I make no
apology for showmg the later effects on the tissues of lon_g-
continued transfusion therapy. We have studied several cases in
which a large number of transfusions had been given and some
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liver, spleen, bone marrow, pancreas, stomach, choroid plexus,
thyroid and adrenals being notably affected, but the kidneys
were relatively free from iron. In Cases 4 and 5 chemical
analyses revealed over 55 g. of iron in the livers and the sum
of that in the other principal organs and tissues probably
accounted for at least as much again in each case. The amount
of iron was thus fully equal to that found in classical haemo-
chromatosis.

i opic findings. The findings in the five cases are so similar
that a general description will suffice; all the iron was in the
ferric state.

Skin and subcutaneous tissues. In Cases 4 and 5, the skin of the
abdomen and chest wall showed iron-storing macrophages most
numerous around the sweat glands, the epithehal cells of which
also show a distinct iron reaction of varying intensity in different
parts of the skin,

The cells lining the ducts and acini of the mammary glands
contain iron granules in the zone between nucleus and lumen
(Plate XVIII, Fig. 1),* like that observed in the mammary epi-
thelum of animals receiving intravenous saccharated oxide of
iron (Cappell, 1929) and in the mammary epithelium in
classical haemochromatosis (Cappell ef al, 1957). Throughout
the mammary stroma and adipose tissues generally, e g. retro-
peritoneal etc., macrophages heavily laden with iron are numer-
ous. In gastrc mucosa (Plate XVIII, Fig. 2) pigmentation is
maximal in the fundus and becomes less marked in the pyloric
region. Iron is present in the deepest parts of the glands in both
the chiefand oxyntic cells in all except Case 2, butin Cases 4 and
5 the staining extends to involve the mucous neck cells but not
the surface epithelium. Iron-positive phagocytes occur densely
m the lamma proprna, in small numbers between the muscle
bundles but numerous under the serosa. The muscle of the
stomach 15 negative for iron and shows no excess of haemo-
fuscin, the ganglon cells of the myenteric plexus contain iron
1 small amount in Cases 4 and 5. The duodenum shows a moder-

ate staming of Brunner’s glands and numerous iron-positive
phagocytes are seen 1n the tips of the villi but the gland cells
3 The plates referred to in this lecture will be found between pages 344-5-
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surfacc/volumc ratxo :md thus encourages the cellular multi-

™ ount of fuscous pigment in the

» the gross enlargement of the

: due to three factors, (a) en-

1 general due to distension of

their cytoplasm by thc accumulated iron compound (b} pro-

nounced broadening of the portal tracts by massive accumula-

tion of iron-laden macrophages, and () a degree of hyperplasia
of liver cells.

Iron storage in the pancreas is seen in the acinus cells, in the
cells hning the ducts and their glands, in the islets of Langer-
hans and in macrophages in the connective tissue (Plate XVIII,
Fig. 4). There is no fibrosis or atrophy in four cases but in
Case § a notable degree of fatty infiltration is present, with much
atrophy of the acinous tissue. Many islets, however, have sur-
vived and some are greatly hypertrophied. Haemosiderin is
stored chiefly in the basal part of the acinar cells; its distnbu-
tion from lobule to lobule is irregular but 1t is often most
abundant in acim which closely invest the islets (Plate XVIII,
Fig. 4); the cells with the heaviest concentration of iron are
usually somewhat shrunken and post-mortem changes add to
the difficulty in distinguishing them from clusters of macro-
phages. The tall columnar cells lining the pancreatic ducts and
the cells and ducts of the small mucous glands which open into
them show a striking degree of iron staining.

In the islets of Langerhans, haemosiderin accumulates in both
alpha and beta cells and occasionally 1s abundant. In the stroma
and adjacent fatty tissue iron-storing macrophages are numer-
ous.

The lympk nodes draining the liver and pancreas are so mas-
sively replaced by haemosidern-storing macrophages that
their normal structure is virtually obliterated, only small foci
of cortical lymphoid tissue remaming (Plate XVIII, Fig. 5).
Multinucleated giant-cells laden wath iron are common; there is
no discernible fibrosis.

In the cervical nodes there is considerable iron stamning in
the macrophages of the peripheral sinus and also in the littoral
cells and macrophages of the medullary pathways.
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contain much less granular iron than those of the gastric glands.
In the jejunum only the cells lining the depths of the crypts in the
upper part of the gut are slightly iron-positive. The t/eum and
colon are negative for iron. The smooth muscle of the gut is iron
free and shows no excess of haemofuscin,

The liver, greatly enlarged in Cases 4 and 5, in all instances
shows accumulation of haemosiderin both in the parenchymal
cells and in the reticulo-endothelial cells. The flattened sinu-
soidal lining cells contain iron, and the Kupffer cells are even
more heavily Iaden so that many become detached and free in
the blood of the hepatic veins; others migrate from the sinusoids,
some towards the central vein but mostly into the portal tracts
which thus come to be very heavily infiltrated with macrophages
stuffed with iron (Plate XVIII, Fig. 3). Clumps of similar cells
occur around the central veins and along the walls of the inter-
lobular veins, In these macrophages cellular details are obscured
by the pigment and many of the cells may be dead but there is
no evidence of iron impregnation of stromal fibres such as would
occur by diffusion from dead cells, The aggregation of iron-
laden phagocytes broadens the portal tracts and renders them
conspicuous but there is a striking absence of sequestration of
parenchyma by bands of fibrous tissue such as are characteristi-
cally found in a true cicrhosts. Pigmentation of the parenchyma
reaches its greatest intensity in Case 4 where it is so abundant
as to fill the cytoplasm with densely packed granules. In small
foci of hyperplastic liver cells (Case 4), the granules are less
densely aggregated and are seen to be orientated at the biliary
pole of the cells around the canaliculi (Plate X VIII, Fig. 3). The
cells lining the smaller bile ducts also contain many fine hae-
mosiderin granules. In Case 4 the focal hyperplasia may be
attributable to an attack of homologous serum jaundice one
year before death but the liver shows no other evidence of
damage by hepatitis. In this case the liver contained over 55 g
of elemental iron, and it must be presumed that the iron would
he stored within the cells in combination, however loose, so that
the weight and volume of the stored material must add con-
siderably to the size and weight of the liver. Furfhcr, the dis-
tension of the cells by this relatively inert material alters the
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contain much less granular jron than those of the gastric glands.
In the jejunum only the cells lining the depths of the crypts in the
upper part of the gut are slightly iron-positive, The teumt and
colon are negative for iron. The smooth muscle of the gut 1s iron
free and shows no excess of haemofuscin.

The hoer, greaily enlarged in Cases 4 and 5, in all instances
shows accumulation of haemosiderin both in the parenchymal
cells and in the reticulo-endothelial cells. The flattened sinu-
soidal lining cells contain iron, and the Kupffer cells are even
more heavily laden so that many become detached and free in
the blood of the hepatic veins; others migrate from the sinusoids,
some towards the central vein but mostly into the portal tracts
which thus come to be very heavily infiltrated with macrophages
stuffed with jron (Plate XVIII, Fig. 3). Clumps of similar cells
occur around the central veins and along the walls of the inter-
Iobular veins, In these macrophages cellular details are obscured
by the pigment and many of the cells may be dead but there is
no evidence of iron impregnation of stromal fibres such as would
occur by diffusion from dead cells, The aggregation of iron-
laden phagocytes broadens the portal tracts and renders them
conspicuous but there is a striking absence of sequestration of
parenchyma by bands of fibrous tissue such as are characteristi-
cally found in a true cirrhosis. Pigmentation of the parenchyma
reaches its greatest intensity in Case 4 where it is so abundant
as to fill the cytoplasm with densely packed granules. In small
foci of hyperplastic iver cells (Case 4), the granules are Jess
densely aggregated and are seen to be orientated at the biliary
pole of the cells around the canaliculi (Plate XVIII, Fig. 3). The
cells limng the smaller bile ducts also contamn many fine hae-
mosiderin granules. In Case 4 the focal hyperplasia may be
attributable to an attack of homologous serum jaundice onc
year before death but the liver shows no other evidence of
damage by hepatitis. In this case the liver contained over 55 g:
of elemental iron, and it must be presumed that the iron would
be stored within the cells in combination, however loose, so that
the weight and volume of the stored material must add con-
siderably to the size and weight of the liver. Further, the dis-
tension of the cells by this relatively inert material alters the
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in small quantity except in Case 4, where notable accumula-
tions of iron are seen in the alveolar phagocytes and in phago-
cytes aggregated along blood vessels and in the stroma. Iron
impregnation of the elastic tissue and reticulum of the lung
parenchyma and blood vessels is absent.

Genito-urinary Tract. The kidngy contains little iron and that
mostly in phagocytes along the vascular leashes. In the renal
epithelium itself iron is scanty {Plate X1X, Fig. 8), except in the
ascending limb of Henle’s loop and the distant convoluted
tubule where the lining cells within a narrow zone may be quite
heavily laden, the degree of iron storage varying from nephron
to ncphmn In addition, some glomeruli contain small but
intense iron deposnts, perhaps the result of impaction in the
capillaries of iron-laden macrophag hed from the
reticulo-endothelial system clsewhere.

In the festis there is atrophy of the seminiferous tubules and
absence of spermatogenesis, iron-positive phagocytes are present
in small numbers around the capillaries and arterioles in the
tunica albuginea. The interstitial cells of Leydig are weakly
positive, and some cells contain fine granules of iron along with
the usual yellow-brown pigment.

Nervous System. The brain and brainstem are 1ron negative. In
the choroid plexuses iron is present in large amount in the covering
epithelium (Plate XIX, Fig. g) and small aggregates of iron-rich
phagocytes are present in the vascular stroma. In the pifurtary
gland 1ron 15 present in both lobes and in the pars intermedia.
In the antenor lobe wron in small amount is vndcly distnbuted
in the different types of epithelial cells and in the sinusoidal
bining cells. The distribution of pigment 1n the posterior lobe is
strikingly focal and may perhaps have resulted from local
haemorrhage.

The adrenal cortex shows tense siderosis in the glomerular
zone, most marked in the outermost cells, but extending into the
zona fasciculata, but the reticular zone is almost devoid of hae-
mosiderin (Plate X1X, Fig. 10). The medullary cells also con-
tain fine iron granules irregularly distributed. The haemosiderin
granules in the cortical cells are fine and closely packed, whereas
those in the macrophages derived from the reticulo-endothelial

z




336 D. F. CAPPELL

In the mesenteric lymph nodes, iron accumulation is less
abundant in the reticulo-endothelial cells and massive accumu-
lations are absent and this must be related to the distribution of
iron in the small intestine,

Spleen. In all five spleens, there are focal accumulations of
iron-laden macrophages in the red pulp, in the trabeculae and
in the capsule, sometimes of massive extent (Plate XVIII, Fig.
6). The venous sinusoids are outlined by the haemosiderin
granules in their endothelial cells but there is little or no iron
impregnation of the reticulum fibres or of the elastic tissue.
Collections of foamy cells are not seen in the spleen pulp m
contrast to their abundance in thalassaemia.

Bone. In Case 4 the bone matrix stains positively for iron in
some areas; and this reaction scems to depend on the presence
of abundant iron in the adjacent marrow. Then the medullary
trabeculae give a strongly positive prussian blue reaction which
outlines the cement lines and sharply brngs out the arrange-
ment of the bone lamellae (Plate XIX, Fig. 7). In the cortical
bone of the femur the reaction is less intense, being most distinct
in the bone immediately adjacent to the Haversian canals. The
varjed intensity of the staining suggests that iron has been in-
corporated in the matrix at periods when bone formation has
been active, and perhaps it is significant that iron staining of
bone matrix is present only i the patient 1n whom absorption
and new formation of hone had led to some degree of osteo-
sclerosis. The findings in the cellular marrow of the different cases
vary according to the nature of the dyscrasia which had ren-
dered maintenance by transfusion necessary, but excessive iron
storage is common to all. Only in Case 4 is fibrosis seen an.d
since osteosclerosis was present in this case the fibrosis also i
attributed to the primary disease and not to a secondary effect
of iron excess. In Case 4 a striking feature is the presence of
numerous foam cells in the marrow, not seen in the other cases.
The significance of these is uncertain but ther presence recalls
the similar finding 1n thalassaerma (Whipple and Bradford,

1936)-
9??:.2pimtory System. The mucous glands of the trachga flnd
main bronchi give a faint ron reaction. The fungs contain iron



SOME ASPECTS OF IRON METABOLISM 339

diabetes. The total amount of iron administered by the g4
transfusions is approximately 20 g. and to that can be added
3 g intravenously and an unknown quantity absorbed from the
gut. But the liver weighed 2,100 g. and contained 1°1 per cent
of iron, i.e. his liver alone contained as much iron as he had
received parenterally, and when we add to this the considerable
quantity of iron in his other organs it is clear that his tissues
contain 2 substantially greater quantity of iron than had been
administered in the form of blood.

TasLe 2. Three cases of generalized siderosis with refractory
anaemia and hypercellular marrow
All treated with iron, liver 2nd transfustons. Hepatic 1ron exceeds
transfused tron.

Case History P.M. findings Hepaticiron
1 & 60;anacmua 3 ycars, hepatic cirrhosis; 23g.
1on bymouthand p v no fibrosis
94 prnts blood
II 3 44, anaemia 10 years; hepatic cirrhosis; 32z
transfused <10 pints, pancreas: no fibrosis,
iron by mouth throughout ~ severe fibrosis of
Ainess spleen and lymph nodes
III @60, anacmia 15 months; hepatic currhosisy 29g.
hepatitss, jaundice; pancreas, no fibrosis
splenomegaly;
iron by mouth and parenterally;
4 pnts blood

Another case was that of a man of 44 with a refractory
anaemia of 10 years” duration who died of cardiac failure with
cirthosss of liver and ascites. He too had a markedly hypercellular
marrow, and generalized siderosis with iron storage 1n all the
usual sites, The liver shows intense siderosis and a severe multi-
lobular cirrhosis with regenerative nodules in which the liver
cells contain less iron but the Kupffer cells are filled. The
pancreas 1s laden with iron but not fibrosed. The lymph nodes
showed dense fibrosis with an enormous amount of iron in
macrophages and encrusting the elastic and reticular tissue and
the spleen was enlarged, fibrosed and had abundant iron. These
are unusual features and we have provisionally classified the
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cells of the capillaries both in the cortex and medulla are large,
coarse, and so densely aggregated as to obscure cellular detail.
As in the liver small foci of cortical hyperplasia show less pro-
nounced iron storage. In Case 4 amyloid substance is present in
the fine stroma of the cortex and medulla.

The thyroid gland shows well-marked siderosis of the cells
lining the vesicles, and also in the macrophages in the interstitial
tissue, but stainable iron is absent from the thyroid colloid
(Plate XIX, Fig. 11). Iron is more abundant in the epithelial
cells lining small vesicles poor in colloid or with thin colloid and
is least abundant in the cubical lining cells distended with firm
ribbed colloid.

Musele. The cardiac musculature (Plate XIX, Fig. 12) is much
more severely affected than the voluntary muscles and smooth
muscle was always devoid of iron. The pigment is aggregated
chiefly at the poles of the nuclei, but when the deposit is heavy,
the granules extend far along the fibres. The distribution of
jron seems quite irregular in limb muscles but in the heart
three zones can be recognized. Iron is most abundant in the
subepicardial muscle, the subendocardial zone comes next,
whereas the intermediate muscle contains much less than the
others.

Synovial membrane from the major joints is heavily pigmented,
but changes 1n the lining cells are absent.

Every one of these five cases of Group I was of aplastic
(aregenerative) anaemia with severe marrow hypoplasia.
Group 11, however, consists of three cases of “transfusional
siderosis’ with a very different picture (Table 2).

The first of these was one of refractory anaemia with Apper-
plastic bone marrow and over a period of about 3 years he
received 94 pints of blood by transfusion, He was also treated by
administration of 3 g. of saccharated oxide of rron intravenously
and had received repeated and prolonged courses of iron by
mouth. Not only has ke pronounced 1ron storage in his organs,
which follows the normal pattern, but there 1s also a wcl.l-
marked cirrhosis of the liver and a minor degree of pancreatic
fibrosis along with pronounced fatty infiliration. He had occa-
sional glycosuria but blood sugar curves failed to reveal a true
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diabetes. The total amount of iron administered by the 94
transfusions is approximatcly 20 g. and to that can be added
3 g intr y and an unk quantity absorbed from the
gut. But the hvcr weighed 2,100 g. and contained 1-1 per cent
of iron, i.e. his liver alone comamcd as much iren as he had
received parenterally, and when we add to this the considerable
quantity of iron in his other organs it is clear that his tissues
contain a substantially greater quantity of iron than had been
administered in the form of blood.

TasrE 2, Three cases of generalized siderosis with refractory
anaemua and hypercellular marrow
Al treated with iron, liver and transfusions, Hepatic iron exceeds
transfused iron.

Case Hustory P.M, findings Hepaticiron
1 4 60,anaemua 3y hepatic cirrthoss; 23¢.
mmbymouth and, parm!:raﬂy, pancreas; no fibresis
94 pints blood
I §44; amacmia 10 years; hepatic cirrhosis; 32¢g
transfused <10 pts; pancreas no fibrosis;
won by mouth. throughoul severe fibrosis of
Allness spleen and lymph nodes
III @ 60, anaemia 15 months; hepatic cirrhosis; 29g.
hepanus, Jaundice, pancreas: no fibrosis
splenomegaly,
1ron by mouth and parenterally;
4 pints blood

Another case was that of a man of 44 with a refractory
anaemia of 1o years’ duration who died of cardiac failure with
cirrhosis of hiver and ascites. He too had a markedly Aypercellular
marrow, and generalized siderosis with iron storage in all the
usual sites, The liver shows intense siderosis and a severe multi-
lobular cirrhosis with regenerative nodules 1in which the liver
cells contan less iron but the Kupffer cells are filled. The
Ppancreas is laden with iron but not fibrosed. The lymph nodes
showed dense fibrosis with an enormous amount of iron in
macrophages and encrusting the elastic and reticular tissue and
the spleen was enlarged, fibrosed and had abundant iron, These
are unusual features and we have provisionally classified the
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case as one of refractory anacmia with hepatic circhosis and
siderosis,

The third case in this group again exemplifies hepatic fibrosis
with siderosis of Jiver, pancreas and other organs in a casc of
refractory anaemia of about 2 years® duration treated by inten-
sive oral and parenteral iron therapy and only to a minimal
extent by transfusion, amounting in all to only 4 pints of blood.

These cases are not ples of classical b ) i
nor can they be clanified as transfusional siderosis. In all three
cases the amount of iron found in the organs far exceeds that
adwministered by transfusion, In cach casc the patient had been
treated intensively by the administration of iron by the mouth
and in two cases also parenteralfy. These cases resemble those
recorded by Goldish and Aufderheide (1953), by Wallersteie
and Robbins (1g953) and by Wyatt and others; and these
waorkers (with whom we agree) attributed the accumulation of
iron to the prolonged oral iron therapy for anacmia that was
refractory to trcatment,

From the published cases of so-called transfusional siderosis
we reached the conclusion some years ago that there were few
if any cases recorded in which true hepatic fibrosis was associated
with transfustonal siderosis witere the amount of iron stored in
the liver and other organs could fairly be attributed to the
transfused iron, In almost every case in which cirrhosis of liver
was recorded by the author the amount of iron cstimated in
the organs by chicmical analysis was greates than that adminis-
tered in the form of blood. The excess must have been absorbed
from the gut, and it is, o course, well known that the proportion
of iron absorbed is greatcer in anacmia and especially, according
to Bothwell and othiers (1958), when the bone marrow is hyper-
cellular, L.

Recently Oliver (1959) gave an account of 22 cases receiving

Ce emead o ity
qresence or absence of hepatic fibrosis. Thus Qliver’s aplaste
cases 8 and g cach received 217 pints, both showed siderosis
but only onc had mild cirrhosis; four cases receiving less than
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100 pints showed fibrosis ranging from slight to moderate
whereas the case with the largest intake, viz. 234 pints, showed
only moderate hep:mc fibrosis despite severe siderosis. It is
difficult to be certain about the state of the marrow in all the
cases recorded as showing cirrhosis and having on analysis
more iron in the tissues than the transfusions would account for,
but it is certainly the usual finding that these are cases with a
hypercellular marrow and only rarely if ever is the marrow
illustrated as acellular or aplastic.

The distribution of iron between the organs and tissues in
transfusional siderosis is far from uniform and we do not know
why in one case the liver will have 4 per cent of iron and the
pancreas 1 per cent whereas in another the liver will have 6 per
cent and the pancreas about o-5 per cent. The increased con-
centration does not depend merely on a reduced size of the
organ, nor is 1t a constant proportion of the iron administered,
the total Iiver iron being sometimes one-quarter, in other cases
almost one-half. A similar variability 1s seen in haemochroma-
tosis and other iron-storage dlsordcrs. anary hepatic carci-
noma is rather more freq; in is than in
ordinary portal cirrhosis but hepatic cancer in a case of trans-
fusmonal siderosis 15 unknown.

In transfusional siderosis there is a notable accumulation of
iron-contaimng phagocytes in the stroma of the portal tracts
broadening them to an extent sometimes mistaken for cirrhosis.
This intense accumulaton of macrophages with ingested iron
anses 1n part from continued migration of Kupffer cells but is
thought by some to be 1n part the result of disintegration of
iron-laden lver cells and thus to indicate liver damage; it is
also blamed for the fibrosis by reason of 1ts allegedly irritant
action. One cannot, however, overlook the fact that cases

peatedly transfused run a iderable risk of acquiring
homol d residual damage from which is

seru
certainly anothcr possxble cause of cirrhosis.

HaeMmocHROMATOSIS
Iron accumulation in the portal tracts occurs also in haemo-
chromatosis but 1t is of very vanable degree and some cases
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with abundant liver jron may show so little iron accumulation
in the portal tracts that it could not be responsible for the mas-
sive degrees of fibrosis observed. It is, I think, pertinent to point
out that the cause of the fibrosis of the liver in haemochromatosis
is not known. Muir and Shaw Dunn (1914-15) thought that the
cirrhosis of liver came first and caused some abnormality of iron
metabolism which led to the great accumulation of pigment,
and many have held that the two processes of cirrhosis and
pigmentation of the liver were concurrent but independent, .
Davis and Arrowsmith (1953) have shown that the deposits of
iron in haemochromatosis are not so firmly fixed in the organs
as had been believed and that repeated phlebotomy can
mobilize at least a substantial portion of the hepatic iron stores,
the iron being used in haemoglobin synthesis. Provided care is
taken to restore the plasma proteins, this has proved to be a
useful method of treatment, but some cases show signs of hypo-
chromic anacmia when the volume of blood removed is almost
certainly less than the equivalent of the iron deposited in the
liver, and it is likely that some of the iron becomes converted
into an insoluble and unavailable form. Haemochromatosis is
a disease that continues to interest physicians and pathologists
on account of the obscurity that surrounds it. It is an uncommon
but not exceedingly rare disease, and a problem that confronts
the pathologist is to know when to apply the diagnostic label.
During the past 50 years, 30 cases of fully developed haemo-
chromatosis have been necropsied in the Western Infirmary,
Glasgow, and in addition there have been 7 cases dying of other
causes in which the liver has shown iron pigmentation with or
without a degree of hepatic cirrhosis and with lesser degrees of
pigmentation in the pancreas and other organs. Some of these
cases were accepted by Muir as_formes frustes of the disease and
as evidence that hepatic and pancreatic cirrhosis preceded the
pigmentation. Excessive iron storage in the hver in other forms
of hepatic cirrhosis is not uncommon and the dividing line
between one group and another is by no means sharp. Some
emphasis has been laid by Mazur and Shorr (1948) on !_hc
occurrence of shock-like attacks in haemochromatosis which
were attributed to the release of a vasodilator substance thought
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to be ferritin. Amongst our 30 post-mortems there were 13
cases of sudden general abdominal pain of which g at necropsy
proved to be due to general peritomtis for which no local focus
of origin could be found in any of the usual sites such as
appendix, perforation of a peptic ulcer, etc. Indeed the source
of the bacterial peritonitis was not traced, and this tendency to
develop peritonitis is not so well known as it should be.
Haemochromatosis is a disease of middle and later age, the
»amount of iron stored is large, as much as 25 g. may be present
in the liver and probably as much again in the other organs, of
which the pancreas, stomach, heart, thyroid, adrenal, pituitary
and choroid plexus are most severely and consistently affected.
The marrow contains more iron than normally, but the spleen
has no excess. If we assume a normal iron content in the diet of
10-15 mg. per day, total retention would provide the necessary
additional iron in less than 10 years. Petersen and Ettinger
(1953) have shown by means of radio-iron studies that the
absorption of iron from the gut in haemochromatosis is increased
to about 20-40 per cent instead of 2-5 per cent as in normal
persons, but that very little of this iron appears in the circulating
red cells, and presumably most of it goes into storage. Why this
happens is obscure, because as we have seen, the stored iron can
be mobilized for haemoglobin synthesis when required. There
is no evidence that the stored iron has ever passed through the
bolic cycle of 1 lobin and as I have pointed out the
prefix haemo, which certainly implies a relation to haem pig-
ments, is in fact not justified, though no doubt it is too well
established to be easily discarded. If, however, haemochroma-
tosis were merely a matter of excessive absorption of iron, then
we might reasonably expect that its morbid anatomy would be
1dentical with that of other conditions attributed to excessive
absorption, e.g. siderosis in the Bantu and the siderosis resulting
from prolonged iron medication by mouth. This is, however,
not 50 and there are certain differences for which we cannot at
Ppresent account (see Tables 3 and 4).
When the late A, S. Strachan, also a lecturer in Glasgow
with Robert Muir, went to Johannesburg in 1923, he observed
that a condition of sid is closely bling b h i




342 D. F. CAPPELL

with abundant liver iron may show so little iron accumulation
in the portal tracts that it could not be responsible for the mas-
sive degrees of fibrosis observed. It is, I think, pertinent to point
out that the cause of the fibrosis of the liver in haemochromatosis
is not known. Muir and Shaw Dunn (1914-15) thought that the
cirrhosis of liver came first and caused some abnormality of iron
metabolism which led to the great accumulation of pigment,
and many have held that the two processes of cirrhosis and
pigmentation of the liver were concurrent but independent. .
Davis and Arrowsmith (1g53) have shown that the deposits of
iron in hacmochromatosis are not so firmly fixed in the organs
as had been believed and that repeated phlebotomy can
mobilize at least a substantial portion of the hepatic iron stores,
the iron being used in haemoglobin synthesis. Provided care is
taken to restore the plasma proteins, this has proved to be 2
useful method of treatment, but some cases show signs of hypo-
chromic anaemia when the volume of blood removed is almost
certainly less than the equivalent of the iron deposited in the
liver, and it is likely that some of the iron becomes converted
into an insoluble and unavailable form. Haemochromatosis is
a disease that continues to interest physicians and pathologists
on account of the obscurity that surrounds it. It is 2n uncommon
but not exceedingly rare disease, and a problem that confronts
the pathologist is to know when to apply the diagnostic label.
During the past 50 years, 30 cases of fully developed haemo-
chromatosis have been necropsied in the Western Infirmary,
Glasgow, and in addition there have been 7 cases dying of other
causes in which the liver has shown iron pigmentation with or
without a degree of hepatic cirrhosis and with lesser degrees of
pigmentation in the pancreas and other organs. Some of these
cases were accepted by Muir as formes frustes of the disease and
as evidence that hepatic and pancreatic cirrhosis preceded the
pigmentation. Excessive iron storage in the lver in other forms
of hepatic cirrhosis is not won and the dividing line
between one group and another is by no means sharp. Some
emphasis has been laid by Mazur and Shorr (1948) on the
occurrence of shock-like attacks in haemochromatosis which
were attributed to the release of a vasodilator substance thought
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Poate XVIH

Tt 1 Case { Mamma Epithedum containg fine sron
contaiung phagoty tes are numeraus 1n stroma (¥ 190)

nules and arons

Tie 2 Case 4 Stomach The specsalized secretory el m the depthe of the
fundus glands arc strongly positive for tron Tronestorng phagocytes m the lamina
propna {x63)

F16 3 Gareq Luer There isanterse widerosn, both of the Iner cells and Kupfler
cells and 1n phagocytes wathin the portal tract. No airrhows, but hyperplasa of
tnver cells is shown by the arca of lews intense sron starage ( ton)

T1t 4 Case 4 Pancreas General architecture preserved No fibrows Siderons
of both nlets and e<ocrine clements { £50)

16. 5 Case ¢ Portal lymph-node Very smtense 1fot storage but general archi-
tecture sull ducermible, no gross Abrosts (X 50)

Fic 6 Casc5 Spleen ‘The Malpighan bodies are shightly pigmented 1n con-
trast 1o the splenic pulp, i which 1ron storage 1 abundant (<65)

Prate XIX

Fio 7 Case 4 Femur Striking sron impregnation of the bune, outhning the
cement lines The marrow 1 aplastic with relatively ittle siderows i ths area
(x50}

F1c 8 Case 1 Kidney Granular iron in the epithehum of the dustal part of the
nephron only, the proximal loops are iron-frec (.« 60)

Tic g Case 5 Choroid plexus Intense stamung of the epithelum, commonly
forming a “cap’ to the cell (> 245)

T1c 10 Adrenal cortex Tron storage n parenchyma chicfly of zona glomerulosa,
and m capdlary endothelum (x 50)

F16 11 Thyrd gland The epithelium, especially of the small colloid-poor
vewcles, 1 rich m wron (X 50)

Fie 12 Case 5 Myocardium Abundant iron 1 prescat within the muscle
fibres (x 1g0)

Allsections stamed with potassium fereocyamde and hydrochloric acid, and then
with lissamine red
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was unexpectedly common amongst the Bantu population of
that area. Strachan was the first to study closely this condi-
tion and, following Mallory’s work (1925) on the relation of
chronic copper poisoning to haemochromatosis, Strachan was
inclined to attribute the remarkable iron deposits observed in
the Bantu to excessive intake of zinc, iron and other heavy
metals derived from the cooking and other food utensils of the
Bantu natives,

Tasce 3. Comparison of Fe content of organs

(percentage dry weight)
Bantu Transfusional
Normal Haemo- o geresis sideross
e

total Fe (Sheldon) (W ;::naswct;ghl) (Ca4pp;ealsl ;t al)
Liver 00501 365 2-80 31
Pancreas 0018 189 017 092
Spleen 014 063 95 27
Lymph node — 792 41 (wet wt.) 49
Ridney 004 0195 0-175 0229
Heart 0039 0517 0033 014
Stomach 0045 0226 002 (wet) 037
Duodenum 0057 0138 0 33 (wet) 0358
Total iron con-
tent of organs  5g 25-50 g 8-15g. 50 g.+

The descriptions of Bantu siderosis given by Strachan (1929),
by the Gillmans (1951}, by Higginson and his co-workers (1953)
and by Wainwright (1957) do not differ substantially on the
morbid anatomy and histology but the authors’ interpretation
and their explanation of the etiology differ profoundly. /%1)
agreed that, in addition to the maximum ssite of pigmentation in
the liver, the major sites of iron deposit are the spleen, marrow,
duodenum and jejunum, all of which are relatvely little p1g-
mented in haemachromatosts, whereas the pancreas, stomach
and choroid plexus, organs notably pigmented in true haemo-
chromatosis, are virtually devoid of iron excess. These differ-
ences cannot be disregarded and they are not attnbutable
merely to lesser degrees of iron storage, although, accor.ding to
Wainwright, the total amount of iron retamned in Bantu siderosis
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is much smaller than in haemochromatosis or in our cases of
transfusional siderosis, rarely exceeding 8 to 15 g. in his series.

‘Tasre 4 Comparison of sites of iron storage

Transfusional ~ Haemo-  Banta 5
Sderonis | chromatoms  sderosis LDAlasaemia
Liver +++ +++ o+ +4
Spleen ++ (+} ++4+ -
Marrow + +4 (+)
Pancreas ++ ++ - +
Lymph nodes 4 ++ + ++
Stomach ++ ++ - ++
Duodenum + + +++ (+)
eart + + ) +
Thyroid ++ ++ -+
Kidney (+) (+) (+) (+)
Chorod plexus ++ ++ - -

An important and possibly significant difference between
idiopathic haemochromatosis and Bantu siderosis is seen in the
amount of iron carried by the plasma globulin, siderophilin
{Table 5).

TasLE 5. Serum wron and siderophilin levels

Bantu Haemo-  Transfusional
Normal sderosis  chromatoss  siderosss
in ug /100 ml, range average range average range average range average

Serum iron - 120 150—0 360 180- 240  170- 234

80 320
TIBC. 250- 340 390- 590 160- 260 250- 280
380 830 340 380
% saturation 30 60 944+ 90+
In h h is the total iron-bindi pacity of the

plasma s not mcreased but the siderophilin 15 constantly about
9o per cent saturated instead of the normal 3o per cent, whereas
in Bantu sideros:s the total wron-binding capacity 1s substantially
elevated but the percentage saturation is only moderately in-
creased (Gerritsen and Walker, 1953). Recently Gillman and
others have confirmed this finding and have claimed that it
represents a metabohc disorder which may underhe and be
responsible for the increased uptake of iron from the diet found
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deficiency anaemia the plasma iron is low (Fig. 13). But we are
not able to say with certainty that a constant high level of
plasma iron means an increased rate of transfer of iron from
gut to storage depots. For le in h is the
high level of saturation of’ sxderophllm may only reflect a greater
difficulty in finding tissue receptors not already saturated and
still capable of accepting iron from the plasma. The significance
of the raised iron-binding capacity of the plasma in Bantu
siderosis is still uncertain, but it may be a factor of significance.

IRON STORAGE IN THE KIDNEY
Before leaving human pathology to speak of experimental work,
attention should be drawn to certain notable differences in the
circumstances in which the kidneys store a large amount of iron.,
In the conditions of siderosis already discussed, viz. transfu-
sional siderosis, haemochromatosis and Bantu siderosis, the kid-
neys contain relatively very httle iron despite the enormous
amounts stored elsewhere, and granular deposits seer are re-
stricted to the distal tubules. In striking contrast, in acquired
haemolytic anaema, in pamxysmal nocturnal haemoglobmurm
and all other forms of h ia, there is abundant and
widespread deposition of iron in the proximal convoluted
tubules. In the so-called haemolytic crises of congenital sphero-
cytosis, now recogmzed to be 1n reality episodes of failure of
marrow output, and in Addisoman anaemia in relapse a similar
deposit of iron occurs in the proximal tubules.

The findings in haemoglobinuric kidneys may be attributable
to glomerular filtration with tubular reabsorption and degrada~
tion of haemoglobin by the proximal lining cells, but 1n con-
genital spherocytosis there is never haemoglobinuria although
at times haemolysis, as judged by the persistent high reticulo-
cyte count, may be very severe. Nevertheless the state of the
kadneys so closely resembles the known results of haemoglobi-
nuria that we may reasonably suspect in those two diseases the
commued presence of a trace of haemoglobmaenua, for t}ns
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in Bantu siderosis. They have, moreover, observed that these
changes in siderophilin were present in otherwise healthy
Africans in whom liver biopsy disclosed uncomplicated siderosis.
There is, however, no evidence that the amount of siderophilin

soo

TiBC

Serumtron

Normaf tron Haemo- Transfusional  Banty
Deficiency chromatosis Siderosis Siderosis
Angemia

Fie. 13

Serum Iron levels and total iron-binding capacrty.

or its degree of non-saweration influences the capacity to absorb
iron from the gut, and Brown, Dubach and Moore (1958) state
unequivocally that saturation of the plasma siderophilin does
not reduce absorption of ®Fe. There is no evidence that the
amount of iron in the plasma 1s closely correlated with the rate
at which wron enters the plasma from the gut or depots and
leaves it in the marrow or storage depots. Normally a sudden
increase of alimentary iron is followed by a rise in plasma iron
levels as is scen 1n the estimation of plasma iron curves, and the
excess 15 removed from the plasma withmn a few hours. In iron-
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the plasma and then enters into the parenchymatous cells of
various organs. The hiver is especially active, though the supra-
renals and alkso the kidneys take part in a small way, but with
moderate doses the pancreas and stomach are not affected. With
a colloidal non-diffusible substance like saccharated oxide of
1ron the lymph-nodes and the histiocytes of the general connec-
tive tissues are at first unaffected because the colloidal iron is
separated from them by the endothelial barrier. But mn the
redistribution of iron that follows, iron certainly passes into the
tissue fluid and lymph so that the reticulo-endothelial cells of
lymph nodes and the histiocytes then contain stainable iron.
No doubt this soluble form of iron is conveyed in the iron-
hinding g-globulin siderophilin and, since all tissue fluid con-
tains at least a trace of protein, perhaps this is the mode of
conveyance of iron to the tissue cells. It is, however, not yet
known with certainty how the siderophilin comes to part with
its iron to the storage cells, whether it merely dissociates and
hands on 1omic 1ron to receptors in the cells or whether the
siderophilin is itself metabolized in the process, but the latter
view has some powerful quantitative arguments against it
(Laurell and Nyman, 1957) Despite the marked redistribution
of iron throughout the body, I entrely failed to produce any
lesions resembling haemochromatosis and this has since been
confirmed by the more extensive work of Nissim (1953) and of
Golberg and others (1957).

I therefore luded that this sub was lkely to be
useful in the treatment of hypock c by intr
mjection, but 1 quite failed to convince my climeal colleagues
who at that time believed implicitly 1n massive dosage of iron
by the mouth, Later, when it was found that oral iron was not
without its therapeutic failures and climcal drawbacks, the

however, the disadvantage of requiring the intravenous route
and thus were not so popular 1n general practice as a prepara-
tion switable for intramuscular use would be. Later the iron-
dextran compounds made theirr appearance and have been
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the tubules would occur and thus the appearance of haemo-
globinuria would be prevented. Fairley’s (1941} observation of
methaemalbumin in the plasma in Addisonian anaemia sup-
ports this suggestion and the virtual absence of plasma hapto-
globins there may well be the result of long-continued depletion
by minimal chronic haemoglobi ia. In pernicious anaemia
the renal threshold for haemoglobin is lowered just as it Is fol-
lowing repeated injections of haemoglobin: this was formerly
attributed to saturation of the proximal tubule cells but today
chronic haptoglobin depletion, permitting free haemoglobin to
reach the glomerular filtrate, would be a more likely explana-
tion. It is of course known from experiments with tagged red
cells that the erythrocytes in pernicious anaemia are short-
lived, and that more rapid haemolysis plays a part in the genesis
of the anaemia. But patients with aplastic anaemia often receive
by transfusion blood in which some of the cells at least are
equally short-lived. Yet so long as incompatibility has been
avoided the picture of iron storage in the kidneys is quite
different from that in haemolytic anaemia and in Addisonian
anaemia in relapse. We may speculate that the intimate
mechanism of red cell destruction in pernicious anacmia may
be different from the normal and indeed the abundance of
haemophagocytosis in the marrow and other organs supports
this hypothes:s.

EXPERIMENTAL ADMINISTRATION OF IRON
Saccharated oxide of iron has been widely used in therapy and
during the past ten years has been employed by the intravenous
route for the treatment of iron-deficiency anaemia. The ration-
ale of this practice is to be found in the experiments conducted
30 years ago on the reactiops of the tissues to this substance. [
first showed that it could safely be given intravenously, that it
was initially deposited in certain cells of the reticulo-endothelial
system in granular form, but that almoest at once two changes
appear: {a) the heavily laden reticulo-endothehal cells begin to
feave their normal situation and migrate into the blood :{nd
towards the lymphatics, and (5) there begins a slow conversion
of the msoluble iron to a soluble form which is redistributed in
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stainable iron could be found in the marrow and the therapeutic
response was good (Table 7). By the same technique, however,
we have shown that after the deficiency in haemoglobin has
been overcome and the haemoglobin level has returned to
normal, stainable iron may fail to appear in the marrow when
administration is purely oral, and it would seem that although

Taste 7. Representative examples of cases with no stainable iron

1n marrow
s Age Hb g 9% Ca Iron therapy
e Age g use Duration Result Hb g %

M 33 5 Haematemesis 3 weeks 109

¥ 41 64  Microcytic anaerma 3 weeks 101
MCHC 259

F 54 48  Microcytic anaemia 13 weeks 137

M 49 95  Microcytic anaemia 5 weeks 145
Koilonychia

M 33 56 Haematemess 5 weeks 94

F 57 66 Microcytic anaema 6 weeks 145
MCHC 269

enough iron may be absorbed from the gut to repair the haemo-
globin deficit, the replenishment of the iron stores may be a
much slower process and indeed it may virtually fall (Hutchi-
son, Lowther and Alexander, 1g54) so that the adult patient
recovered from iron deficiency after haemorrhage may remain
in an iron-depleted state for a long peniod. Accordingly there
is good reason to ensure the replenishment of the iron stores in
such persons by the parenteral administration of iron in one
form or another, but this need not be continued beyond the
pomnt where a small deposit 1n the iron stores has been attained
{Hutchison et al., 1954).

In the experimental animal the margin between doses equiva-
lent to the maxumum therapeutic dose 1n man and the maxamum
tolerated dose s very wide. Golberg and others (1957, 1958) have
pushed dosage of therapeutic 1ron preparations to extremes and
have shown that in the rat certamn changes develop, especially
with iron-dextrans, resembling the effects of vitamin E depriva-
tion. In a later series of experiments Golberg and Smith (1g59)
have shown that severe iron overload of the rat liver induces an
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widely used both for experimental and for therapeutic purposes
(Cappell et al., 1954). These are rapidly absorbed from the site
of injection along the lymphatics and are quickly used in the
building of new haemoglobin. Even in the Iargest doses at a
therapeutic level they appear to be virtually harmless, at least
so far as the production of lesions resembling haemochroma-
tosis is concerned.

TasLe 6. R ive cases with ab iron
in matrow
Sex Age Hb, g% Cause Iron therapy

F 69 13 uncertain 900 mg i.v.
no mmprovement

M 58 82  chronic oraland i.v. iron
nephritis no improvement

M 60 63 refractory oral and i.v. iron
macrocytic  no improvement
anaemia

Nevertheless, because of doubts about the possible fibrogenic
action of iron absorbed from the gut or administered parenter-
ally, it became highly desirable, as soon as an iron preparation
suitable for intramuscular use was available, to try to ensure that
patients would not be given large quantities of iron parenterally
unless they were in need of therapeutic iron. Accordingly we
tried to find some criterion to assess the patient’s real need for
iron, more accurately than merely by the recognition of hypo-
chromic anaemia. A careful correlation of the therapeutic
response to iron with the presence or absence of histologically
demonstrable iron in the imtial marrow aspirates (Hutchison,
1953) led to the conclusion that the administration of iron by
any route was unnecessary 1f the bone marrow were shown to
contain any considerable quantity of iron histolegically demon-
strable by the prussian blue method. In Addisonian anaemia,
in haemolytic and hypoplastic anaemias, the marrow was al-
most variably found to contain abundant iron and the
therapeutic response to iron was minimal {Table 6), whereas in
the hypochromic anaemia of iron deficiency not a granule of
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sequence of hepatic fibrosis and its degree would depend on
secondary factors such as the composition of the diet.

W Aunestary Assorerion oF IRON

Since McCance and Widdowson (1937) showed that there is
but little real excretion of iron once incorporated into the
tissues, it is clear that there must normally be an effective
control to prevent excessive absorption from the average diet
containing about 15 mg. of iron as compared with a daily Joss of
about }-1} mg. in men (Moore and Dubach, 1956) and some-
what more in women in the reproductive period. Absorption of
food iron is of course of fundamental importance because it is
the source of all the iron normally absorbed and also of the
abnormal deposits found in some of the conditions I have
described, Absorption of about 10 per cent of the food iron takes
place in the stomach and duodenum, the iron being in the
ferrous state, but absorption is considerably improved, up to
about 20 per cent, by the simultaneous administration of large
doses of ascorhic acid which is presumed to act by maintaining
the iron in the essential reduced state, For a time it was be-
lieved that the iron of haemoglobin compounds was not ab-
sqrbed because they were not sufficiently broken down dunng
digestion. Black and Powell (1942) and Callander and others
(1957) have, however, shown conclusively that the iron of
haemoglobin is absorbed to about the same amount as the
average of the dietary iron, i.e. 10 per cent in normals and 2o per
cent in iron-defici bj Indeed job and others
(1948) claimed that the addition of beef to a standard diet
almost doubled the absorption of iron therefrom; whereas
Josephs (1958) has stated that even spinach, a vegetable
gspccially rich in iron, may reduce the absorption of alimentary
iron by reason of a chelating action in the gut. On the other
hand ferric sodwm versenate has been found to be absorbed as
well as ferrous sulphate in patients with hypochromic anacmia
(Will and Vilter, 1954).

The mechanism of the increased uptake of iron in anaemic
states is uncertain. It is well attested in anaemia from acute
blaod loss, when it appears only some days after the bleeding,

2a
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enhanced susceptibility to the harmful effects of various dietary
imbalances. Deprivation of protein and of vitamin E and the
addition of ethionine to the diet of rats all brought about
striking pathelogical changes with more rapid deposit of paren-
chymal iron and accelerated migration of Kupffer cells to the
portal tracts; portal fibrosis rapidly developed.

In contrast to transfusional siderosis ceroid pigments ap-
peared in the organs in Jarge amount and were widely distri-
buted. Hepatic cirrhosis, often of severe degree, developed under
such conditions especially if two adverse factors were combined,
Golberg and Smith conclude that the liver overloaded with
excessive quantities of iron exhibits a diminished resistance to
the action of toxic ageuts and deficient diets, and they have
shown that heavy iron storage is accompanied in rats and mice
by quantitative alterations in certain hepatic enzyme systems.
These careful experimental observations seem to me to offer the
hope of analysing ultimately the relationship of iron storage
and hepatic damage in man, especially in the Bantu. In refation
to transfusional siderosis one can only speculate whether the
simultaneous administration of much plasma protein may be a
good thing for the patient rather than the administration of
packed red cells, and clearly it would be wise in all such cases
not to give iron by the mouth and to pay special attention to the
diet, although the importance of tocopherols in human nutrition
is less clearly defined. In the naturally occurring human
sideroses Golberg and Smith consider that abnormal and
excessive iron-binding in the liver may be the initial step,
arising from disordered metabolism of the liver cells and they
suggest that excessive formation of a hypothetical iron-binding

material may be concerned. A sumlar view has been expressed
R PR . © AL Dol e ety
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to continuing malnutrition in adult hte. Perhaps both views
contain some truth and the recent experimental work seems to
bear this out, as Golberg and Smith suggest. In their view. the
increased uptake of wron from the ntestine could .be a dircct
consequence of the increased fixation of iron in the liver and the
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mucosal cells and transported in the plasma to the sites of
utilization or storage. The mucosal block theory of the control
of iron absorption has, however, been criticized as unphysio-
logical and Brown, Dubach and Moore (1958) emphasize that
the conditions required for the demonstration of an effective
mucosal block are highly artificial and operate only when much
larger quantities of iron are present in the gut than are likely
to occur in any normal food intake. It seems clearly proven that
neither the total amount of siderophilin nor the degree of
saturation of the iron-binding capacity influence directly the
uptake of iron from the gut, and we see in haemochromatosis a
normal or low level of siderophilin, almost fully saturated,
associated with increased uptake and increased daily turnover
of iron from a normal daily intake in the food, whereas in Bantu
siderosis we see a very high siderophilin level only one-third
saturated despite a dietary intake of as much as 200 mg. per day.
‘The problem of the control of iron absorption is far from solved
and much remains to be discovered. There are still plenty of
research problems awaiting solution.

Concrusion

In this brief review of some of the unsolved problems that con-
front the pathologist I have been able to touch on only a
limited number of aspects but I hope that I have perhaps
indicated that the contribution of morbid anatomy to the
advancement of knowledge is not yet finished. In recent years
biochemistry has made enormous strides and has made clear
many obscunties in climcal and pathological problems. The
next stage will, I hope, be to transfer to intact cells the facts
recently elucidated on the structure and function of its indi-
vidual parts, for example, by the use of cell homogenates. Let
us look forward then to the day when histochemistry will
enable us to ine precisely the p gowng on 1n the cell
organelles and by more detailed analysis to detect the reasons
underlying the differences I have pointed out.




354 D. F, CAPPELL

and has therefore been attributed to depletion of the iran stores
(Hahn et al., 1943) rather than to the anoxia. Yet in Addisonian
anaemia with abundant iron stores Dubach and others (1948)
found that iron was well absorbed but was not incorporated into
haemoglobin as quickly as usnal,

Bothwell, Pirzio-Biroli and others (1958) have stated that
normally the amount of iron absorbed is inversely proportional
to the amount of iron already stored and directly proportional
to the activity of haemopoiesis, and Gillman and others {1958)
have claimed that periodic anoxia from reduced atmospheric
pressure Jeads to 2 noteworthy increase in iron uptake.

When red cell formation is artificially stimulated by almost
any means, e.g. by bleeding, by haemolytic agents or even by
administration of cobaltous chloride, the plasma acquires the
property of stimulating erythropoiesis in normal animals. This
is attributed to an extractable substance, erythropoietin, but it
does not appear to have been determined as yet whether ery-
thropoietin directly influences the alimentary uptake of fron.

In normal circumstances, however, there must be some
mechanism to regulate the amount of iron absorbed. We have
seen that the greatly increased iron content of the organs in
haemochromatosis could be attained in abeut 10 years if as
little as 10 mg. per day were absorbed and retained, and this
quantity is well within the capacity of the diet to provide.
Indeed in haemochromatosis we must accept, without being
able to explamn, the daily absorption of the increased amount
from a diet presumahly normal in iron content and we fall back
on the explanation of an inborn error of metabolism. But
normally man must have some mechanism to prevent this from
happening and the nature of this is still cbscure.

Hahn and others (1939, 1943) elaborated McCance and
Widdowson’s suggestion of intestinal mucosal control, and later
Granick (1948, 1955) expanded this snto his well-known muco-
sal block theory. In this it is postulated that the imnsnfxal
mucosa elaborates an intracellular receptor, apoferritin, Wh}d‘
is quickly saturated by orally admj ed iron by ¢
1o ferritin so that no further uptake of 1ron from the lumen takes
place until some of the iron had been removed from the
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Before the year 1957 a few cases had been reported, in whom
the association of nephrocalcinosis, urinary calculi and oxaluria
had occurred, and it is probable that the first was described by
Lepoutre (1925), and again by Laas (194r1), though these
descriptions only record the renal findings. Further cases were
reported by Wohl (1942), Vischer (1947), Vaughan, Sosman
and Kinney (1947}, Davis, Klinberg and Stowell (1g50), Ostry
(1951), Mulloy and Knutti {1951), Zollinger and Rosenmund
(1952) and Chou and Donohue (1g52). The identity of some of
these cases may be in doubt for it was not until 1953 that Newns
and Black (1953) demonstrated the association by chemical
measurement of high urinary oxalate with calcium oxalate
nephrocalcinosis in life, and in 1954 that Aponte and Fetter
reported twins, who died with oxalosis and in which hyper-
oxaluria had been previously demonstrated. Post-mortem
reports of examples of oxalosis have been reported since that
time by Burke, Baggenstoss, Owen, Power and Lohr (1g55), by
Neustein, Stevenson and Krainer (1955), by Dunn (1g955), by
Lund and Reske-Nielsen (1956) and by Edwards (1957). There
is no evidence available in these reports, however, of any known
association with previous hyperoxaluria, though it seems ghly
probable that it was present.

In 1957, Archer, Dormer, Scowen and Watts (1957a)
described two cases of hyperoxaluria with urinary calculi and
nephrocalcinosis in which repeated observations over more than
two years had shown a constant and excessive excretion of
osxalate Further observations on these patients were published
in 1958a. Both these patients maintained a high excretion until
therr death and at post-mortem showed the typical features of
generahzed oxalosis (Scowen, Stansfeld and Watts, 1g5g).

Myers (1957) reported two families of familial oxaluria. One
of these was the famuly reported by Newns and Black carlier.
The second family we were allowed to investigate further. The
twin girls and their brother, all of whom had renal calcub,
showed a normal output of oxalate and therefore cannot be
examples of hyperoxaluria.

Osgaard and Soderhjelm (1957) reported a family of six
children of whom three of the boys and one gl had developed
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Hyperoxaluria
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may occur in several conditions. The increase, however,

is relatively small except in one condition, which has
been variously called primary oxaluria (Archer, Dormer,
Scowen and Watts, 1957a), idiopathic oxalate nephrocalcinosis
(Aponte and Fetter, 1954), endogen bedingte calcium-oxalat-
niere (Wohl, 1942). Primary hyperoxaluria is preferable, since
it refers to the constant essential feature of the disease, a con-
tinuous high excretion of oxalate in the urine, which is present
from birth and may give rise to several clinical and morbid
anatomical appearances. It, also, serves to differentiate the
abnormal excretion of oxalate, which can occur in other con-
ditions, especially the transient rises produced by excessive in-
gestion of oxalate or its precursors, which may be termed
secondary hyperoxaluria.

The normal range of urinary oxalate excretion varies between
20-40 mgm. per 24 hours (Archer, Dormer, Scowen and Watts,
1957b). In primary hyperoxaluria the increase is persistent. It
fluctuates from day to day but exceeds 100 mgm, per 24 hours.
In secondary hyperoxaluria the increase is constderably less than
in the primary condition and when secondary to exogenous
dietetic causes is ephemeral,

The term oxalosis should be used to designate a generalized
deposition of oxalate in the body and though 1t occurs 1n many
instances of primary hyperoxaluna, perhaps even as a terminal
entity, it may well be that this morbid anatomical appearance
can occur in other conditions,

THE excretion of excessive amounts of oxalate in the urine
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Hall). There can no longer be any doubt that the disease is an
inherited abnormality.

From the earlier case reports there appeared to be an exces-
sive proportion of males, but the increase in the numbers now
available for study has altered this picture, and there is now no
sigmficant difference between male and female incidence.

not cause any signs or symptoms directly, but clinical manifesta-
tions become apparent once calculus formation has occurred
{Plate XX, Fig. 1).1

Urinary calculi occur early and are usually present within
one to four years of age. Later incidence can, however, occur
and has been reported occurring as late as g1 years of age,
though first calculus had occurred at the age of 8 years (Hodg-
kinson, 1958). Once calculus formation has occurred the clinical
course appears relentless, though liable to considerable varia-
tion in the rate of progression. In defiance of treatment, either
surgical or preventive, the quiescent intervals are punctuated
more and more frequently by episodes of colic or haematuria
from recurrent calculi and complicated by frequent or infre-
quent attacks of urmary infection. Nephrocalcinosis supervenes
sooner or later and renal function fails. Some survive through
years of chrome failure with polyuria and chronic disability.
Others succumb with rapidly advancing uraemia, the final
episode mimicking the acute onset in babies. A few survive much
longer to be the victims of advancing hypertension, papill-
oedema, renal and often heart faiture.

The outlook with calculus formation 1n infancy 15 gloomy
indeed, though some survive for twenty years or more. This
course, unfortunately, appears to be the most usual behaviour
of the disease. The later incidence of calculus formation in
adolescence is not at present explained, for the oxalate excretion
does not seem to be materially different from the other group,
nor does the prognosis. Calculus formation has undoubtedly
occurred in later life with a continuous and high oxalate output.

* The plates referred to 1n this lecture will be found between pages 376-7.
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nephrocalcinosis. Three had died of renal failure and ore,
though still alive, had evidence of gross renal impairment. The
post-mortem showed gross oxalate deposits in the kidneys and
in one instance oxalate deposits in the thyroid. It is unfortunate
that the rest of the organs were not examined and no estima-
tions of urinary oxalate reported, but it scems extremely prob-
able that they represent true examples of the condition and the
high familial incidence is of great interest.

Further accounts of post-mortem oxalosis have been added by
Hollést (1957}, Neiman, Rauber, Pierson and Gentin (1957},
Simké (1957), Katsuni and Sandbank (1g5g), and Scowen,
Stansfeld and Watts (1959).

Tre Crovcar MANIPESTATION OF PRivtary HYPEROXALURIA
The rarity of the disease has previously prevented the establish-
ment of a precise clinical picture. In 1957 we were able to find
32 cases reported, including two which had been extensively
investigated by us (Archer, Dormer, Scowen and Watts, 19582).
Most of the reports were purely of morbid anatomy and the
clinical information was scanty or lacking. In most of them
evidence of the aetiology was not forthcoming, although the
post-mortem findings were strongly suggestive of the diagnosis.
The available data did allow a reasonable probability that ten
of these represented true examples of primary hyperoxaluria
but only five of these had been proven by demonstrating the
presence during hife of persistently high oxalate excretion in the
urine.

The incidence of another suggestive example though un-
proven in a sibling 1n the case reported by Newns and Black
(1953), the occurrence 1n twins reported by Aponte and
TFetter (1954) and another sibling 1n this family dying from a
similar condition, strongly suggested a familial character to the
disease. !

Archer, Dormer, Scowen and Watts (1g58b) reported genetic
studies in three families. This study has now been extended to
cight families, in whom we have been able to study ﬁftfen
examples of this condition, five of which occurred in one family,
eleven children having survived infancy (Scowen, Watts and
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when present are seen only in the kidney. The kidney may
appear smaller than usual, there may be calculus, but more
frequently a diffuse deposition of crystalline material, which on
analysis proves to be calcium oxalate monohydrate.

Histologically the changes are widespread and consist of
diffuse depositions of similar calcinm oxalate deposits in many

organs, without evidence of reaction. The deposits are most
intensive in the kidney and in this acute and infantile form
appear largely on the tubules, which are dilated, with flattened
epithelial lining.

Crystalline deposits are found ively elsewhere, particu-
larly in the myocardium, in the bone and in cartilage. They
may also occur in the bran, in thymus, in lung and in the
thyroid gland. In the male deposits may be found in the testis.
Some deposit may, also, occur in the walls of arteries, though this
occurs more floridly, later in life. The easiest method of detecting
these crystals 15 by the use of the polarizing microscope, as they
exhibit 2 marked birefringence. The crystals do not stain with
haematoxylin, but show an intense black colour with the von
Kossa technique (Carsom, 1951; Chou and Donohue, 1952;
Burke ¢t al., 1955; Dunn, 1955; Hollési, 1957).

‘When death occurs either later in hife from the disease or
when renal complications have been present for some years
before death the appearances may be modified.

In some circumstances the results of hypertension and arterial
degeneration may be gross and death may have occurred from
pulmonary oedema. In others this 15 lacking, but there may be
evidence of renal osteodystrophy and parathyroid hyperplasia.
These changes do not hide the essential pathology, indeed it
may enhance them, but it must be emphasized that the oxalate
deposits other than in the kidney may not be observable to the
naked eye.

From examination of the reported literature and our own
pathological matenal, it 1s obvious that the main pathological
lesions are always found in the kidney. The kidneys are reduced
in size and often intensely scarred. The capsule is adherent and
thickened. On section a gritty feeling is apparent, The cortex
and medulla both show reduction 1n size. The cortex shows
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The instances are few, the ultimate prognosis at present un-
known and the identity with primary hyperoxaluria un-
determined.

From the familial studies (Scowen, Watts and Hall, 1g59) it
has become apparent that siblings may show a high oxalate
output, equal to affected members, and yet show no clinical o
radiological abnormality. The oldest of such is at present only
in the early teens. Whether or not the hyperoxaluria can con-
tinue indefinitely without further manifestations remains to be
seen,

There remains one other group: the baby who presents at
but a few months of age acutely ill with convulsions and vomit-
ing, severe acidosis, often oligunia with progressive renal fatlure
and death in a few days to a few weeks. At post-mortem the
classical findings of oxalosis are demonstrable, with extensive
calcium oxalate nephrocalcinosis, It would seem probable, if
these children are primarily ltyperoxaluric, that initial dehydra-
tion and sodium depletion might well impair their capacity to
excrete oxalate, The mobilization of calcium and hypercalcuria
would result in gross and rapid renal obstruction with insoluble
oxalate. A vicious circle thus established would produce severe
progressive renal failure with oxalate retention.

It is unfortunate that no reports of these cases give any
information about the urinary oxalate content during life, for
the pathological features strongly suggest its identity with
primary hyperoxaluria. Proof 15 still awaited. The common
clinical features can be confused with the many conditions,
which produce nephrohthiasis and nephrocalcinosis. The only
way in which the diagnosis can be firmly established is the
demonstration of the gross hyperoxaluna by quantitative
analysis.

THE PATHOLOGICAL APPEARANCES OF OXALURIA
The morbid anatomical features not unexpectedly differ with
the age of death and presumably with the duration of the disease
and the resulting changes secondary to prolonged renal damage.
In young children and 1 some young adults who have died
accidentally the gross marked anatomucal changes are few, and
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The testis shows crystals scattered throughout the seminifer-
ous tubules, but much larger aggregates are seen in the ducts of
the rete testis (Plate XX VI, Fig. 10). These aggregates are often
mingled with fibroblasts and are sometimes overgrown with
epithelium. The bony deposits seem very variable, there are
sometimes small deposits only, chiefly on the surface of can-
cellous bone trabeculae (Plate XX V1, Fig. 11), but at times the
deposits may be much more extensive, in particular in the bone
and cartilage at the growing epiphyseal plates. Small deposits
may oceur in many other organs, but when present appear
insignificant with the major deposits elsewhere. The X-ray
diffraction of the crystalline deposits has been compared with
an authentic specimen of calcium oxalate monohydrate and
shows identical features (Plate XXVII, Fig. 12) (Scowen et al.,
1950)-

It is of interest that the cerebrospinal fluid may show a gross
increase in the oxalate content, It is the only condition known
at present in which this occurs (Scowen et al., 1959). There may
also be a high oxalate content in effusions in serous cavities at
post-mortem.

The available evidence suggests that this florid deposition of
oxalate occurs rapidly and may be associated with the terminal
renal blockage, for in one case tissue removed from the kidney
6 years before death showed no oxalate crystals although
recurrent calculi had occurred over 20 years. Six years later at
post-mortem after a short terminal iliness the classical changes
of oxalesis were d rated (Scowen, Stansfeld and Watts,
1059). In addition the old scarred areas of the hidney were the
only areas free from oxalate deposits. Finally in the acute
Juvenile forms of oxaluria, the intense deposition of oxalate in
the kidney shows no evidence of chrome renal destruction and
presumably occurs as an acute episode and it seems probable
that the diffuse dep: Isewhere must, also, develop acutely.

_The peculiar microscopic lesions in the skeletal muscles show
histologically as a focal granular degeneration of muscle fibres,

panied by infl y The nature of this
change remains obscure, and further investigation of this change
and other muscular changes is required.
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smalt whitish flecks and radiating streaks of crystalline material
are seen in the medullary pyramids. There are frequently
multiple calculi of all sizes present and these may extend from
the pelvis into the ureter. Obstruction may bave led to difa-
tation of the pelvis or ureter, though this seems to be unustal.
No other gross marked change is usually seen of the oxaluria,
though many secondary changes may be observable, if com-
plications have ensued. Attention, however, has been drawn to
the voluntary muscles (Scowen, Stansfeld and Watts, 1g59), for
some of these, especially the quadsatus Jumborum, have shows
a curious cross-banding of the muscle fasiculi with regular pale
streaks at regufar intervals a few millimetres apart,

Histologically the lesions are much more widespread and
consist as in the juvenile cases of widespread deposition of
crystalline material. The crystals may be aggregated as a
Tosette with radial striation or fissuring, but may be in wedge
shapes, or as blunt needles in small sheaves or singly. The de-
position in the kidney is largely tubular, it occurs in both
proximal and distal tubules, though chiefly proximal. Large
aggregates are found in the ducts of Bellini near the tips of the
pyramids, Occasional clusters are found in glomeruli and in
scarred areas crystals lic interstitially. These were presumably
originally intratubular (Plates XXI, XXII, Figs. 2 and 3}
There may be, also, the changes resulting from previous recur-
rent pyelonephritis and hypertension. Crystals are found exten-
sively in the myocardium (Plate XXI1I, Figs. 4 and 5). Some
of the larger aggregates appear interstitial, but the smaller areas
Iie over separate fibres and may be intraceltular.

There is extensive deposition in the arterial system, with 2
marked predilection for vessels having a well-developed muscu-
lar media. Apart from occasional and isolated crystals httle
deposit occurs in vessels, the media of which is largely clastic
tissue (Plate XXIV, Fig. 6). The large muscular vcsself show a
ring of crystals in the deeper layers of the tunica media (Plate
XXV, Figs. 7 and §). The smaller vessels show 1solated deposits
and do not form the ning seen in the larger vessels (Plate XXVI,
Fig. g). This artertolar change occurs diffusely throughout the

bodv.
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7 years. A study of the clinical records and history make it
highly probable that this was an example of primary hyper-
oxaluria. One other sib is alive and well at 13 years of age and
skiagrams do not show any renal opacities, yet the oxalate
excretion is of the same order as the grossly affected members of
the family. Investigation of the family (Fig. 14) has not revealed
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OBbsERvATIONS ON THE GENETIC Basts oF Pritary
HyPEROXALURIA

Although previous authors had used such terms as familial idio-
pathic oxalate nephrocalcinosis (Aponte and Fetter, 1g54) and
familial oxaluria (Myers, 1957} to describe the condition now
called primary oxaluria, no family studies had been undertaken.
The evidence for the familial character depended on the inci-
dence in twins on one occasion with the possibility of one other
sibling involvement, The additional family reported by Myers
has already received comment and does not belong to this group.

Gram (1932) published an extensive pedigree of a familial
incidence of oxalate calculi. No oxalate determinations were
reported and the clinical course as far as it can be judged does
not suggest that the cause was a primary hyperoxaluda. A
previously uareported family which was grouped with the case
of Newns and Black (1953) by Myers has been investigated by
us. The three affected sibs, their brother, both parents and a
maternal uncle showed no abnormality in oxalate excretim:.

and Black haa repor[cu TWO aneuted s1us, LuL il CLC vy e
the urinary oxalate measured and found to be high.

It was not until 1958 that Archer, Dormer, Scowen and
Watts (1958b) reported a full family study of three families. In
two of these only one member was affected by the disease and
no abnormally high level of urinary oxalate was discovez"cd
among the sibs, parents, first cousins, uncles, aunts and nine
distant relatives. In the turd family (Fig. 13} a history strongly
suggestive of primary hyperoxaluria was obtaned in the case of
one sib of the propositus, otherwise the findings did not differ
from the other two families. There was no history of consan-
guinity in any of the three famlies.

Since that time we have had the opportunity to study ﬁvc
moare families (Scowen, Watts and Hall). One of these prov!da
abundant and clear-cut proof of the affection of multiple sibs;
{or of ten sibs of the propositus, two are alive, but havc'xcn‘al
caleuli and both show persistent and high oxalate excretion i
the urine. One died with bilateral renal caleuli at the age of
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any affected members and there is no suggestion of parental
consanguinity, One other family is of great interest for the
parents are first cousins. In this family one sib out of four is
affected (Fig. 15).

The remaining three famihes gave similar pictures to the first
three investigated. In one two sibs are affected. There are no
unaffected sibs. The rest of the family show no abnormality and
there is no p 1 inity. The remaining two families
show only the propositus affected.

The evidence for the occurrence of primary hyperoxaluria
among sibs is conclusive. The presence of consanguinity in the
parents of one case in a small series is a highly suggestive feature.
‘These facts together strongly suggest that the disease is produced
by the operation of a rare recessive character.

All the previous information available would fit with this
contention, except for the brief report of a family by Shephard,
Krebs and Lee (1958). In this family the mother and maternal
grandfather of the propositus, neither of whom shows clinical
evidence of renal disease, excrete 105-85 mgm. oxalate and
61 mgm. oxalate respectively per 24 hours. Shephard (1958b)
gives a top normal for his method of 55 mgm. ¥f further investi-
gation confirms these findings there would appear to be a differ-
ent mode of inheritance from those we have studied. It would
appear, also, 1n this form to produce a much more benign
climcal course. Previous mention has been made of one girl,
aged 13 years, who at present appears unaffected, yet the excre~
tion of oxalate m her urine is quantitatively similar to her
affected sibs.

The survey of sex incidence of our eight families does not
show any sex predilection, although previous reports would
mndicate a predominance of affected males.

Stupies IN URINARY EXCRETION OF OXALATE

Untl the present investigations were undertaken little informa-

tion was available about the oxalate content of normal urine,

The previous reports contained information only on isolated

specimens of urine (Barrett, 1942, Powers and Levatin, 1944;

Lamden and Chrystowski, 1954). There was no evidence of
28
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any affected members and there is no suggestion of parental
consanguinity. One other family is of great interest for the
parents are first cousins. In this family one sib out of four is
affected (Fig. 15).

The remaining three families gave similar pictures to the first
three investigated. In one two sibs are affected. There are no
unaffected sibs. The rest of the family show no abnormality and
there is no parental uinity. The remaining two families
show only the propositus affected.

The evidence for the occurrence of primary hyperoxaluria
among sibs is conclusive. The presence of consanguinity in the
parents of one case in a small series is a highly suggestive feature.
These facts together strongly suggest that the disease is produced
by the operation of a rare recessive character.

All the previous information available would fit with this
contention, except for the brief report of a family by Shephard,
Krebs and Lee (1958). In this family the mother and maternal
grandfather of the propositus, neither of whom shows clinical
evidence of renal disease, excrete 105-85 mgm. oxalate and
61 mgm oxalate respectively per 24 hours. Shephard (1958b}
gves a top normal for us method of 55 mgm. If further investi-
gation confirms these findings there would appear to be a differ-
ent mode of inheritance from those we have studied. It would
appear, also, in this form to produce a much more bemgn
chinical course. Previous mention has been made of one girl,
aged 15 years, who at present appears unaflected, yet the excre-
tion of oxalate in her unne 1s quantitatively similar to her
affected sibs.

The survey of sex ncidence of our eight families does not
show any sex predilection, although previous reports would
ndicate a predominance of affected males.

Stupies v URINARY EXCRETION OF OXALATE

Until the present investigations were undertaken little informa-

tion was available about the oxalate content of normal urine.

The previous reports contained information only on isolated

specimens of urine (Barrett, 1942, Powers and Levatin, 19445

Lamden and Chrystowski, 1954). There was no evidence of
2B
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possible daily fluctuation and no knowledge of changes in
excretion which might occur from changes in dict or dietary
intake of oxalate,

The methods available for determining the oxalate content of
biological fluids were difficult to apply to a large number of
simultaneous determinations. A modification to simplify the
standard analytical procedure fortunately proved satisfactory
and was used for all the subsequent work (Archer, Dormer,
Scowen and Watts, 1957b). This method allows a recovery
from the urine of over go per cent of oxalate, when the concen-
tration does not differ materially from the normal range, When
the oxalate content is pathologically high the proportion of
recovery is materially higher than go per cent,

Normal healthy male volunteers aged 1g-21 years, and weigh-
ingfrom 72 to 79 kg., were used to examine the normal oxalate
excretions. They were given 2 normal mixed, but repetitive
diet, the oxalate and calcium content of which was determined
directly by duplicate meals. The oxalate and creatinine content
of ten successive 24-hour urine samples were then measured. It
was soon apparent that the daily urinary oxalate excretion
fluctuates appreciably in individuals even under closely con-
trolled conditions of diet and exercise and that even subjects
initially comparable may differ in their fluctuation responses.
The average excretion of oxalate in these circumstances was
equivalent to 22 (8.D.7) mg. (COOH), . 2H,0 per 24 hours.
— N ' : T  -feYe average

N creatinine,
o T T . * This total

o * s < U'- Tamden and
' . . (S.D. 20°2)
PRTE oy, ) + . 'ere working
under more closely controlled conditions and the methods of
analysis not identical.

From further analyses of many urinary samples over several
years, we have not discovered any deviation from our normal
range and if due allowance is made for the smalf experimental
loss the total oxalate excretion in normality does not exceed

40 mgm. per 24 hours.
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A further series of volunteers under similar conditions of
control and diet, were then given sodium oxalate in solution
by mouth after each meal. In each case they responded with
an increase in urinary oxalate. The increase varied between
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23 per cent and 4°5 per cent of the ingested dose, and there
was an immediate return to the basic level when the oxalate
administration ceased (Fig. 16). Analysis of the individual figures
leads us to expect that on average the dictary intake of soluble
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Fra. 17. The effect of oral ingestion of calcum oxalate on the urinary
oxalate excretton by four normal subjects.

oxalate would have to increase at least two and a half-fold 1o
produce any significant rise in urmary oxalate. To attain .lhe
oxalate levels of primary hyperoxaluria would be virtually im-
possible by dietetic measures and could only be. done by
soluble oxalate admmstration and even then the increase is

transient.
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This experiment was then repeated using equimolar quanti-
ties of calcium instead of sodim oxalate. To avoid possible
error this test was only carried out in two volunteers, 1n whom
we had ascertained a normal gastric acidity. In neither case
was there any significant increase in the urinary oxalate content
(Fig. 17). i .

The extensive literature on oxalate intake as an aetiological
factor in urinary caleulus formation was reviewed by Jeghers
and Murphy (1945). Much of this work remains, at best, pure
hypothesis and some is invalidated by the absence of previous
information on the urinary oxalate content.

1t is apparent that the water-soluble oxalate content of the
diet might be expected to influence the urinary oxalate excre-
tion, but when the enormous doses in our experiments are con-
sidered in relation to the relatively small changes that can occur
from food, it is unlikely that alterations in dietary oxalate can
ever be held responsible for material changes in the oxalate
excretion in the urine. In addition, even if a sudden dispropor-
tionate amount of the few foods rich in soluble oxalate is
ingested the increased oxalate output is very short-lived.

MerazoLic Stupies IN PRiMARY HYPEROXALURIA

A study of the available evidence, clinical, pathological, genetic
and chemucal, leads to the supposition that the essential abnor-
mality 1n this condition was probably 2 metabohic error {Archer,
Dormer, Scowen and Watts, 1958a). It was, however, first
necessary to ascertain whether subjects with primary hyper-
oxaluria behaved normally to an increase in oxalate load and
to try and establish that an error producing either excessive
intesttnal absorption or an increased renal leak of oxalate was
not present, before proceeding to investigate the more precise
metabolic disturbance,

Two patients with primary hyperoxaluria were given a
standard diet as had previously been used in the normal con-
trols. Sodium and later cakium oxalate were then given in
increasing dosage, the total dose being far in excess of that
administered to normals. The sodium oxalate was given in
solution and the calcium oxalate 1 cachets, both immediately
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2°3 per cent and 4-5 per cent of the ingested dose, and there
was an immediate return to the basic level when the oxalate
administration ceased (Fig. 16). Analysis of the individual figures
leads us to expect that on average the dietary intake of soluble
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Fic. 17. The effect of oral mgestion of calcium oxalate on the urinary
oxalate excretion by four normal subjects

oxalate would have to increase at least two and 2 halFfold to
produce any sigmficant rise in urmary oxalate. To attamn the
oxalate levels of primary hyperoxaluria would be virtually im-
possible by dictetic measures and could only bc' done b.y
soluble oxalate admimstratton and even then the increase is

transient.
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"This experiment was then repeated using cquimolar quanti-
ties of calcium instead of sodium exalate, To avoid possible
error this test was only carried out in two volunteers, in whom
we had ascertained a normal gastric acidity. In neither case
was there any significant intrease in the urinary oxalate content
{Fig. 17). 3 o

The extensive literature on oxalate intake as an aetiological
factor in uripary calculus formation was reviewed by Jeghers
and Murphy {1945). Much of this work remains, at best, pure
hypothesis and some is invalidated by the absence of previous
information on the urinary oxalate content.

1t is apparent that the watersoluble oxalate content of the
diet might be expected to influence the wrinary oxalate excre-
tiam, but when the enormous doses in our experiments are con-
sidered in relation to the relatively small changes that can oceur
from food, it is unhbely that alterations in dietary oxalate can
ever be held responsible for material changes in the oxalate
excretion in the urine. In addition, even if a sudden dispropor-
tionate amount of the few foods rich in soluble oxalate it
ingested the increased oxalate output is very short-dived.

Mzrasorie Srevies Iv Protary HYPEROXALURIA

A study of the available evidence, ehnjcal, pathological, genetic
and chernicat, leads to the supposition that the ial abnor-
mality 1 this condition was probably a metabolic error [Archer,
Dormer, Scowen and Waits, 19382). It was, however, first
necessary $o ascertamn whether subjects with primary hyper-
oxaluna behaved normally to an increase in oxalate load and
to try and establish that an error producing either excessive
intestinal absorption or an increased renal leak of oxalate was
not present, before proceeding 1o investigate the more precise
metabole disturbance,

Two pauents with primary hyperoxaluria were giten a
standard diet as had previously been used in the normal con-
trols. Spdxum and later calcium oxafate were then given in
Increasing dasage, the towal dose being far mn excess of that
administered o normals. The sodium oxalate was given in
solution and the caldum oxalate in cachets, bathk immediately
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after food. Finally freshly expressed rhubarb juice was given
to ascertain whether the oxalate excretion was proportional to
the oxalate content alone, which was estimated in an aliquot
of the expressed juice,
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Fig. 18 The changes in the daily urinary oxalate excretion with the
administration of sodium and caleium oxalate and expressed rhubarb juice
of two patients with primary hyperoxalunia,

The increase 1n excretion with sodium oxalate closely re-
sembled the normal pattern both in time and percentage of ad-
ministered dose. Calcium oxalate, as in the normal subjects, did
not materially alter the oxalate output. The excretion of addi-
tional oxalate which occurred after the ingestion of rhubarb
juice did not exceed that which would be expected on the basis
of its oxalate content (Fig. 18). It scemed unlikely in view of
these findings that cither excessive absorption or renal leak
could be held responsible for the hyperoxaluria,

A study of the possibl 1 by which excessive oxalate
formation might be produced leads us to postulate that an
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unusual conversion of glycine to oxalate might be one of the

errors responsible (Fig. 19} .
An endeavour was therefore made in two patients with

primary hyperoxaluria to reduce the size of the glycine pool by
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protein starvation. It was difficult to ascertain with certainty
that this could happen and for practical reasons not possible to
continue the protein starvation for inordinate lengths of time.
Nevertheless by gross protein reduction in the diet over three~
week periods, there occurred a small but statistically significant
fall in the oxaluria. This was contrasted with similar periods
with a fixed protein intake of average normal figures. Repeated
obscrvations of these periods showed no statistical significance
in the fluctuation. This evidence suggested, but did not seem
conclusive of, the fact that protein depletion by diminishing the
amino-acid pools, perhaps glycine, might be a factor in in-
fluencing the oxaluna. Nevertheless it appeared encouraging
enough for us to persevere with our earlier hypothesis.

Two further Lines of inquiry were then pursued (Archer,
Dormer, Scowen and Watts, 1958a). First an experiment was
undertaken to increase the glycine load by adding increasing
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quantities of glycine to the diet. A female patient with hyper-
oxaluria, aged 12, was used for this experiment. We had little
knowledge of how much we could give and what effects might
be expected and therefore began by observing the effects in 2
12-year-old normal control,

The daily oxalate output in the control over four days before
and after the glycine administration was 4 to 10 mgm., and
8 to 12 mgm. of oxalate as oxalic acid dihydrate, Glycine was
then given from 20 G. to 100 G. daily over six days in four
equal and equally spaced doses. There was some decline in
appetite, but no other ill effects. The urinary oxalate as oxalic
acid dihydrate fluctuated between 2 and 12 mgm. per 24 hours.
It was clear that a great increase of glycine could be tolerated
in the normal child and that no increase in oxalate output
would occur.

When an endeavour was made to repeat this experiment in
the patient with hyperoxaluria it did not prove as easy. She
was given initially 4-5 G. glycine 6-hourly with the object of
increasing the dose to 50 or 100 G. if possible. As soon as the
dose exceeded 20 G. per 24 hours, nausea and occasional
vomiting occurred and hittle additional diet or fluid were taken.
The dose could not be raised above 50 G. per 24 hours and after
8 days the administration ceased, b of extensive lethargy,
nausea and vomiting. There occurred an appreciable nse in the
oxaluria, but there also occurred a marked increase in amino-
aciduria, analysis of which showed a gross glycinura. In spite
of vomiting which made the ingested dose uncertain, there had
clearly occurred a great increase in glycine absorption overall;
this had produced a glycinunia and a nise in the urine oxalate
(Fig. 20). These findings contrasted sharply with the normal,
but did not necessarily implicate the glycine, as the associated
illness with vomiting might have precipitated the increase in
oxalate by some other means. It was not, however, easy to pro-
ceed with this type of experiment for the obvious practical
reasons, nor did we feel that 1t would produce more direct

information.
We decided to try and deplete the glycine pool by the

ministration of b thus r g large

ad-
of
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quantities of glycine to the diet. A female patient with hyper-
oxaluria, aged 12, was used for this experiment, We had little
knowledge of how much we could give and what effects might
be expected and therefore began by observing the effects in a
12-year-old normal control.

The daily oxalate output in the control over four days before
and after the glycine administration was 4 to 10 mgm., and
8 to 12 mgm. of oxalate as oxalic acid dihydrate, Glycine was
then given from 20 G. to 100 G. daily over six days in four
equal and equally spaced doses. There was some decline in
appetite, but no other ill effects. The urinary oxalate as oxalic
acid dihydrate fluctuated between 2 and 12 mgm. per 24 hours.
It was clear that a great increase of glycine could be tolerated
in the normal child and that no increase in oxalate output
would occur.

When an endeavour was made to repeat this experiment in
the patient with hyperoxaluria it did not prove as easy. She
was given nitially 45 G. glycine 6-hourly with the object of
increasing the dose to 50 or 100 G. if possible. As soon as the
dose exceeded 20 G. per 24 hours, nausea and occasional
vomiting occurred and little additional diet or fluid were taken.
The dose could not be raised above 50 G. per 24 hours and after
8 days the admimstration ceased, because of extensive lethargy,
nausea and vomiting. There occurred an appreciable rise in the
oxaluria, but there also occurred a marked increase in amino-
aciduria, analysis of which showed a gross glycinuria. In spite
of vomiting which made the ingested dose uncertain, there had
clearly occurred a great increase in glycine absorption overall;
this had produced a glyanuria and a rise in the urine oxalate
(Fig. 20). These findings contrasted sharply with the normal,
but did not necessarily implicate the glycine, as the associated
illness with vomiting might have precipitated the increase in
oxalate by some other means. It was not, however, easy to pro-
ceed with this type of experiment for the obvious practical
reasons, nor did we feel that it would produce more direct
information.

We decided to try and deplete the glycine pool by the ad-
ministration of E thus r ing large ts of
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glycine by the combination to produce hippuric acid. Two
normal subjects, one adult and one child, were given sodium
benzoate by mouth in increasing doses. The child had an initial
daily dose of 5 G. rising to 12 G. in divided doses. The adult
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dase began at 10 G. and rose 1o 4o G. per 24 hours. The urinary
oxalate was measured over a prolonged control period before
the experiment began and continued during and after the
benzoate admumstration. Though large amounts of hippunc
acid were excreted no sigmficant change occurred in oxalate
output.

Tt was of interest to note that the adult in the dose range be-
tween g0 and 40 G. of benzoate developed a marked malaise,
gross impairment of concentration and sensations of remoteness
amounting to considerable disorientation,

Two patients with hyperoxaturia, one adult and one child,
of the same sex, approxumately the same age as the controls,
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glyeine by the combination to produce hippuric acid. Two
normal subjects, one adult and one child, were given sodium
benzoate by mouth in increasing doses. The child had an initial
daily dose of 5 G. rising to 12 G. in divided doses, The adult
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Fre 20 The daily unnary vxalate excretion on a patrent wath pnimary
typerovaluna during peniads of ghyome and sodium benzoate admanstra.
tion, together wath the results obtaned during the correspandwng control
peneds, The average value for each expertmental and control peniod 13
represented by an umnterrupted honzomtal hae, & 1 standard deviation
ahout each mean value 1s msxcatcd by the mterrupted horzontal hines

dose began at 10 G, and rose to 40 G per 24 hours, The vrinary
oxalate was measured over a prolonged control pertod before
the experiment began and continued dutmg and after the
benzoate admimstration. Though large amounts of hippuric
acid were excreted no significant change occurred in oxalate
output,

1t was of interest to note that the adult in the dose range be-
tween 30 and 4o G. of benzoate developed a marked malaise,
gross impairment of concentration and sensations of remoteness
amounting 1o constderable disonentation.

Two patients with hyperoxaluria, one adult and one child,
of the same sex, approximately the same age as the controls,
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were treated similarly with sodium benzoate. This was associ-
ated with a marked decrease in oxalate output in both. In the
adult it was less well marked than in the child, but it was
impossible to maintain the higher doses in the adult owing to
the development of marked psychological disturbance identical
with that described in the normal adult control. Tt will be seen
from Figure 20 that in the child the excretion of oxalate was
decreased to a high normal range, but cessation of benzoate
administration was followed by a rapid relapse of the hyper-
oxaluria. This followed a short period of free diet owing to the
development of renal colic and it is possible that subsequent
high figures may be aggravated by the passage of oxalate gravel,
though care was taken to exclude smalil calculi which were
passed at this time.

An attempt was made to lower the oxalate cutput more per-
manently by prolonged administration of benzoate, but was un-
successful. The excretion fell again, but after four weeks began
to rise and in spite of the benzoate gradually returned to the
hyperoxaluric levels. It is of interest that each time the urinary
oxalate fell to near normal, renal colic and passage of small
oxalate calcult occurred.

Although we had no absolute proof it seemed that the
changes 1n oxalate excretion with the administration of sodium
benzoate provided some experimental proof that glycine might
be one, if not the main precursor of the excessive oxalate output
and it was probable that if this were so it was occurring because
there was an excessive glyoxylate load from the abnormal
glycine pathway (see Fig. 19).

Tt was possible that the apparent absence of effect of benzoate
in influencing the normal oxalate output might be misleading.
For a small variation would not be observable in the light of
apparently spontaneous fluctuatons in the normal (Archcr,
Dormer, Scowen and Watts, 1957b). A partial origin from
glycine could not be excluded therefore by these experiments.
Sodium glyoxalate was therefore administered to a normal adult
with a mean normal oxalate excretion of 23 mgm. per 24 hours.
This subject was given 48 0 m. mol. of sodium glyoxalate
by mouth divided 1n doses over three days (o 228 m. mol. per
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kg.}. This resulted in 2 gross ¥ luria, the rise

200 g, per 24 hours. Chmcally this was associated with con-
siderable malaise and lethargy with nausea but no other specific
symptoms. The proportion of ingested glyoxalate excreted as
oxalate was B-42 per cent.

Anadolescent female patient with hyperoxaluria with 2 mean
daily excretion of £59 mgm. of oxalate was then given g 07 m.
mol. of sadium glyoxalate in increasing doses to reach o-227 .
mol. per kg. Again there was an immediate rise in the oxalate
output to over 380 mgm. per 24 hours and the total excretion
of ingested glyoxalate as oxalate was 23-9 per cent.

Clearly an increased glyoxalate load will induce hyperoxa-
luria in the normal and aggravate the primary hyperoxaluria,
The greater proportion in the primary hyperoxalusia would be
in line with the previously postulated errar.

Glycolhic aldehyde and sediuvm glycollate were then adminis-
tered to the same pauent in approximately equimolecular gnan-
tities, The oxalate output during the administration of these
substances chd not fluctvate beyond the standard deviation of
the prolonged central abservations (Fig, 21).

It se:mcd probable from these obsery ations that the essential

lesion probably lred from an excessive glyoxalate
formation. Sinee 1 i appcared that the glycolitc aldehyde path-
way (see ¥ig. 19} did not materially increase the oxalate output
the important link was the reaction sequence of glycine to
glyoxalate. This was 1n conformity with the earlier postalate,
and in the absence of methods to establish with cerfainty the
oxalate and glyoxalate content of the blood, 1t became neces-
sary to demonstrate, if possible, the direct converszon of glycine
to oxalate 1o man and the excessive conversion in hyperoxaluria.
We were not willing to expose our young pattents to 1C and
therefore made use of the stable isotope C. For this purpose
BC.labelled glycine was prcpared {Watts and Crawhall, 1g59).
In order 1o use this isotope it was necessary to ascertain the
extent of the dilunon which a given dose would undergo To
express the results an estimate had to be made of the size and
turnover of the glycine pool. The first glycane metabolic pool
was used {Arnstern and Neuberger, rg51). It represents the sum
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were treated similarly with sodium benzeate. This was associ-
ated with a marked decrease in oxalate output in both. In the
adult it was less well marked than in the child, but it was
impossible to maintain the higher doses in the adult owing to
the development of marked psychological disturbance identical
with that described in the normal adult control, It will be seen
from Figure 20 that in the child the excretion of oxalate was
decreased to a high normal range, but cessation of benzoate

drainistration was followed by a rapid relapse of the hyper-
oxaluria, This followed a short period of free diet owing to the
development of renal colic and it is possible that subsequent
high figures may be aggravated by the passage of oxalate gravel,
though care was taken to exclude small caleuli which were
passed at this time.

An attempt was made to Jower the oxalate output more per-

Ty by prolong inistration of b but was un-
successful. The excretion fell again, but after four weeks began
to rise and in spite of the benzoate gradually returned to the
hyperoxaluric levels. It is of interest that each ime the urinary
oxalate fell to near normal, renal colic and passage of small
oxalate calculi occurred.

Although we had no absolute proof it scemed that the
changes in oxalate excretion with the administration of sod{um
benzoate provided some experimental proof that glycine might
be one, if not the main precursor of the excessive oxalate output
and it was probable that if this were 50 it was oceurring because
there was an excessive glyoxylate Joad from the abnormal
glycine pathway (see Fig. 1g).

It was possible that the apparent absence of effect of benzoate
in influencing the normal oxalate output might be misteadmg.
For a small variation would not be observable in the light of
apparently spontancous fluctuations in the normal (Arcbcr,
Dormer, Scowen and Watts, 1957b). A partial erigin from
glycine could not be excluded therefore by these experiments.

Sodium glyoxalate was therefore administered to a normal adult
c T Lo ~-= 24 hours,

glyoxalate
. mol. per
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toral of uncombined visceral glyrine, the glycine in the plasoa
and interstitial fluid. A dese of glycine by mouth would be
partially utilized in the Yiver, for hippuric acid synthesis, the
remainder would pass into the blood and mingle in the first
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Fig 22 The 13C vontent of the calaum oxalare sofated from successive
6-hour coltectsons m a case of prinary hyperoxaluna gnen glyone -153C
ax the tumes indicated by the arrows,

glycine pool. On the basis of equilibrium in ths pool the urinary
glycine components should represent the plastaa equibbrium as
between isotopically labelled and other glyeine. Studies by
Watts and Crawhall (r959) have shown the validity of this pro-
cedure and made powible the technique of multiple-dose ad-
murastration. By this means it 15 possible to measure the isorope
content m G-hour urine collections.

The first report of this method was made in 1958 (Scowen,
Crawhall and Watts, 1958). Glycine-13C was given orally to
a pattent wuh primary hyperoxaluna {2'56 mgm. per kg,
49 8 atoms per cent ¥ excess G-hourly for 4 days). The oxalate
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total of uncombined visceral glycine, the glycine in the plasma
and interstitial Auid, A dose of glycine by mouth would be
partially wtilized in the liver, for hippuric acid synthesis, the
remamder would pass into the blood and mingle in the first
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glycine pool. On the basis of equiltbrium in this pool the urinary
glycine components should represent the plasma equibbrium ag
between uotopically labelled and other glycine, Studies by
Wasts and Crawhall {1959} have shown the vahidity of this pro-
cedure and made possible the techmque of multiple-dose ad-
mmstration., By this means 1t is possible to measure the isatope
content in §-hour urine colfections.

The first report of this method was made in 1958 (Scowen,
Crawhall and Watts, 1958). Glycine-1-13C was given orally to
a pauent with primary hyperoxaluna (2 56 mgm. per kg.,
49 8 atoms per cent 230 excess §-hourly for 4 daysy. The oxalate
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total of uncombined visceral glycine, the glycine in the plasma
and interstitial fluid. A dose of glycine _by x{wu:h wolf!d e
partially utilized in the liver, for hippuric Agd syx}thesxs, the
remainder would pass into the blood and mingle in the first
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glycine poo). On the basis of equilibrium in this pool the urinary
ghycine components should represent the plasma equilibrivm as
betseen wotopically labelled and other glycine. Studies by
Watts and Crawhall (1950) have shown the vahdity of this pro-
cedure and made posable the techmgue of multiple-dose ad-
ministration. By this means it is possible to measure the isotope
content 1n 6-hour urme collecuons.

The fest report of this method was made in 3958 (Scowen,
Crawhalf and Watts, 1958} Glycinel-#5C was given orally to
a patient with primary hyperoxaluria (2 56 mgm. per kg,
49 8aroms per cent 1 excess 6-hourly for 4 days). The oxalate
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was jsolated from successive 6-hour collections and its 1*C con-
tent measured. There was prompt and marked incorporation of
the isotope in the urinary oxalate (Fig. 22),

Comparison was then made with the isotope enrichment of

GLYCINE -1-P¢

oL bbb

aercing
] oxaare

72 I3
TIME (HOURS)

Fic. 23. The 13C content of the unnary oxalate and of the urnary free
glycine excreted by a patient with primary hyperoxaluria given glycine
~1-1*C at the times indicated by the arrows

the urinary free glycine, which as has already heen stated
represents a valid sample of the free glycine metabolic pool.
It is interesting to observe (Fig. 23) the close relationship be-
tween the comparable figures.

We have since repeated these observations on twao further
patients with primary hyperoxalunia with nearly identical
results.

By calculation it scems probable that 2 major part of the
hyperoxaluria can be attributed to this pathway from glycine.
It does not account for the whole: this still requires further
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elucidation, and it may well be that other substances are in-
volved. There have been grounds for suggesting that ascorbic
acid may be converted to oxalate in man as well as animals. This
was shown after administration of ascorbic acid by Lamden and
Chrystowski (1953, 1954) and more precisely by Hellman and
Burns (1958) using L-ascorbic acid-1-1*C, though the quantity
of oxalate produced by this route seems limited.

Although much work remains to be done on these other
pathways, it now appears established that the major pathway
of oxalate 1s from glycine via glyoxalate; it remains to be dis-
covered whether the failure lies in the degradation of glyoxalate
or whether there is excessive, possibly abnormal conversion of
glycine to glyoxalate.

From the preliminary observations it would seem that in the
normal it is easy to overload the glyoxalate combustion mechan-
ism. Accumulation of glyoxalate will readily induce hyper-
oxaluria. The available evidence is in conformity with the
hypothesis that excessive glyoxalate is formed from glycine
amongst other substances with resultant hyperoxaluna, rather
than a breakdown 1n glyoxalate combustion to carbon dioxide
and water.

In this connection we have recently been able to show thatin
2 normal subject given 1*C-labelled glycine, some of the urinary
oxalate is produced from this glycine, which suggests that this
is 2 normal pathway of metabolism and the conversion greatly
increased in primary hyperoxaluria.

SummMARY
The term hyperoxaluria 1s defined. Hyperoxaluna may occur
in a number of conditions including the ingestion of excessive
soluble oxalate or its precursors. Such conditions produce
transient hyperoxaluria, A condition of persistent hyperoxaluria
is described unrelated to exogenous circumstances, congenital in
ongin and termed primary hyperoxaluria. The clinical and
morbid anatomical features of this entity are described and the
diffuse deposition of oxalate in the body defined as oxalosis. The
evidence suggests that this morbid anatomical feature is prob-
ably a terminal manifestation. Famihal studies show that the
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abnormality is inherited and the mode of inheritance is con-
sistent with the operation of a rare recessive character,

Investigation of the condition itself indicates a metabolic
error. There is an abnormal conversion from glycine to oxalate,
probably through an excessive glyoxalate formation, This meta-
bolic error accounts for a great part of the increased oxalate
excretion; other errors, however, await further investigation to
account for the whole,

The congenital nature of the disease, its mode of inheritance
and the demonstration of the metabolic error lead us to desig-
nate this entity as an inborn error of metabolism.
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XXI

Sodium Excretion and the Control
of Extracellular Fluid Volume

OLIVER WRONG

cent water. Perhaps we learn this fact too early in our
education, for we soon push it to the back of our minds
as old stuff;, and subsequently fail to recognize many of its
Important implications. We must remind ourselves, for ex-
ample, that body water is somehow controlled with great
accuracy, for in health, despite a large and variable fluid intake,
the weight of the hody varies by extremely little, plus or minus
1 per cent, from day to day. This lecture is intended to dis-
cuss how this constancy is achieved, with particular emphasis
on that portion of body water which lics outside the cells.

3 LyosT every schoolboy knows that man is about 6o per

InTrACELLULAR FLUuD
Brief mention must first be made of the two-thirds of body water
which lies within the cells and yet exerts important influences
on extracellular fluid volume. Little is known about mam-
mahan cell fluid, for it is difficult to obtain and alters rapidly
in compasttion when cellular metabolism is rterrupted. Con-
sequently there has been disagreement about what, to many
people, must seem one of the most fundamental characteristies
of this flusd-—its osmotic strength. Many workers of the thirties
and forties d that intracellular and extracellular flwds
were in osmotic equilibrium, and this assumption was supported
by the behaviour of the erythrocyte (admuttedly rather an
atypical cell) 2 zutro, and the internal shifts of body water which
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could be demonstrated after osmotic distortions of extracellular
fluid (Darrow and Yannet, 1935). As the concentration of
known cation in cells is about 40 per cent higher than in extra-
cellular fluid it was necessary to postulate, in order to satisfy the
demands both of electroneutrality and of osmotic equilibrium,
cither that the majority of intracellular anions were polyvalent
(a reasonable supposition in view of the amounts of phosphate
and protein contained in cells) or that a portion of intracellular
cation was bound in osmotically inactive form.

But the assumption of intracellular isotonicity, although it
fitted in with most of the observed facts, remained until very
recently only an assumption and could not be confirmed by
direct experiment. Indeed, as long ago as 1go1 Sabbatani at-
tempted to determine intracellular osmolality by measuring the
freezing-points of tissues, and recorded osmolalities of one and
a half or more times that of extracellular fluid, a finding which
has since been confirmed by other workers. On the other hand
Conway and McCormack (1953), also using freezing-point
determinations, found intracellular osmolahties similar to that
of extracellular fluid, and attributed the high figures of earhier

workers to rapid autolysis of cell constituents prior to freezing.
T loe ot Ui e e < .

cells swell tn z2tr0 when suspended in isotonic saline media, and
Robinson demonstrated that this swelling was more pronounced
when cellular metabohsm was inhibited by cold, cyanide, or
oxygen lack Opie and Robinson attributed this cellular swelling
to breakdown 1n an active process of water extrusion, and they
postulated that the cell 1s normally hypertonic to extracellular
fluid, maintaining its volume by this continual extrusion of
water. However, both Mudge (1951) and Leaf (1956) have
shown that the fluid which enters cells when their metabolism
15 cisturbed 15 not water alone, but a solution of sodium and
chlonde approximately isotonic with the ambient medium

Leaf has pointed out that this finding does not imply cellular
hypertonicity, for the swelling can be explained as a natural
consequence of breakdown in active cellular extrusion of sodium
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TR

—the asmotic effect of nor-44
then lead 1o entry of isot

the advantages of this schewa 1 Wiat active transport of sodium
has been demonstrated in other situations (Hodgkin and
Keynes, 19555 Leal, Anderson and Page, 1958) whereas there
is no certain model for the active transport of water, Within
the Jast few months Mafily and Leaf (1958) have reported new
inations of intracelfular osmolality, using an ingenious
technique for measuring the melting-point of instantaneously
frozen tissues, and so avoiding all possibility of autolysis.
Muscle, biver, and brain all gave values identical with that of
extraceltular flnid.

The problem of intracellular wnicity thus appears to be rev
salved, and we may reasonably conclude that the mammatian
cell is in equilibrium with its extraccllular environment {al-
though this generalization may not apply to cells which
elaborate hypotanic or hypestonic secretions, such as those of
the salivary and sweat glands and renal tubules). The carefuf
clinical studies of Wynn (1957), and of Edelman, Leibman,
Omeara and Birkenfeld {1958), suggest that this generaliza-
tion can be extended to cover the disturbances of clectrolyte
and water metabolism which occur in disease, This conclusion
has far-reaching implications which justify this digression into
the intraceliular space. For, if the intracetlular compartment
as a whole behaves ag a perfect asmometer, in osmotic equi-
libnum with extraceliuler fluid, the following deductions are
valid:

(1) Change n extracellular osmalalty will cause shyfis of water aeross
the cell membrane ond resultant change wn etk labity and
volume. For example, hypernatracmua, from water deficit, wifl
cause shrnking and ation of the Aot

B

deter

(2) On the ather hand ckange in extracellular zolume alont wll not
affect either llular volume or lalty. Perhaps it 1 for this
reason that the body responds more slowly to changes in extra-
cellular volume than to changes mn solute concentration.
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(3) Change in extracellular volume may tesult from change in intra~
cellular osmolality (the reverse of (1) above). For example, the
hyponatraemia of some patients with heart failure may be
partly the result of an intracellular p i iency, am
can be corrected by administration of potassium salts (Cort and
Matthews, 1954; Laragh, 1954).

(4) Provided intracellul lal i 1 d
i lular volume is proportional to total i lular solute, chiefly
salts of potassium. When potassium is deficient it can be partially
replaced by sodium and hydrogen ion (Cooke, Segar, Cheek,
Coville and Darrow, 1952) and the basic aminc-acid lysine
(Eckel, Norris and Pope, 1g58). But in normal circumstances
intracellular volume must depend largely on intracellular
potassium content, and there is practically no information on
how the latter is controlled; nor at present is there much know-
ledge of how the kidney regulates the total amount of potassium
in the body.

ExTtRACELLULAR FLUD

The extracellular fluid extends to every crevice of the body,
much of it occupying lax and easily distensible connective
tissue. Except for the intravascular component, which is en~
closed by the relatively structureless vascular endothelium, it is
not confined by any specialized system of cells, and conse-
quently it is very difficult for us to envisage any mechanism
whereby the body could become aware of changes in the volume
of this fluid. Yet certainly the volume is controlled within nar-
row limts, which imples some sort of ‘awareness’, and it is to
our advantage that this is so. An inadequate volume leads to
reduction in the wital mntravascular portion, with hypotension
and that combination of chimcal signs that we call ‘dehydra-
tion’, whereas an excessive volume 15 hable to collect as oedema,
interfering with the transport of oxygen and metabolites be-
tween capillary and cell, and tk ing asphyxia if1t

lates in the lungs.

The control of extracellular volume has been rather neg-
lected by physiologists, who usually prefer to think 1n terms of
concentrations within a fluid, rather than the volume of the fimd
itself. Yet now and again some of the most distinguished workers
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in the field have given their attention to the subject. Claude
Bernard, who originated our concept of extraceHlular fluid as an
entity, specifically mentioned control of volume: ‘Chez les
animaux & vie libre it doit exister un ensemble de dispositions
réglant les pertes et les apports de manidre & maintenir la
quantité d’ean nécessaire dans le milieu intérieuvr. (Bernard,
1878.)

Thirty years later Starling (1gog) recognized that intestinal
absorption of salt and water proceeds regardless of the needs of
the body, and pointed out that control of extracellular fluid
volume must therefore devolve an the kidueys. But in spite of
these auspicious beginnings the early part of the century saw an
almost complete lack of speculation and experiment on this
important subject. Instead, in the twenties and thirties the
beautiful work of Verney on water diuresis and the posterior
pituitary (reviewed by Verney, 1957) directed attention to the
control of extracellular tonicity and sodium concentration. In
addition H. W. Smith, in his first great monograph on the
kidney, published in 1937, suggested that volume control was
merely a fortuitous consequence of the kidney’s controf of extra-
cellular composition: “The kidney itself is not concerned with
whether two or five litres of plasma is circulating in the vaseular
bed, so long as that plasma has the proper composition. And
this organ, in attempting to regulate the composition of the
plasma, will frequently enlarge or reduce the volume of that
fluid, and, indsrectly, of the interstitial fluid, beyond physio-
logical limits and sometimes to fatal excess.”

Not all were of this opinion, and hoth Peters (1935) and Borst
(1938), writing at about this time, concluded that extracellular
volume was under renal control, and suggested that the cir-
culating blood volume was the factor somehow influencing renal
acuvity. But Smith's hook became the standard text in renal
physiology and may have reduced interest in the subject of
volume control.

In the last few years progress has advanced tremendously.
Particular attention has been devoted to the metabolism of
sodium, for a ssmple reason which stems drectly from the work
of Verncy. In normal circumstances two finely adjusted
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mechanisms—thirst, and the osmoreceptor-posterior pituitary
apparatus described by Verney—so control the total amount of
water in the body that the tonicity of extraceliular fluid, and
hence its concentration of sodium, remains constant. As long as
these two mechanisms function in this way the volume of extra-
cellular fluid will depend on its total content of sodium, T}xe

out what controls excretion of sodium.

Soprun EXCRETION

The excretion of sodium does not lend itseif to easy study. The
rate varies considerably fram hour to hour, and from day to
day, being greatly affected by exertion, emotion, posture, and
time of day, quite apart from the variations to be expected from
changes 1n intake. When these variables are controlled as far
as possible a fairly constant pattern appears after a few days, an
example of which is shown in Figure 1. Usually the rate of ex-
cresion shows a marked daily rhythm, being greatest about mid-
day and Jeast at midnight, but the magnitude of this rhythm,
the cause of which is quite obscure, vanes greatly from person
to person, and a few people show no rhythm at all.

Manceuvres designed to contract or expand extracetiular fluid
are followed by reciprocal changes in the excretion of sodium.
These changes are sluggish, taking hours, days, or even weeks
for completion, depending on the size of the onginal disturbance.
Figure 2 shows an expenment in which the sodium diuresis fol-
lowing infusion of a litre of isotonic saline was virtually com-
plete within 36 hours, By contrast Gamble (1951) has reported
that a subject took twa weeks to come back into sodium balance
after increasing his salt intake by 5 grammes daily.

Redistribution of extracellular fluid within the body, without
change in total volume, also markedly influences excretion of
sodium. Generally speaking, steps which reduce the central
intravascular volume, blood-pressure, or cardiac output, such
as passive standing or obstruction to the venous return from the
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in the field have given their attention to the subject. Claude
Bernard, who originated our concept of extracellular fluid as an
entity, specifically mentioned control of volume: *Chez s
animaux & vie libre il doit exister un ensemble de dispositions
réglant les pertes ct les apports de maniére 4 maintenir Ia
quantité d'eau nécessaire dans le milien intérienr.’ {Bernard,
1878.)

Thirty years later Starling (190g) recognized that intestinal
absorption of salt and water proceeds regardless of the needs of
the body, and pointed out that control of extracellular fluid
volume must therefore devolve on the kidneys. But in spite of
these auspicious beginnings the early part of the century saw an
almost complete lack of speculation and experiment on this
important subject. Instead, in the twenties and thirties the
beautiful work of Verney on water diuresis and the posterior
pituitary (reviewed by Verney, 1957) directed attention to the
control of extracellular toncity and sodium concentration. In
addiuon H. W. Smith, in his first great monograph on the
kidney, published in 1937, suggested that volume control was
merely a fortuitous consequence of the kidney’s control of extra-
cellular composition: “The kidney itself is not concerned with
whether two or five litres of plasma is circulating in the vasclar
bed, so long as that plasma has the proper compesition. And
this organ, in attempting to regulate the composition of the
plasma, will frequently enlarge or reduce the volume of that
fluid, and, indirectly, of the interstitial fluid, beyond physio-
logical lirmts and sometimes to fatal excess.”

Not all were of this opinion, and both Peters {1933) and Borst
(1938), writing at about this time, concluded that extracellular
volume was under renal control, and suggested that the cir-
culating blood volunte was the factor somehow influencing renal
activity, But Smith’s book became the standard text in renal
physiology and may have reduced interest in the subject of
volume control.

In the last few years progress has advanced tremendously.
Particular attention has been devoted to the metabolism of
sodium, for a simple reason which stems directly from the work
of Verney. In normal circumstances two finely adjusted
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by administration of antidiuretic hormone, a state of water
intoxication develops which is characterized by expansion of
both extracellular and intracellular fluids, hyponatraemia as a
result of dilution, and marked increase in the excretion of sodium
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Fio. 2. Effect of an infusion of physiological saline on the excretion of
electrolytes Pitressin tannate was guen to prevent the water duresis which
has occasionally been reported following such an infusion, and to serve as a
control with subsequent experiments. The dotted Lnes show the electrolyte
ntake averaged over each 24-hour perod.

(Leaf,'Barltcr, Santos and Wrong, 1953). This sodium diuresis,
of which examples are shown in Figures g and 4, will further
!owcr the already subnormal serum sodium concentration, but
isa logical consequence of the increase in extracellular volume.

Sodium is excreted by a process of glomerular filtration and
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legs, also reduce sodium excretion (reviewed by Robinsen,
1954). This suggests that the structures which are sensitive to
changes in extracellular volame, somehow initiating parallel
changes in sodium excretion, arc really sensitive to some
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property of central intravascular volume, a point we will return
to later.

It is worth noting that the changes in sodium excretion which
follow alterations in extracellular volume may sometimes exag-
gerate, rather than correct, abnormalities in serum sodium con-
centration. Thus pure water deprivation, if sufficently pro-
longed, will lead to contraction of the extracellular space and
an increase in serum sodium concentration—yet sodium disap-
pears from the urine (Elkinton and Taffel, 1942). This renal
response makes sense in terms of volume control, bus is mean-
ingless if we think only in terms of control of composition. Simi-
larly when water is given in excess, and its excretion prevented
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changes of under 5 per cent in either filtered or reabsorbed
sochum. Unfort 1y our cl es techniques are not suffi-
ciently accurate to detect changes of this order, and conse-
quently there has been great uncertainty as to whether normal
vanations in the excretion of sodium are determined mainly by
alterations in glomerular or tubular function,

Much of the earlier work on sodum excretion was done on
the dog, mainly by Smith and his colleagues (reviewed by
Smuth, 1951). Now the dog has a very labile glomerular filtra.
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tubular reabsorption. Approximately 600 grammes, or seven
times the total amount 1n the body, are filtered daily, but over
95 per cent of this vast amount is reabsorbed by the renal
tubules. A moment’s calculation will show that the whole
range of sodium excrction of which the human kidneys arc
known to be capable (say from one half to fificen hundred
milliequivalents daily) could theoretically be brought about by
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with or even exceeds intahe (August, Nelson and Thorn, 1958).
So although patients with cardiac, cirrhotic, and nephrotic
oedema excrete excessive amounts of aldosteronc in their urine,
apparently something more than just increased aldosterone
production is necessary for the massive sodium retention that
gives rise to oedema. It is even poswsible that oedema could
develop in the absence of aldosterone, for treatment of the
oedema of hepatic cirrhosis with amphenone (which blocks
adrenal synthesis of the hormone) or with steroids which an-
tagonize the action of aldosterone on the kidney, has not always
caused significant sodium diuresis.

Aldosterone labelled with tritium has a half-life in the circula-
tion of only twenty minutes or so {(Ayres ¢t al., 1958), but when
injected intravenously it reduces sodium excretion for six to
eight hours (Muller, Mach and Naegeli, 1955; Ross, Reddy,
Rivera and Thorn, 1959). If injected slowly into a renal artery
of the dog it has no effect on electrolyte excretion for between
five and sixty minutes, and a maximum effect is seen after two
to three hours. These observations suggest that alterations in
aldosterone secretion are not responsible for rapid changes in
sodium excretion such as take place after haemorrhage or change
in posture. But changes 1n the rate of aldosterone secretion are
fairly rapid for a humoral mechamsm—the concentration of
hormone in adrenal venous blood from the dog alters within
thirty to forty-five minutes of haemorrhage or transfusion, and
my Manchester colleagues, Drs. Gowenlock, Mills and Thomas
(1959), have found that subjects excrete an increased amount
of aldosterone in the urine within three hours of adopting a
standing position. This last effect may be due to venous pooling
in the lower part of the body, for it can be prevented by stand-
g up to the neck in water, an entertamning class experiment.

The adrenal secretion of aldosterone is regulated by the state
of body sodium and potassium, and is little if at all under
anterior pituitary control. Deprivation of sodium, or potassium
excess, increases the rate of secretion, whereas a potassium
deficiency orsodium excess has the opposite effect, Alterations in
potassium balance have less effect than comparable changes in
sodium balance, and it has been suggested that any effect they
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tion rate, which can be markedly increased by expansion of the
extracellular space. This increased filtration is largely respon-
sible for the sodium diuresis which follows an infusion of saline,
although a reduction in tubular reabsorption alo scems to
occur, In man the filtration rate is more constant, and two
groups of workers (Crawford and Ludemann, 1951; Green,
Bridges, Johnson, Lehman, Gray and Field, 1950) have failed
to find a significant increase during the sodium diuresis which
follows intravenous infusion of isotonic sodium chloride. (Per-
haps it is because of this fixity of filtration rate that man
excretes a sodium load much more slowly than does the dog.)
Black, Platt and Stanbury (1950) have shown in man that 2
definite increase in tubular reabsorption occurs after a few days
on a low salt diet. But, as stated earlier, the accuracy of clear-
ance techniques is not such that we can deny that alterations in
filtration rate might appreciably contribute to normal fluctua-
tions in sodium excretion.

ALDOSTERONE

When aldosterone was isolated in 1g53 it seemed the answer to
many problems—a potent salt-retaining hormone which might
account for all variations in sodium excretion. Since then we
have learned that although there is much that aldosterone ex-
plains, there is also much that it fails to explain Some excellent
reviews have recently appeared on this subject, so I will confine
my remarks to a few points.

Aldosterone is much the most powerful naturally occurring
muneralocorticoid so far discovered, but it is not the only one,
and others have been shown to have importance in disease states
and may play a part in normal homeostasis. In subjects on an
average diet the adrenmals secrete about 200 micrograms of
aldosterone daily (Ayres, Barlow, Garrod, Kellie, Tait, Tait
and Walker, 1938). When doses of this order are given to normat
subjects or patients with Addison’s discasc a defimte reten-
tion of sodum and loss of potassium follow. But it has proved
impossible to cause oedema by administration of many times this
amount of aldosterone, two to six hundred milfieguivalents of
sodwm are retained and then sodium excretion catches up



CONTROL OF EXTRACELLULAR FLUID VOLUME 399

possible that the hormone is produced by a centre here ot ‘.hat

further intermediate steps exist. This work is all very exciting,

but much of it is very recent and needs confirmation. .
The suggestion has been made that aldosterone plays Little

GLOMERULOTROPHIN
‘Alqosterone-stimufating CAROTIO
tane BARORECERTORS
ADRENAL GLOMERULOSA
VAGUSHINERVE

ALDOSTERONE

Y16, 5 Control of seeretion, For d see text,

or no part in day-to-day electrolyte balance. I do not believe
that this 1s so, for 2 number of reasons:

(1) Addisonian patients who are treated with glucocorticoids
alone often suffer from hypotension and hyponatraemia unless
given extra salt. These abnormalities can be cosrected by
aldosteroue in amounts similar to those secreted by the normal
adrenal,

(2} Experiences common to all of us-—changes in posture, or
in dietary intake of sodium and potassium—cause alterations
in the excretion of aldosterone.

(3) Urinary excretion of aldosterone cotrelates fairly well
with the excretion of sodium and potassium, particularly with
the potassiumfsodium ratio (see Fig. 6). This suggests that



398 0. WRONG

do have is mediated by the changes in sodium balance they
bring about; however, work by Bartter (1956) suggests that this
is not the whole explanation and there is some evidence sug-
gesting that the serum concentration of potassium directly in-
fluences adrenal activity. With sodium we are on more certain
ground, for Bartter, Liddle, Duncan, Barber and Delea (1956}
have shown that this influences production of aldosterone
through its effect on extracellular fluid volume. In fact, if extra-
cellular volume is altered without any change in external
sodium balance, as in a pure water deficit, or water intoxication,
appropriate changes in aldosterone excretion ensue. The sodium
duuresis of pitressin-induced water retention, for example, is
associated with a fall in aldosterone excretion, and the delay of
several hours before this diuresis becomes maximal (Figs. 3 and
4) may be due to the action of previously formed aldosterone.
But normally extracellular volume follows sodium balance and
aldosterone excretion varies in the opposite direction, In a
series of ingenious experiments Bartter and others (1956} have
shown that the intravascular portion of extracellular fluid is the
critical component affecting aldosterone production.

Figure § shows some of the central pathways which may be
concerned in the control of aldosterone secretion, as elucidated
from animal experiments, chiefly in the dog. Bartter, Mills and
Gann (1959) have produced evidence that impulses leading to
increased secretion are transmitted from baroreceptors situated
on the main branches from the thoracic aorta. On the other
hand Farrell and his colleagues (Anderson, McCally and Far-
rell, 1959} have shown that pulling on the right auricle causes
a reduction in the rate of secretion, presumably through stimula-
tion of atrial stretch receptors, and observations of Mills,
Casper, and Bartter (1958) suggest that afferent impulses for
this effect travel in the vagus nerve. A number of separate
workers (reviewed by Farrell, 1958) have produced evidence
that aldosterone secretion by the adrenal glomerulosa is under
hormonal control, and the hormone has been tentatively named
‘glomerulotropin’ or ‘aldosterone-stimulating hormone’. Farrell
has shown that production of this substance ceases after dcsl{ug-
tion of a small area in the posterior hypothalamus, and it is
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possible that the hormone is produced by a centre here or that
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or no part in day-to-day clectrolyte balance. 1 do not believe
that this is so, for 2 number of reasons:

(1) Addisonian patients who are treated with glucocorticoids
alone often suffer from hyp ion and hy unless
given extra salt. These abnormalities can be corrected by
aldosterone in amounts similar to those secreted by the normal
adrenal.

. {2} Expersences common to all of us——changes in posture, or
in dietary 1ntake of sodium and potassium——cause alterations
n the excretion of aldosterane.

{3) Urinary excretion of aldosterone correlates fairly well
with the excretion of sodium and potassium, particularly with
the potassiumfsodinm ratio {see Fig. 6). This suggests thar
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aldosterone is at least one of the factors centrolling normal
electrolyte excretion,

T have been particularly interested in the possible role of
aldosteronc in the excretion of hydrogen ion. Aldosterone prob-
ably acts on the site in the renal tubule where sodium is re-

URINARY ALDOSTERONE (ug/24 HR)

a
URINARY K/Ng RATIO

Fic. 6. Relationship between the urinary aldosterone of normal subjects,
and urmary K/Na. Unpublished observations of Dr. A. H. Gowenlock.
Urinary aldosterone was determuned by method of Ayres, Garrod, Simpson
and Tait (1957); the shaded area shows their normal range for 31 male
subjects taking average dict.

absorbed in exchange for potassium and hydrogen ions; it
might therefore be expected to cause increased excretion of
hydrogen 10n {or retention of bicarbonate jon, which physio-
Iogically comes to the same thing) at the same time as increased
tubular absorption of sodium. Extracellular fluid contains about
26 m.-equiv. per litre of bicarhonate, and if aldosterone in-
creased the excretion of hydrogen 10n it would tend to preserve
the composition of extracellular fluid while promoting its ex-
pansion. Bartter has shown, in fact, that aldosterone does
acutely increase hydrogen 1on excretion. Suppression of endo-
genous aldosterone production might therefore be expected to
lead to a bicarbonate diuresis, and this might be the explanation
for the increased excretion of bicarbonate which accompanied
sodium in the experiments shown in Figures 3 and 4. A more
marked bicarbonate diuresis 1s shown in Figure 7 to accompany
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the sodium druresss of 2 nephrotic patient who was losing her
oedema following administration of corticotrophin. There is
evidence that i this situation the diuress, of what is essentially
extracellular flmd, is due to suppression of endogenous aldo-
sterone (Luetscher, Deming and Johnson, 1952).
Aldosterone also seems to effect the form 1 which hydrogen
2n
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fon is excreted, increasing the amount which appears in the
urine combined with ammonia as ammonium ion, and reducing
the amount combined with urinary buffer as titratable acid.
Patients with ‘primary aldosteronism’ usually excrete a rela-
tively alkaline urine containing large quantities of ammonium,
and this abnormality has been attributed to tubular damage
resulting from potassium deficiency. Dr. Gowenlock and myself
have studied similar patients in Manchester and found that the
abnormality reverted to normal as soon as the source of excess
aldosterone was removed. This happened before any potassium
was retained, which suggests that aldosterone itself, and not the
accompanying potassium deficiency, was responsible.

Soprunm EXCRETION—OTHER INFLUENCES

Recently a group of workers in Ann Arbor (Vander, Malvin,
Wilde and Sullivan, 1958) have put forward an important new
concept; it has not yet had time to receive the inevitable drub-
bing from other physiologists, and consequently some of its
fallacies may have cscaped me. Using their ‘stop-flow’ tech-
nique (which I have no room to describe here) these workers
came to the conclusion that proximal tubular reabsorption of
sodium is not an active metabolic process, as generally thought
on rather inconclusive grounds, but a passive shift of isotonic
flurd produced by the oncotic pressure of plasma protein 1n the
peritubular capillaries. This is no more than the theory that
Starling (1896) put forward so successfully over sixty years ago
to explain equilibrium between plasma and interstitial fluids
across the capillary membrane—at the arteriolar end of the
capillary (that is, in this case, the glomerulus) hydrostatic pres-
sure forces filtration of a pratein-free fluid, but at the venous

. e T " ry) fluid

* plasma

e when
we remember that the glomerulus starts off like any other tuft
of capillaries, and the primitive vertebrate renal t}nbulg, both
embryologically and phylogenetically, 1s in continuity with the
coelomic cavity, part of the general interstitial space. The An.n
Arbor workers point out that the oncotic pressure in the peri-
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tubular capillaries depends largely on the extent to which the
plasma proteins have been concentrated in the process of
glomerular filtration. When a large part of the total renal
plasma flow is filtered (that is, when the filtration fraction is
high) proximal tubular reabsorption of sodium will be more
complete than when the filtration fraction is low. Now it is well
established that in chronic congestive heart failure the plasma
flow is usually reduced to a greater extent than the filtration
rate, with the result that the filtration fraction is high, This the
authors believe to be responsible for the avid renal conservation
of sodium seen in heart failure.

This theory is attractive, and one wonders why no one has
seriously considered it before. Vander and others have not
claimed that this mechanism plays any part in normal variations

could account for the sodium retention of the nephrotic syn-
drome, for here plasma oncotic pressure is well below normal.
The key question is—How 1n cardiac failure is the glomerular
filtration rate maintained (or only shghtly reduced) despite
marked reduction in renal plasma flow?

DISSOCIATION BETWEEN SODIUM AND WATER BALANCE
So far, in discussing the control of extracellular volume, I have
assumed that thirst and the posterior prtuitary are unaffected
by changes in volume, and function at all times so as to main-
tain the usual proportion of water to solute in extracellular
flmd—control of extracellular volume then depends on control
of sodium excretion, This is not entirely true, for contraction of
extracellular volume, without any change in composition, may
stumulate both thirst and renal conservation of water, and these
in turn will tend to restore volume at the expense of osmolality.
It 15 classical teaching, for nstance, that severe haemorrhage
results in thirst, 1t also causes a marked reduction in water
excretion. McCance's classic study of experimental salt deple-
tion, reported over twenty years 2go (McCance, 1936), showed
much the same thmg. McCance found that subjects who were
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progressively depleted of sodium by sweating, lost water (shown
by their loss of weight) in proportion to their loss of sodium until
the sodium deficit was about 350 m.-equiv. Thereafter their loss
of water lagged behind that of sodium, permitting their serum
sodium concentration to fall, and they lost their ability to havea
water diuresis. The evidence from these and similar experiments
(well reviewed by Strauss, 1957) suggests that contraction of
extracellular volume may stimulate the posterior pituitary,
but unfortunately there is no really satisfactory way of
measuring the secretion of antidiuretic hormone, Recent work
by Henry and Pearce (1956) has pointed to one mechanism by
which this effect might be accomplished. They demonstrated
the existence of stretch-receptors in the left atrium of the dog
and cat which are capable of causing a water diuresis; it is
likely that this is mediated through the posterior pituitary. Note
that the suggestion here is of a left atrial receptor influencing
excretion of water, whereas the receptor suggested by Farrell is
in the right atrium and influences excretion of sedium through
its effect on aldosterone secretion.

CoNcLUSION

The control of extracellular volume may seem an unnecessarily
complicated subject. But simplicity of design seems to have no
particular biological advantages, and it might be taken as a
general rule that the most vital functions, of which extracellular
volume is surely one, are not controlled by a single mechanism.
Certainly the subject will b even more complicated, but
will probably turn out to be no more so than the control of
many other vital processes.
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Biochemical Studies in Hepatic Coma

J. M. WALSHE

truth with hands blood-stained from the slaughter of a

thousand platitudes’. Now while I think it is likely that T
shall be able to expose a few fallacies in the enormous iterature
on the subject of hepatic coma that must be covered in this
lecture I doubt if T will be able to slay sufficient numbers of
platitudes to qualify for the discovery of a new truth.

Before we can hope to understand the biochemical lesion
underlying hepatic coma it is necessary to have 2 clear picture
of the normal metabolic pathways involved. It 1s now generally
agreed that, despite the structural changes found in the brains
of patients dying 1n hepatic coma, the essential lesion causing
the disturbance of consciousness is biochemical. Furthermore, it
has been established that the syndrome of hepatic coma can
occur 1 the presence of normal, or relatively normal, hiver
function In the majority of cases the primary lesion is 1n the
hepatic parenchymal cells leading to a failure of the metabolic
or homeostatic functions of the liver. In a few cases the defect
appears to be 1n the hepatic circulation resulting in a shunting
of the portal blood into collateral channels. In other words
coma may be due either to a failure of the detoxifying functions
of the liver or of 1ts ability to add to the blood essential metabo-
Lites necessary to maimntain normal cerebral functions.

IN the words of Ortega y Gasset we must ‘arrive at the new

CEREBRAL METABOLISM
Under normal conditions the brain obtains 1ts energy by the
oxidation of glucose first by anaerobic glycolysis to pyruvate
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and then via the tricarboxylic acid cycle to carbon dioxide and
water, By this process it obtains the energy necessary for the
synthesis of acetyl choline, for the phosphorylation of glucose,
for the synthesis of creatine phosphate and adenosine triphos-
phate (ATP), for the incorporation of radiophosphorus into
phospholipids and other organic phosphorus compounds, for the
synthesis of glutamine for the maintenance of the ionic gradients
across the cell membranes and also to sustain the electrical
excitability of the neurones and the axons. It has been shown,
both in vitro and tn vire, that the respiratory quotient of the
brain approaches unity and it has also been shown ir vivo that
the cerebral uptake of oxygen corresponds to the utilization of
glucose, There is no evidence that the brain obtains energy by
the oxidation of fatty acids.

The normal human brain has a blood flow of 54 ml. per 100 g.
per minute, an oxygen uptake of 3-3 ml./1oo g./min., an
arteriovenous (A-v) oxygen difference of 6-3 volumes per cent
and respiratory quotient of 0-99 according to Kety and
Schmidt (1948). From these figures we can calculate the meta-
bolic quotient of the brain and this comes to approximately
12 pl. oxygen per mg. dry weight brain per hour, a very
similar figure to that obtained by McIlwain (1953) in his in
vitro studies with human cortex slices. Scheinberg and Stead
(1949) found slightly higher figures for oxygen uptake, 2-84
ml,/100g./min. and a glucose utilization of 6-27 mg./100 g./min.,
that is 81 mg. for a whole brain per minute. It has been shown
by Mangold, Sokoloff, Conner, Kleinermann, Therman and
Kety (1955) that there is no significant change in oxygen uptake
during sleep, and likewise that there is no increase in cerebral
oxygen utilization during mental activity (Sokoloff, Mangold,
Wechsler, Kennedy and Kety, 1955).

Now although glucose is the normal fuel for the brain 1t has
been shown in ttfro that other sugars will support metabolic
activity equally well, as also will pyruvate and lactate. It
surprising therefore to learn that 1n the hcpatccm.n.uzcd dog
only glucose was able to support electrical excitability of the
cerebral cortex or to correct hypoglycacmic coma. Fructose,
galactose and hexosc diphosphate were mnactive as also were
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pyruvate, lactate, and mal (Maddocks, Haw-
kins and Holmes, 1939; Elliott and Henry, 1946). In zitro these
compounds can supply a comparable number of high-energy
phosphate bonds to glucose. Their failure to correct hypogly-
caemic symptoms has been attributed by Himwich (1951) to an
inability to cross the blood brain barrier, but Coxon (1g52) has
suggested that the capacity of glucose to accept phosphate may
be important. Certainly ATp is necessary for this step and jts
breakdown to ape and inorganic phosphate will in turn acti-
vate the enzyme glutaminase with the resultant formation of
ketoglutarate which enters the Krebs cycle and supplies further
energy for the resynthesis of aTp.

It is this process of substrate oxidation, or more precisely
electron transfer, that supplies the energy of the cell. The trans-
fer of two hydrogen atoms to oxygen yields three and possibly
four high-energy bonds. The glycolytic breakdown of one mole-
cule of glucose to two of pyruvate gives eight such bonds and a
further fifteen result from the complete oxidation of each mole-
cule of pyruvate via the Krebs cycle. That is 38 high-energy
phosphate bonds are formed during the complete oxidation of
glucose. Assuming 12,000 calories per bond, then 465,000
calories are stored as phosphate bonds for each gram molecule
of glucose oxidized, or 67 per cent of the calculated free energy
loss involved (Strickland, 1956). Obviously any slowing down
of glucose oxidation via the Krebs cycle will seriously reduce the
energy available to the cells

One of the more vulnerable points in the cycle appears to
be that at which pyruvate condenses with oxaloacetate to form

pyruvate and then transfers the acetyl group to coenzyme a,
resulting in the formation of acetyl co-a and reduced lipo-
thiamide pyrophosphate. The acetyl group condenses with
oxaloacetate to form citrate with the restoration of the reduced
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coenzyme A. In the meantime the lipothtamide cedes hydrogen
to ppN and 15 thus able to repair its disulphide bond (Fig. 2).
A similar mechanism 1s probably operative for the oxidation of
ketoglutarate to succinyl co-a and succnic acid.

AMONIA BiNDING MECHANISM
Now although cerebral energetics are centred largely around
carbohydrate metabolism there are other features of cerebral
metabolism which must be considercd. Of these perhaps the
most important is the role of glutamic acid in the ammonia
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binding mechanism. The normal brain contains ammonia and
the exact amount varies with the method by which the animal
has been killed. The lowest figures reported are those of Richter
and Dawson (1948) who showed that after barbiturate anaes-
thesia, 1f the animal was dropped into liquid air, the average
brain ammonia was 60 pg.[100 g. brain. After electrically or
chemically produced convulsions the concentration could be as
igh as 800 to 1,000 pg. Figures for animals killed by decapita-
tion, and previously in a normal state of activity, are of the order
of 200 t0 400 pg. per cent in most series (Benitez, Pscheidt and
Stone, 1954; Richter and Dawson, 1948). In zitro studies have
also shown that the brain will make ammonia and that glucose
is necessary for the removal of ammonia so formed. Weil Mal-
herbe and Green (1955) recently studied the factors involved
and showed that the amide nitrogen of glutamine was not the
source of the ammonia, even in the absence of glucose. The
addition of high-energy phosphate or diphophopyridine nucleo-
tide (ppN) did not influence ammonia synthesis nor could they
link it with any of the five known bramn deaminating enzymes.
They concluded that the formation of ammoma was due to the
action of 2 very unstable proteinase present i brain. They also
reported the failure of fluoroacetate to increase the ammonia
formation by brain slices, although it has this action in the
intact animal (Benitez ¢! al., 1954). Indeed it has been postu-
lated that the mechanism of flucroacetate toxicity might be due
to the accumulation of ammonia in the cell. This occurs before
the onset of convulsions, or before the accumulation of citrate,
which in fact it exceeds on a molar basis.

The normal mechanism for the removal of ammonia formed
in the bran is beheved to be by combination with glutamate to
form glutamine; this process requires high-energy phosphate.
There is much evidence to support this theory, postulated by
.Krebs in 1935. There 15 a lngh concentration of glutamic acid
in the brain, in most species around 100 mg. per 100 g. wet
weight, while glutamine is usually present in about half the
concentration. Given glucose as substrate the brain will form
glutamine while, in the absence of substrate, ammoma accumu-
lates. On the other hand both Richter and Dawson (1948) and
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coenzyme A. In the meantime the lipothiamide cedes hydrogen
to ppN and 1s thus able to repair its disulphide bond (Fig. 2)-
A similar mechanism is probably operatie for the oxidaton of
ketoglutarate to succinyl co-a and succinic acid.

Amvonta BinpiNnGg MEcHaNTsM
Now although cerebral energetics arc centred largely around
carbohydrate metabolism there are other features of cerebral
metabolism which must be consldcrcd Of these perhaps the
most 1mportant is the role of g acid in the
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pathways is, T belicve, necessary for an undesstanding of what is
to follow.
Meranonic Lesion 18 Hepatic Cova

1n the last decade the literature on hepatic coma has multiplied
in a remarkable fashion and {rom it certain facts have crystal-
lized, In the Coptinental literature of the 1930s (Fuld, 1933;
Van Caulaert, Deviller and Halff, 19323, b; Van Caulaert,
Deviller and Hofstein, 1932; Kirk, 1936) attention was drawn
to the raised concentration of ammonia that occurred in the
blood of patients with liver disease and also the mental symp-
toms which could be induced in susceptible patients by the
administration of ammonium salts. More recently the work of
Davidson and his team in Boston (Webster and Davidson, 1957;
Seegmiller, Schwartz and Davidson, 1g54) and Sherlock in this
country has clarified the picture and gone a long way towards
defining the salient facts, although our interpretation of them
is still not certain. Shortly we shall have to consider the place
of ammonia in the genesis of hepatic coma and to review the

evidence for and against its role as a cerebral intoxicant.

Another compound which has been found to induce coma in
susceptible subjects is methionine, Later we shall also have to

consider what role susceptibility plays in the development of
hepatic coma. QOther factors have also been incriminated; these
are the so-called toxic amines formed by bacteriat decarhoxyla-
tion of aminoacids in the gut, amines which in turn might give

rise to the more toxic aldehydes under the influence of amine
oxudase, Coproporphyrin metabolism is also disturbed in he-

patic (zlscasc, and in severely jaundiced patients the concentras

lites has been less extensively studied (Geiger, Dobkin and
Magnes, 1953). Geiger and Yamasaki {1956) have shown that
the electrical excitability of the perfused brain depends upon
the presence of the liver in the circulation or on the infusion
of the nucleosides cytidine and unidine, This suggests that these

are normally supplied by the liver and are essential for cerebral
raetabolismm,
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Benitez and others (1954) found no increase in cerebral glut-
amingafter convulsions or after the injection of ammoninm sales.
Again, although glutamic acid can enter the nerve cell ir tifr,
it is almost certain it cannot do so in the intact animal so that
the glutamic acid present in the brain must be formed either
from glutamine, which can cross the blood brain barrier readily,
or from ketoglutarate; the enzyme glutamic dehydrogenase can
carry through this latter reaction without energy, in the pre-
sence of excess ia. Both gl and gl ine are
active in transamination reactions. With pyruvate, glutamate
can form ketoglutarate and alanine and with oxaloacetate it
will form ketoglutarate and aspartic acid, Moreover two mole-
cules of glutamate can oxidize to form one of glutamine and one
of ketoglutarate. Thus glutamate can act as an acceptor ot a
donor of amino groups according to the needs of the cell and it
can also supply ketoglutarate for the Krebs cycle. /n titro both
glutamate and glutamine can act as substrates to support
cerebral oxidation and it is curious therefore that when no
substrate is supplied there is only a small fall in the glutamate
concentration of the cell and no fall in the glatamine level. A
still more remarkable fact is that under conditions when am-~
monia increases rapidly in the cell the glutamine concentration
does not show a corresponding rise as has been noted by
Waelsch (1g51), by Richter and Dawson (1948) and by Benitez
and others (1g54). In additjon to its role in transamination and
amidation, glutamate also undergoes decarboxylation with the
formation of gamma aminobutyric acid; this is believed to be
an intracellular buffering mechanism leading to the freeing of
fixed base to ncutralize organic acids formed during active
metaholism. In the human cortex McIlwain (1953) has shown
that glutamate, in the absence of glucose, can support respira-
tion and the response to electric excitation, a function 1t could
not maintain in a rat, guinea-pig or rabbit brain. By supplying
amino groups to large bers of k ds and by id:

to glutamine, glutam:_ue also Pla_ys a key_ mlﬁ 1‘n protemn syn’;

~losahan



BIOCHEMICAL STUDIES IN HEPATIC COMA 413

pathways is, I believe, necessary for an understanding of what is
to follow.
Merasoric Leston v Heratic Cova

In the last decade the literature on hepatic coma has multiplied
in a remarkable fashion and from it certain facts have crystal-
lized. In the Continental literature of the 1930s (Fuld, 1933;
Van Caulaert, Deviller and Halff, 1932a, b; Van Caulaert,
Deviller and Hofstein, 1932; Kirk, 1936) attention was drawn
to the raised concentration of ammonia that occurred in the
blood of patients with liver disease and also the mental symp-
toms which could be induced in susceptible patients by the
administration of ammonium salts. More recently the work of
—~ s Yie . Cm s PRI

defining the salient facts, although our interpretation of them
is still not certain. Shortly e shall have to consider the place
of ammonia in the genesis of hepatic coma and to review the
evidence for and against its vole as a cerebral intoxicant.
Another compound which has been found to induce coma in
susceptible subjects is methionine, Later we shall also have to
consider what role susceptibility plays in the development of
hepatic coma. Other factors have also been incriminated; these
are the so-called toxic amines formed by bacterial decarboxyla-
tion of aminoacids in the gut, amines which in turn might give
rise to the more toxic aldehydes under the influence of amine
oxidase. Coproporphyrin metabolism is also disturbed in he-
patc c}_isease, and in severely jaundiced patients the concentra~

lites has been less extensively studied (Geiger, Dobkin and
Magnes, 1953). Geiger and Yamasaki (1956) have shown that
the electrical excitahility of the perfused brain depends upon
the presence of the hiver in the circulation or on the infusion
of the nucleosides cytidine and uridine. This suggests that these
are normally supplied by the liver and are essential for cerebral
metabolism,
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We have seen already that the normal brain receives a blood
flow of 54 ml. per 100 g. and takes up oxygen at the rate of
3°3 ml. per 100 g. per minute. Fazekas, Ticktin, Ehrmantrant
and Alman (1956) have shown that in hepatic coma the blood
flow is reduced to 40 ml, a minute, a fall of 26 per cent, whereas
the oxygen uptake is only 1-6 cc., a fall of 50 per cent below
normal. In other words glucose utilization falls out of propor-
tion to the diminished blood supply to the brain. However, as
Fazekas and others (1956) pointed out, there was a large degree
of averlap both for blood supply and oxygen utilization in the
comatose and non-comatose patients they studied.

Ammoma as A PossteLe FacTor

There is a similar overlap among comatose and non-comatose
patients when they are grouped into those with a high and
those with 2 normal blood ammonia and in most series about
10 per cent of patients in coma fall within the normal range
(Sherlack, 1958; Webster and Gabruzda, 1958). However,
Bessman and Bessman {1g55) have pointed out that this poor
correlation is due, at Jeast in part, to using peripheral venous
and not arterial blood for the ammonia determinations and they
have shown that in most patients in hepatic coma the arterial
ammonia level is elevated and that the tissues are taking up
ammonia, The rate of uptake appears to be proportional to the
degree of elevation of the arterial ammonia concentration
(Webster and Gabduzda, 1958). In normal subjects and mn
patients with liver disease whose blood ammonia Jevel is not
raised there is an ammonia equilibrium across the brain al-
though some brains may take up or evolve small amounts of
this compound. On the other hand in patients in hepatic coma
whose blood ammonia is high the brain as well as the peripheral
tissues take up a ia (B and By 1955; Fazekas
¢ ol., 1956; Webster and Gabduzda, 1958; Summerskill, Wolfe
and Davidson, 1957), an average figure for ammonia extraction
being 50 pg./t00 ml. blood. Taking Fazekas’ figures for cerebral
blood flow in comatose patients as 40 ml. a minute per 100 g

brain, or approximately 500 ml. for an average human br{xm. it
means that the cerebral uptake of ammonia is 250 pg. per minute.
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Now one may ask if this uptake of ammonia by the peripheral
tissues is peculiar to hepatic coma? The answer is definitely no.
Tyor and Wilson (1938) have demonstrated that the blood
ammonia concentration can be raised in normal subjects well
into the coma range by the infusion of ammonium salts, They
gave either ammonium chloride or lactate in amounts up to
g4m. eq. in one hour and achieved blood Jevels of over 700 pg.
of ammonia nitrogen per 100 ml. without producing untoward
symptoms. At these high concentrations the muscles removed
ammonia in propottion to the degrec of elevation and arterio-
venous differences of over 300 pg. per 100 ml. were found, but
the mechanism for removal of ammonia was readily saturated
with high loads. Both Stauffer and Scribner (1957), and Wolfe,
Fast, Stormont and Davidson (1958) have reported the produc-
tion of a syndrome like hepatic coma in patients without liver
disease, but in metabolic alkalosis, by the administration of
ammonium chloride. Unfortunately, information as to the
cercbral uptake of ammonia by these patients is not available.
However, 1t is clear from details given 1 the latter paper that
peripheral uptake of ammomia must have occurred. The patient
had pylorc stenosis and persistent vomiting. He was given 29 g.
of ammonium chloride 1n 20 hours, that 15, 7°6 g. of ammonia
nitrogen. Now 1f this were to be distributed in 10 litres of extra-
cellular fld (a generous allowance for a severely dehydrated
man) it is equivalent to 76 mg. ai nitrogen per 100 ml.
At the end of this infusion the blood ammoma was only 127 pg./
100 ml, so that m 20 hours he had removed some 7-58 g. of
ammonta nitrogen from his extracellular fluid, that is at the
rate of approximately 3,790 pg./100 ml. per hour for 20 hours,
no small feat when it 15 also claimed that specific therapy with
argimne produced a further lowering of 70 pg.f100 ml. in the
twenty-first hour.

The mechanism of ammenia removal by the muscles could
be either by incorporation into carbamyl phosphate, as a pre-
cursor of the Krebs urea cycle, by amidation of glutamate to
form glutamune, or by the action of glutamic dehydrogenase to
form glutamate from ketoglutarate. As the formation of carb-
amyl phosphate is inhituted by Diamox this might explain the
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ability of Diamox to induce coma in susceptible subjects (Bess-
man, 1959). Similarly the formation of glutamate from keto~
glutarate could reduce the availability of this ketoacid for the
tricarboxylic acid cycle, That this s the toxic action of ammonia
has been suggested by Bessman and Bessman (1955) but the key
point here would seem to be whether the glutamate in the brain
could hand on the unwanted amino group by way of the trans-
aminase reactions already mentioned (Weil Malherbe, 1952).
This would result in the restoration of ketoglutarate, which is
probably not needed in more than catalytic amounts to keep
the cycle operative,

Earlier we saw that the brain might remove an average of
250 pg. ammonia from the blood every minute, Now each
microgram of ammonia nitrogen is equivalent to 1o ug. of
glutamic acid. The brain contains 100 mg. of this aminoacid
per 100 g., or 13 g. for an average adult brain, so that it would
take over g hours at this rather high rate of ammonia extraction
for the brain to deplete jtself of glutamate assuming that no
replacement mechanism was available. Weil Malherbe (1952)
has pointed out the risk of dangerous depletion of ketoglutarate
by overactwity of the ammonia binding mechanism but con-
sidered the ketoacid could be replaced by pyruvate or oxalo-
acetate accepting amino groups from glutamate. Bessman (1956),
however, considers that this mechanism, while operative in
muscle and liver, is not available to the brain. These contradic-
tory views may well be due to species differences in the experi-
mental animals studied since I have been able to show that
glutamic-oxaloacetic transaminase and glutamic-pyruvic trans-
aminase are present mn the rat bramn in concentrations com-
parable to those in liver.

This point waants settling for human brain, It would also be
interesting to know the concentration of glutamate and keto-
glutarate in the brains of patents dying in hepatic coma. At
present there is no evidence of ketoacid depletion in such
patients. Not only is the blood pyruvate elevated but so also is
the ketoglutarate {Walshe, 1955; Dawson, De Groote, Rosen-
thal and Sherlock, 1957; Summerskill, Wolfe and Dawvidson,
1957). Dawson and others (xg57) could find no evidence for
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depletion of ketoglutarate after giving ammonium chloride to
cirrhotic patients and Davidson’s group showed that adminis-
tration of ammonium salts actually resulted in an elevation of
the blood ketoglutarate levels. They believed that the excess
ammonia inhibited final glucose oxidation with the resultant
accumulation of ketoacids. A more probable explanation is that,

possible mechanisms of ammonia toxicity have been suggested.
Formation of glutamine requires ATP and abnormal activity of
this system might lead to a deficiency for other systems requir-
ing aTP (Weil Malherbe, 1948), such as acetyl choline synthesis
(Mann, Tennenbaum and Quastel, 1939), incorporation of

phorus into phospholipid: (Fmdlay, Rossiter and Magee,
1954) and the maintenance of creatine phosphate levels and of
electrical excitability (Gore and Mcllwain, 1952). Ammonia
also appears to inhibit the fixation of carbon dioxide by pyru-
vate to form oxaloacetate but Crane and Ball (1g51), who
mvestigated this, could find no evidence to suggest that am-
monia combined with the ketoacids to form glutamate or
alanine,

However, our understanding of the role of ammonia in the
genesis of hepatic coma 1s further obscured by the observation,
made originally by Webster (1956) and since confirmed by
Summerskill and others (1957), that 1n some cases of hepatic
coma the brain may actually evolve ammonia into the blood.
It appears to be those patients whose coma has not resulted from
a protein load who most often fall into this group.

Cerebral ammoma output as high as 50 ug. mitrogen per
100 g. bram per minute has been recorded by Webster and
Gabduzda( 1958) and no fewer than ten out of fourteen of their
patients whose coma was spontaneous showed this phenomenon.
On the other hand all of their patients 1n whom coma was pre-
cipitated by gastro-mntestinal bleeding showed an uptake of
ammoma by the brain. Summerskill and others {1957) have
postulated that a progressive falling off of ammonia uptake
occurs in severe hepatic disease resulting 1n a negligible uptake,

2E
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cquilibrium and finally output of ammonta by peripheral tissues
and brain, despite the high arterial Jevel.

Probably the for r ing ia which are
normally active in liver and peripheral tissue break down in
hepatic coma and the degree of their reserve conditions the
susceptibility of the patient to an abnormal ammonia load. This
could explain the poor clinical correlation often found between
blood ammonia levels and the state of consciousness and the
observation that the normal individual can tolerate ammonia
concentrations far into the coma range.

Evolution of ammonia by the brain of patients in hepatic
coma is in keeping with the tr vitro studies of Weil Malherbe
and Green (1955) who showed that the brain was capable of
producing large quantities of ammonia. I have also studied this
(Walshe, De Carli and Davidson, 1958b) and it is clear that
ammonia is not an abnormal cerebral metabolite. The more
favourable the in vitro conditiens and the greater the rate of
oxygen uptake, the less the amount of ammonia present in the
cortex slice. This is presumably due to the optimum function
of the ammoma binding mechanism. If the brain slice is de-
prived of glucose ammonia production rises, but if the brain is
supplied with glutamine or glucosamine as substrate oxygen up-
take increases while ammonia production is greatly augmented.
Glucose and glutamine together support oxygen uptake well
and also result in a very high rate of ammonia production
equivalent to approximately g mg. per whole brain per minute.
That fs, the production of ammonia, in the cell, at its most vul-
nerable point, does not inhibit oxidation 1n any way (Walshe
et al., 1958). On the other hand glucosammne and glucose result
in a high rate of ammoma production and also inhbit oxygen
uptake, an observation previously made by Harpur and Quastel
(194g) who believed the mechanism was a competjtion betwcen
glucose and glucosamine for phosphorylase, As this enzyme acts
more slowly on glucosamme the ability of the brain to phos-
phorylate glucose is inlubited, hem:c‘ reducing the supply 9f
energy by the Krebs cycle. It is a curious pownt that the brain
will apparently deaminate added glutamine in the prescnce ?f
glucose but will not deami the cnd comp
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suggesting that this is loosely bound in some way so that it is
ot veadily available for the mc(abch: pool.

There is evid that the mec} for ia removal
is different in cirrhotic patients from normals, Bessman, Shear
and Fitzgerald (1957) have shown that neither arginine nor
glutamate affected the rate of removal of infused ammonia from
the blood of non-cirrhotic patients. But in patients with cir-
rhosis arginine shghtly increased the rate of ammonia removal,
presumably by incorporation into urea, while glutamate so en-
hanced the rate of ammonia removal that, at 6o minutes, the
blood ammonia level was lower than the corrcsponding level
for the controls. They suggested that cirrhotic patients were
adapted enzymatically 1o the formation of glutamine as a sub-

P I I T R T e S O e
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1955; Velasco and Ducc, 1957).

Our knowledge of ammonia metabolism in liver disease may
now he briefly ized as follows, A ia is formed in
the gut by bacterial action on urea and proteins and also by
enzymatic hydrolysis of amides (Webster and Davidson, 1956).
The ammonia is then absorbed into the portal circulation and
cither by-passes or passes through a damaged liver. Itis removed
by the peripheral tissues by fixaton as carbamyl phosphate and
by glutamine synthesis. When these mechanisms become satur-
ated ammonia evolution by the tissues occurs, further elevating
the blood level. The toxic action of ammonia might result from
exther bination with ketogl and depl of the
Krebs cycle or the removal of aTe needed for glutamine syn-
thesis. The consequent shortage of AT would then result in a
failure to maintain ionic gradients across the cell membrane and
hence electrical excitability, and a failure of various syntheuc
functions in the cell already detailed. The mention of ionic
gradients and cell permeability in turn raises the quesuon
whether ammonia, or to be more precise the ammonium ion,
can cross the cell membrane.
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PpH Cnaxces anp Asmsonia Toxierry

In 1956 Vanamee, Poppell, Glicksman, Randall and Roberts
pointed out that respiratory alkalosis was a common finding in
hepatic coma, and they went on to suggest that ammonia
stimulated the respiratory centre and that the resultant alkalosis
impaired oxygen unloading in the tissues leading to high blood
lactic acid levels and diminished cerebral oxygen uptake, which
in turn enhanced the toxic action of ammonia. Now these
results may be interpreted otherwise, particularly in the fight
of Warren’s studies in mice (Warren, 1958; Warren and Nathan,
1958). He showed that in these animals the toxicity of am-
monium salts varied directly with their ability to raise the blood
pH and he postulated that this was due to an increased ratio of
ammonia gas to the ammonium ion at high blood pHs. Further
studies have shown that raising the blood pH increased the
speed at which ammonia crossed the blood brain barrier and
that the amount of ammonia entering the brain depended more
upon the pH than the total amount of ammonia nitrogen
administered. In other words as the biood pH approaches the
pK for ammonia the ammonia/ammonium ratio shifts towards
the unionized gas which can cross the cell membrane readily
and accumulate in the cell, where the acid pH rapidly converts
it back to ammonium salts. This is 2 most important observa-
tion, but 1t is a great pity that we do not have any studies made
with ammonia at concentrations which bear some relationship
to the physiological range.

Now in the light of Warren’s (1958} abservations the alkalosis
of hepatic coma can be re-evaluated. Instead of the raised
blood ammonia leading to respiratory alkalosis and reduced
oxygen unloading in the uissues, the raised pH allows ammeonia
to enter the cell and inhibit metabolism resulting in redvced
oxygen requirements and henee reduced oxygen uptahe.

One link is missing in the chain of evidence needed to in-
criminate ammonia as the toxic factar in hepatic coma: that 15
expeti 1 work in animals at i2 c com-
parable to those that are found in man. We know that i man,
in hepatic coma, the blood ammonia levels vary widely, but
seldom exceed 500 pg./100 ml. and are commonly in the range
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200~300 pg.f100 ml. In no experimental animal is ammonia
toxic at such low blood levels. In fact in many animals these
figures would be well within the normal range and toxic
symptoms are usually encountered only at blood, or tissue,
levels around 5,000-9,000 pg. per 100 g., that 1s about ten times
higher than those found in man. Moreover, the toxic symptoms
observed are always excitatory and convulsions are a common
event. In hepatic coma convulsions are exceedingly rare and
the usual picture 1s one of progressive depression of cerebral
function. Until toxic symptoms, similar to those observed in
man and at comparable blood levels, can be regularly produced
in a suitable experimental animal the evidence for ammonia
intoxication in hepatic coma remains inconclusive.

MetHionmNe Toxicrry
From ammonma metabolism I now want to turn, briefly, to the
question of methionune toxicity. The work of Himsworth and
Glynn (1944) and Glynn and Himsworth (1944), who showed
that methionine deficiency could cause massive hepatic necrosis
in rats, led to the introduction of this aminoacid in the treat-
ment of patients with liver disease. Watson (194g) reported a
remarkable patient with cirrhosis who repeatedly lapsed into
coma when given methionine, but the significance of this was
not at the time appreciated. Later I reported finding methionine
sulphoxide in the spinal fluid of a patient in hepatic coma and
pointed out that this might block the ammonia binding
mechanism in the brain as methionine sulphoxide was known to
be a glutamic acd anti bolite in micro-organisms (Walshe,
1951). In 1955 Sherlock repeated and confirmed Watson’s
observation on the toxicity of methionine and was later able to
show that this did not depend on changes in the blood am-
monia (Phear, Sherlock and Summerskill, 1955, Phear, Rueb-
ner, Sherlock and Summerskill, 1956). Almost at the same time
Challenger and I (Challenger and Walshe, 19552, b) reported
finding methyl mercaptan and methylsulphide in the urine of a
patient 1n hepatic coma and postulated that these two com-
pounds were probably derived from methionine and discussed
their possible toxcity and thejr relationship to foetor hepaticus.
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Dr. J. M. Barnes (1955) studied the toxicity of these compounds
for me and found that methyl mercaptan rapidly produced
UNCONsCiousness in rats at concentrations as Jow as § mg. per
litre in the inspired air.

Moreover, the coma was rapidly reversible on withdrawal of
the mercaptan, although the animals continued to smell of the
compound for some hours after recovery. The origin of the
mercaptan has not been established. Challenger and Walshe
{1955b) believed it was formed in the body as a result of de-
ranged methionine metabolism, the enzyme thionase in the liver
causing a fission of the carbon-sulphur bond in the methionine
molecule and resulting in the formation of methyl mercaptan
and homoserine or alpha aminobutyric acid. Phear and others
(1956) helieved that methionine toxicity was secondary to bac-
terial action in the gut and they were able to suppress, or retard,
the toxic action of orally administered methionine by the use of
a broad spectrum antiobiotic. They also reported that the small
ntestinal juice of patients with cirrhosis was odourless (Martini,
Phear, Ruebner and Sherlock, 1957) so presumably the mercap-
tans formed from methionine were of metabolic origin.

Rore or Amvines IN Heratic Coma

Brief mention should also be made of the role of amines in the
genesis of hepatic coma. At present there is no direct evidence
that toxic concentrations of these compounds are present 1n the
blood of patients 1n hepatic coma, but intestinal fermentation
of protein could well lead to the formation of pharmacologically
active amines which would by-pass the hver in the same way as
ammonia. One amne which requires mention is serotomn, 5-
hydroxy tryptamine; this is a normal body metabolite which may
well beconcernedwith bothnormal and abnormal brain fonction.

Bessman, Merlis and Borges (1g57) have suggested that a
defictency of this compound might result in a disturbance of
consciousness and has given the precursor, 5-hydroxy trypto-
phan, to patients in coma apparently with improvement in the
... pattern. The related indolyl compounds have also re-
ceived attention, As long ago as 1933 Quastel and Wheatley
postulated a toxic role for these compounds in hepate discase
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and more recently (1958a) I have shown that a number of
indolyl derivatives will inhibit cerebral oxygen uptake and the
response to maximal stimulation.

On SusCEPTIBILITY
Finally there is one further point requiring consideration, That
is the question of susceptibility. We have already seen that both
ammonium salts and methionine will induce the syndrome of
hepatic coma only in susceptible subjects. These people usually
have moderately severe hepatic disease and very often large
portal collateral shunts, There are also scattered reports of
i toxicity in pati with normal livers, though
strictly speaking they can hardly be considered to be metaboli-
cally normal, as for instance the patient with dehydration and
severe alkalosis described by Wolfe and others in 1958. If we
accept this phenomenon of susceptibility, and in view of the
available evidence I think we must do so, then it is not un-
reasonable to say that the bramns of patients with liver disease
are lacking in some fund 1 defence hanism against
1ntoxication or are deficient in some essential metabolite nor-
mally supplied by the liver or a combination of these two factors.
‘While the work of Geiger and Yamasaki (1956) on the isola-
ted perfused cat’s brain has shown that a deficiency of essential
factors such as cytidine and uridine can lead to loss of electrical
excitability we have no evidence as to whether this occurs in
man, but it may well be that there 1s a shortage of co-enzymes
or enzyme activators necessary for normal cerebral energetics.
One such factor which has recently received attention is
lipoic acid whose role in pyruvate metabolism has already been
discussed, Although there is no evidence that a shortage of this
compound occurs in man 1t has been given, allegedly with
benefit, to patients 1n hepatic coma. However, Bravo, Orrego
and Walshe (1g59) studied 2o patients with severe hepatic
disease who were receiving large doses of thiamin and could find
no evidence that treatment with hpoic acid restored disturbed
carbohydrate metabohsm to normal (Fig. 3).
Similarly inhibition of the normat ia binding mechan-
1sm might leave the brain vulnerable to concentration of




424 J« M. WALSHE

ammonia which under normal conditions would be harmless.
Methionine sulphoxide has already been mentioned as a
theoretical possibility here. Other factors are the change in the
blood pH allowing ammonia to enter the cell more readily than

PYRUVATE Alg/lOOml {PYRUVATE yig floam!
1

LACTATE mg ftoom! LACTATE mg fICQ ml

o R S
~
Q

1500

~— ek

Q 60 QOMINS o 60  QOMINS

t————t——-—GLUCOSE 509 "“Iﬁ"—“

o Mean ol

levels

in the normal and jt would be interesting to know the effect of
alkalosis on ammonium tolerance of normal individuals. The
views of Bessman and Bessman (1955) on ketoglutarate deple-
tion could also be adduced. Chronic low-grade clevation of the
blood ammonia level might lead to a slowly progressive de-
pletion of the brain’s reserves of hetoghutarate and glutamic
acid with an eventual slowing of the Krebs cycle to a pomnt at
which it could no longer support consciousness. Thus coma
might develop at a blood ammonia concentration apparently
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well below the toxic level and, if we invoke the reverse sequence
of events, consciousness might not return until the blood level
had been low for long enough for the deficiency of essential
metabolites to be replaced. As we have seen already it would
take some g hours for all the glutamate in the brain to be
removed at an ammonia extraction rate of 50 pg./100 ml., that
is making no all e for repl by any hanism and
also ing that no tr i 1 can occur in the human
brain, although we know that this reaction can certainly occur
in certain animal species.

In the experimental field there is some evidence to support
the theory of susceptibility. Walshe, De Carli and Davidson
{1958a, b), in a himited number of experiments on rats with
hepatic cirrhosis, showed that the cortex of these animals was
able to respond to maximal stimulation less well than normal
cortex in the presence of respiratory inhibitors at sub-toxic
concentrations. These abnormal cortex shces also produced
more ammonia than the normals and were unable to depress
their ammonia production on maximal stimulation.

Coxcrusions
Now let me try to sum up bnefly. The following facts are
blished. The blood ammonia. concentration js usually

elevated 1n_patients_in_hepatic coma and there is_often an
accompanying respiratory alkalosis. The brain may take up
ammonia, be 1n equilibrium, or evolve ammonia into the blood.
A syndrome indistinguishable from hepatic coma can be

induced in susceptible subjects by a number of compounds,
principally ammonium salts and methionine. The nature of the
factor leading to susceptibility has not yet been deterrmned,
and untit we know more about this we cannot hope to have a
fully logical and effective therapy. Indeed, the whole subject is
at 2 rapidly growing pomnt of knowledge and it is hardly sur-
prising that both facts and nterpretations are still apparently
contradictory. T am sure the patient with impending hepatic
coma would join with the poet in saying

When men of science find out something more

We shall be happier than we were before,
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in the normal and it would be interesting to know the effect of
alkalosis on ammonium tolerance of normal individuals. The
views of Bessman and Bessman (1955) on ketoglutarate deple-
tion could also be adduced. Chronic low-grade elevation of the
blood ammonia level might lead to a slowly progressive de-
pletion of the brain’s reserves of ketoglutarate and glutamic
acid with an eventual slowing of the Krebs cycle to a pont at
which it could no longer support consciousness. Thus coma
might develop at 2 blood ammonia concentration apparently



BIOCHEMICAL STUDIES IN HEPATIC COMA 425

well below the toxic level and, if we invoke the reverse sequence
of events, consciousness might not return until the blood level
had been low for long enough for the deficiency of essential
metabolites to be replaced. As we have seen already it would
take some g hours for all the glutamate in the brain to be
removed at an ammonia extraction rate of 50 pg./100 ml,, that
is making no allowance for repl. by any hanism and
also ing that no tr ination can occur in the human
brain, although we know that this reaction can certainly occur
in certain animal species.

In the experimental field there is some evidence to support
the theory of susceptibility. Walshe, De Carli and Davidson
(1958a, b), in a limited number of experiments on rats with
hepatic cirrhosis, showed that the cortex of these animals was
able to respond to maximal stimulation Jess well than normal
cortex in the presence of respiratory inhibitors at sub-toxic
concentrations. These abnormal cortex slices also produced
more ammonia than the normals and were unable to depress
their ammonia production on maximal stimulation.

Concrusions
Now let me try to sum up briefly. The following facts are
established. The blood ammonia. concentration _is_usually
clcvated_in,panemsjn_hepatic coma and there is_often an
accompanying respiratory alkalosis. The brain may take up
ammonia, be in equilibrium, or evolve ammonia into the blood.
A syndrome indistinguishable from hepatic coma can be

induced in susceptible subjects by a number of compounds,
principally ammonium salts and methiomne. The nature of the
factor leading to susceptibility has not yet been determined,
and until we know more about this we cannot hope to have a
fully logical and effective therapy. Indeed, the whole subject is
ata rapidly growing point of knowledge and it 15 hardly sur-
prising that both facts and interpretations are still apparently
contradictory. T am sure the patient with impending hepatic
coma would join with the poet in saying

‘When men of scu

We sl be Papies than e e ot
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XXIII

Fine-Structural Studies of the Collagen-
Apatite Partnership

W. T. ASTBURY

HE culminating event in the building of bones and teeth

l is an organized deposition of crystallites of hydroxy-

apatite brought about, we believe, through the principal

agency of a matrix of collagen fibrils. Except for the crystal

structure of apatite, everything in this sentence is vague to some

extent, and it is the object of this lecture to try to sharpen the
picture a little.

‘Wrar 15 Corracen?
First as regards what we mean by collagen, a name which used
to apply to a certain type of connective tissue component only
but which has now come to cover a great range of protein fibres,
all alike at the fundamental molecular level but often differing
widely at constructional levels higher than that: the basic pat-
tern common to them all was revealed in X-ray diffraction
studes (1) and is characterized by the now familiar large-angle
fibre diagram which in fact still remains the only consistent and
generally accepted test for the ‘collagens’, whatever other func-
tions and properties they may have; for their chemical constitu-
tional scheme has not yet been worked out completely, though
tseems that app 1 third of the ami id residues
must be glycine residues while another quarter or so consists of
proline and hydroxyproline residues, and that the presence of

1 Since a selection of references only 1s gyven 1n this lecture, serial numberag has
been adopted although this differs from the system used elsewhere 1n the baok.
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hydroxyproline is unique to the collagens, The molecular struc-
tl}ral unit that has been deduced from the large-angle X-ray
diffraction diagram (2), supported by electron microscope and
physico-chemical studies, has been called ‘tropocollagen’: it is
a stiff, rod-like particle of dimensions some 2,600 A~2,800
by 14 A and weight about 340,000 (3), made up of three poly-
peptide chains each twisted into a lefi-handed helix of threc
residues per turn, then twisted together into a right-handed
‘coiled coil’ so that the ‘repeat’ finally corresponds to the length
of ten residues (286 A). This is the image that first comes to
mind~—_this closely integrated, special polypeptide triad~when
we think of collagen nowadays, and what we mean by collagen
generally is af! the multitudinous structures that nature has
built from it. For the purposes of mineralization, our main
business here, tropocollagen is inherently necessary, but it is
insufficient in itself, and what is more, since obviously not all
collagenous structures have the power of, ar are associated with,
mineralization, only certain combinations of tropocollagen will
do the trick, and even then they may be subject to accessory
factors, promoting either activation or inhibition.

Some collagens, for instance the earthworm cuticle, betray
no details of their higher organization either by X-rays or in
the electron microscope—we see only the large-angle diffrac-
tion diagram and unstriated fibrils; but nsually a higher period-
icity is shown at least in the electron microscope, the common
manifestation being about 640 A, as illustrated most familiarly
by the classic example of rat-tail tendon, with its outstanding
small-angle diffraction pattern about which we owe so much
to Bear and his collaborators, and its particularly evident
transverse band pattern that figures so frequently in the ex-
tensive electron microscope investigations of the Schmitt and
Randall schools and others. There are also found vanations on
the 640 A theme: for example, in early stages of fibrogenesis
when it can appear as one-third the full period, and in the
illustration I have chosen? for Plate XXVIII, Figure 1 {collagen
fibrils in untreated pulp from a human incisor) where it shows

3 The lecture ttself was illustirated by many more shdes than bave bren selected
for this wntten-up version Plates referred to will Le found between pages 340 1
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itself mostly as a succession of half-periods subdivided again into
three; but broadly speaking it is the dominant and ‘natural’ one
in collagen-type structures made i zizo, and the implication is
straight away that it must somehow be the specific combination
of tropocoll units char: ized by the 640 A periodicity
that is responsible in the end-—other things being favourable,
of course—for the last act of apatite formation. Incidentally,
a feature of collagen-type fibnls that cannot be missed in
the electron microscope and that must also have its special
significance is the way their thickness can differ considerably
from one type to another, while within each type remaining ex-
traordinanly uniform. In Plate XXVIII, Figure 1, for example,
ane notices at once how very much thinner the collagen fibrils in
dental pulp are than in rat-tail tendon, say—something like ten
times thinner in fact, recalling reticulin, another former ‘out-
sider” that has now been admitted to the collagen family. They
are scarcely goo A thick and are beautifully uniform, and those
seent in the human periodontal membrane are similar.

Tt was known from the early work of Nageotte, Fauré-
Fremiet, Wyckoff and Corey, and others that native collagen
can be dissolved in dilute acetic acid and then be reprecipitated
essentially unchanged by addition of salts at appropriate pH,
but of recent years this finding has been shown, largely at the
hands of Schritt and Gross (4) and their collaborators, to be
only 2 beginning, a first indication of the possibilities: no fewer
than five principal forms (and intermediate varieties) of recon-
stituted collagen are now recognized and their interchange-
ability in oiiro established beyond question. The quickest sum-
mary of our present knowledge on thus score is conveyed by the
Schmutt-Gross diagram reproduced in Figure 2, and it tells at
a glance the sort and scope of problem we are concerned with,
at the very least, in seeking to identify what fundamental com-
bination or combinations of tropocollagen are capable of taking
part in mineralization,

And before proceeding further, perhaps a few words are
called for on the necessity to distinguish, as 2 mental reservation
at any rate in case there are independent steps 1n the manufac-
ture and laying-down of apatite in bones and tecth, between
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initiation (activation, nucleation) and organization (orienta-
tion). The situation is analogous in the first place to ‘staining’
collagen by various means, such as by phosphotungstic acid to
display in the electron microscope the intra-band fine structure,

; y e
) ; 5 TROPQCOLLAGEN PARTICLES
y o IN SOLUTION
4 o
o8 LENGTH ~2600 A
~~2600 A PERIOD S ‘
e
S
<5

SEGMENT LONG SPACING
~2600 A LENGTH
Tic 2
Fia. 2. Modes of aggregation of tropocollagen (after Schmutt and Gross)

which is an expression of more or less specific interactions with
amino-acid residues following one another in a presumably
definite order, but which need not therewith involve subsequent
crystal growth and preferred orientation. Actually, phospho-
tungstic staining of collagen, 1f overdone, does suggest also this
second stage, as shown very strikingly in Platc XXIX, Figure 3,
an electron micrograph obtained by Millard of rat-tail tendon
fibrils after excessive treatment with PTa. I doubt whether I can
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improve on this illustration, if compared with the more usual
pictures of pTa-stained collagen, to draw attention in passing to
the point—rather obvious, but none the less important to keep
in mind—that we have to explain not merely the chemical-
biological formation of apatite but also its final remarkable
systems of onented crystallization.

In a similar context it is worth mentioning also the recent
findings of Schwarz (5) on staining collagen with silver, He has
concluded that the affinity for silver is associated with the main
dark band (Bear’s less ordered region), and that it is developed
through a broad ‘spectrum’ of connective tissue fibres, deposi-
tion taking place in random fashion on the surface of embryonic
sclera for instance, on the surface, too, of reticulin fibrils but in
topographical relation to the dark band, and eventually inside
the dark band with collagen fibrils. He states that all embryonic
and newly forming connective tissues take this path in their
differentiation, though they do not all reach the stage of intra~
fibrillar staining, stopping short each at its own particular
function; going beyond, indeed, leading to impairment of
function, as when the cornea develops opacity. Likewise, we
have Fitton Jackson’s (6) observations on osteogenic tissue in
embryonic fowl. She describes how at an early stage of calcifica-
tion dense particles, less than 100 A in size, become localized in
a ring in the major region of indentation, that is in the main
mterband (Bear’s more ordered region), of the collagen fibrils;
more precisely, they are seen almost exclusively between the
so-called 4 and ab bands. Electron diffraction diagrams indicate
at the same time that they are hydroxyapatite crystalhtes, nof
preferentially onented, though, with respect to the fibnl axis, in
contrast to what has been found with adult bone by Engstrom (7}
and his co-workers, using X-ray diffraction. Their crystallites
were elongated, about 220 A by 73 A, and also tended to lie
parallel to the collagen fibre axis; as a consequence of which
they put forward their well-known proposal that the numerical
connecting link 15 one-third the 640 A period.

2F
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TropocoLLAGEN UNITs AND MINERALIZATION

But to return now to the question of what manifestation, what
special mode of aggregation, of the tropocollagen units is a
primary requisite for hydroxyapatite formation, the most im-
pressive recent experiments are those of Glimcher (8) and col-
laborators, who have made metastable solutions of calcium and
phosphate ions and have tested the action on them of the dis-
persed tropocollagen macromolecules themselves and of ali their
principal in zitro combinations—native-type fibrils {about 640 A
repeat), fibrils of about 220 A repeat, unstructured fibrils, and
structures of ‘fibrous long-spacing’ and ‘segment long-spacing’
(both about 2,600 A repeat). Of these forms only the native-
type fibrils were found to have the capacity of inducing the
formation of hydroxyapatite crystallites, identified positively by
X-ray and electron diffraction and by chemical analytical data.
Moreover, it did not matter from what source, whether active
in vive or not, the 640 A fibrils had been reconstituted; for ex-
ample, those obtainced from rat-tail tendon worked, though
collagen fibres freshly dissected from this tendon had no power
of calcification under similar physico-chemical conditions even
when ground up to destroy possible diffusion barriers. Carefully
decalcified bone collagen worked, however, without being sub-
mitted to the reconstitution process. To round off the series, too,
there was the complementary demonstration that no mineraliza-
tion was initiated if the 640 A pattern was disorgamzed by heat,
alkali, etc.; and, as a side-test with a high-period, striated, non-
collagenous protein, negative results were obtained with para-
myosin fibrils from adductor muscles of clams.

Thus the hint from the biological collagens, that it is specifi-
cally the 640 A combination of collagen unuts that functions in
bone and tooth formation, appears to be substantiated; and
further than that, just as we could say that tropocollagen alone
was necessary but msufficient, so we may conclude now that
the 640 A manifestation  oiwo is in gencral more then suffictent.
Contrary to the commoner view held hitherto, an inhibitor
must usually be present—possibly chondrortin sulphate—which
is extracted in the reconstitution experiments just described.
It is not there in the system operating in normal biological
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mineralization, and should it be absent also from tissues where
it ought to be present, then the inference is that this could lead
to pathological mineralization.

In these studies, as in those of Fitton Jackson, again no
preferential orientation of the hydroxyapatite crystallites was
detected, and Glimcher brings forward reasons for believing that
ori in bone, for i , is a directed growth imposed
on initiation nuclei formed inside the collagen fibrils—trapped,
as it were, between closely packed tropocollagen protofibrils—
an mterpretation from which it would follow that there is no
inevitable association between initiation and organization. Plate
XXX, Figure 4, reproduces an electron micrograph kindly
sent me by Dr. Glimcher for this lecture. It is of reconstituted,
highly purified collagen fibrils {(at a magnification of 74,000 X)
during the very early stages of in sitro mineralization, and the
preparation was unstained and unshadowed. The inset is a
selected-area electron diffraction diagram of the crystallites seen
as small black dots, showing the typical reflections of apatite.
These crystallites are unoriented—there is no evident tendency
for their c-axes to lie parallel to the fibril axes—but they appear
to be nucleated at specific sites along the fibril, the majority
being spaced about 640 A apart, that 1s one per axial period.

CRrysTALLITE GROWTH IN BONE, DENTINE AND ENAMEL
There is a curious gap in the argument, as has been pointed out
by Pautard, after the small rounded hydroxyapatite particles
reported by Fitton Jackson and Glimcher as first forming at
apparently a single site within the 640 A period, because the
electron micrographs of Engstrom and Fernindez-Mordn (g)
and others of mature bone reveal continuous chans of crystal-
lites elongated in the direction of the collagen fibres (and
roughly of the bone axis) and mostly of a rather umform length
approximately one-third 640 A. Analogous structures to those
n mature bone are typical of dentine too, and in this regard 1
should like now to refer briefly to some investigations carried
out by Pautard (10) and Millard (11) 1n our laboratory at
Leeds. They have used a new technique for overcoming n a
way the difficulty of sectioning hard mineralized tissues, by
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embedding powders of dentine and enamel in polymerized mix-
tures of buty! and methyl methacrylates and cutting them with
simply a glass knife. Many of the particles are smashed, but a
surprising number, of dentine at any rate, are sectioned neatly
enough, as illustrated in Plate XXXI, Figure 5; and at higher
magnifications, as in Plate XXXII, Figure 6, the overall result
is a fine-structural panorama. The predominant appearance in
dentine is of fusiform particles arranged end to end, often in
parallel arrays running in the same general direction, but also
frequently swirled round into labyrinths. Two or more particles
in a row, sometimes straight and sometimes bent, are common,
and when they are scparated their tapered shape is clear. In
transverse section hexagonally packed groups occasionally occur.
Recalling again the observations of Fitton Jackson and Glim-
cher, these strings of crystallites seem, however, to start ont as
rows of small rounded bodies, which eventually elongate and
join up as units similar in dimensions (of the order of 200 A X 60
A, according to Pautard) to those found not only in mature bone
but also in the ossicles of the p i b
which we shall consider below.

The marked fibrous layout of the chains of crystallites in the
dentine sections strongly suggests that they are the mineralized
expression of a corresponding arrangement of collagen fila-
ments. Nothing of the sort can be seen directly, but that is not
unexpected, since it is well known that it is unusual, either by
X-ray diffraction or in the electron microscope, to be able to
detect collagen in undecalcified dentine preparations, though it
can be made immediately obvious in larger pieces, by both
methods, once the apatite has been dissolved away, Experiments
of the kind are in progress to try 10 uncover recognizable col-
lagen filaments even 1n these thin sections. They are almost
certainly there but, to judge by the minute size of the apatite
units formed in association with them, probably completely
encasing them, they may be no more than two or three proto-
filaments thick,

Sectioning enamel powders by the new method turned out
to be not such a clean-cut business, so to speak, as it had proved
with dentine, but 1t had 1ts advantages in thatat broke down the

wF
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structure into individual crystallites and stacks of crystallites
that were full of interesting features—see Plate XXXIV, Figure
g, for example. Electron diffraction diagrams, by the way, of
selected areas of the electron microscope field bring out at once

N
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THICKNESSES (4)
Fic 8

Fic 8. Freqs y f thick of apatite crystallites in an
clectron micrograph of enamel powder (Pautard).
that the fundamental crystalline units in enamel are much
larger than those in dentine, as will be seen from Plate XXXIII,
Figures 7a and 7b. They are very thin elongated platelets (some
400-1,000 A wide and several 1,000 A long) of which the basic
thickness, as inferred from frequency-distribution measurements
carried out by Pautard on a shadowed preparation (Fig. 8), is
only about 100 A, and they are stacked like cards n a pack.
The most fascinating feature of these enamel platelets is the
rather regular arrays of circular holes or thinner places, having
thacker or denser periphenes and spaced roughly 100 A apart,
with which they are so frequently decorated, while in the back-
ground appear at the same time collections of faint rings, like
quouts. There is often seen, too, what looks like a counterpart
mamfestation: corresponding arrays of particles on the surfaces
of the crystallites, with many similar particles in the background
as1f they had once fitted the holes or depressions and had been
dislodged, or alternatively were nuclei capable of side-to-side
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co-operation in building crystallites but which never got a
proper start; the ‘quoits’, in fact, suggest ‘ghosts’ of such inci-
pient crystallites. Altogether, the impression is that each thin
platelet was initially ‘threaded on’, and grew out sideways from,
a collection of filaments, stacks of platelets being built up by the
superposition of these elementary sheets formed at successive
active levels, If there is anything in this idea, it would mean that
the relation between the collagen-apatite partnership in dentine
and in enamel is a sort of complementary perpendicular one,
periodic sites along the filaments initiating the process in both
cases, and crystallites then growing out longitudinally in den-
tine but laterally mn enamel, the latter being morphologically
more perfect besides. Another idea, catalysed by the occurrence
in some of the dentine sections of sequences of particles spaced
not at about 200 A but at about 100 A apart, is that the ‘magic
number’ which would link up bone and dentine and enamel is
the latter: witness the thickness of the enamel platelets and the
spacing of the depressions and particles on their surfaces, the
similar dimensions of the initial particles described by both
Fitton Jackson and Glimcher, and the sub-period along the
collagen fibrils in dental pulp and the periodontal membrane,

MINERALIZATION IN A PROTOZOON
From the advanced collagen-apatite partnership in bone and
tooth formation I should like before concluding to glance back
for a moment at something that might well exemplify their first
tentative acquaintance in the simpler organisms—investigations
we are carrying out at Leeds following on the discovery that
hydroxyapatite crystallites could be deposited in close associa-
tion with algal flagella (Polytoma) in certain culture condstions,
notably involving bactotryptone and tap water (12). Pautard
(13) then obtained X-ray evidence for the presence of bone
salts in the protozoon Sperostomum ambiguum, and in due course
found in the electron microscope, and identified as hydroxy-
apatite by X-ray diffraction, ‘ossicles’ like those shown sectioned
in Plate XXXV, Figure 10. This alone is intrigming enough, but
Figure 10 should be compared with Plate XXXVI, Figure 11,
an electron micrograph (Pautard and Millard) of ‘ossicles’ in the
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femur of a two-months’ cow foetus, The resemblance is striking;
and furthermore, it seems that these structures too are both
built up from elongated units of much the same dimensions as
those in adult bone and dentine. Pautard is therefore of the
opinion that such units, if not exactly universal, are probably
widespread in biological apatite formation, with the implica-
tion, of course, that they arise from a common type of orgamc
template of the nature or p lities of No

for instance by X-ray d)ffmctxon tests, has been detected so far
in Spirostomum, but that is no discouragement either, in an
obscure evolutionary field only just being opened up, which I
personally find most stimulating. There are plenty of possible
lines of continuation that could lead to what, as molecular
biologists, we are all searching for, the precise circumstances in
which collagen or a precursor was first co-opted into the affair
of mineralization. One of the prime objects of minerahzation is
to provide mechanical support for muscular activity, and in this
connection 1t is extremely suggestive that Spirostomum becomes
more and more ‘ossified” with age and the necessity for actual
burrowing for food. Pautard puts forward the theory that dy-
namic existence requires stored phosphate for the prosecution
of acive phosphorylation processes, and that this is particu-
larly the case in a muscular, bonng amimal, over and above the
mechanical aspect.

Concrusion
Finally, in my ‘manifestation’ as crystallographer, perhaps I
may be allowed to dream a little about some future fine-struc-
tural lecture in this series. The lecture I visualize may still be
2 long way off in time, but all the same, even from the present
sketchy story, I hope you will agree that the outlines are already
begummg to show \Vhat we glimpse now 1s the framework of
the fund; macromolecule—minus a lot of im-
portant detmls, it 15 true, but they will come; a first indication
of how nature combines this unit into a great range of fibrils of
many functions, and of which particular combination it is that
is involved in biological minerahzation; evidence for hydroxy-
apatite nucleation, at least, at specific sites 1n the periodic 640 A
pattern along thzs chosen fibnl; and further evidence that
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co-operation in building crystallites but which never got a
proper start; the ‘quoits’, in fact, suggest ‘ghosts’ of such inci-
pient crystallites. Altogether, the impression is that each thin
platelet was initially ‘threaded on’, and grew out sideways from,
a collection of filaments, stacks of platelets besng built up by the
superposition of these elementary sheets formed at successive
active levels. If there is anything in this idea, it would mean that
the relation between the collagen-apatite partnership in dentine
and in enamel is a sort of comp} y perpendicular one,
periadic sites along the filaments initiating the process in both
cases, and crystallites then growing out longitudinally in den-
tine but laterally in enamel, the latter being morphologically
more perfect besides. Another idea, catalysed by the occurrence
in some of the dentine sections of sequences of particles spaced
not at about 200 A but at about 100 A apart, is that the ‘magic
number” which would link up bone and dentine and enamel is
the latter: witness the thickness of the enamel platelets and the
spacing of the depressions and particles on their surfaces, the
similar dimensions of the mitial particles described by both
Fitton Jackson and Glimcher, and the sub-period along the
collagen fibrils in denta! pulp and the periodontal membrane.

MINERALIZATION IN A ProTOZOON
From the advanced collagen-apatite partnership in bone and
tooth formation I should like before concluding to glance back
for a moment at something that might well exemplify their first
tentative acquaintance in the simpler organisms—investigations
we are carrying out at Leeds following on the discovery that
hydroxyapatite crystallites could be deposited 1n close associa-
tion with algal flagelia (Polstoma) in certain culture condtions,
notably invalving bactotryptone and tap water (12). Pautard
(13) then obtained X-ray cvidence for the presence of bone
salts in the protozoon Spirpstomum ambiguum, and n due course
found in the electran microscope, and identified as bydroxy-
apatite by X-ray diffraction, ‘ossicles’ ike those shown sectioned
in Plate XXXV, Figure ro. This alone is ntriguing enough, but
Figure 1o should be compared with Plate XXXVI, Figure 11,
an electron micrograph (Pautard and Millard) of ‘ossicles’ in the
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oriented crystal growth then proceeds along the directions of
the fibrils or in simple relation thereto, and that the building
stone is similar in dentine and bone, approximately matching
in length one-third the 640 A period, but takes a form in enamel
that looks intrinsically different but could still be only another
geometrical expression of the same ruling principles. We could
represent these findings in a general way on this occasion by
means of a model of patterned strings running in various pre-
ferred directions with rows of crystallites threaded on them also
in preferred orientations with respect to the strings and fitting
on to the string pattern, and it might all scem pretty vague, as
I said; but it is not so very vague, in my view. I believe such a
model would already contain the gist of the matter; and as
‘Wagner is reported to have remarked when he had completed
writing the words of The Ring, we have only now to write the
music.
Writing the music consists of tracing the paths and defining
the groupings of the fibrils, perfecting the amino-acid analysis
" " ' " ' -rthisleads to its known modes
t which side-chains in their
complex interact with which
components of the known lattice structure of hydroxyapatite—
all this at 2 most modest estimate. It is a tall order, as the saying
goes, but it can be done. And the dream-model I see in my
mind’s eye for this dental research lecture in the, I trust, not too
distant future could be a molecular-architectural masterpiece
of the kind foreshadowed so inspiringly in the X-ray investiga-
tions of Thewlis (14), for example, on the crystallographic
organization of hydroxyapatite 1n human deciduous enamel.
Each enamel prism is composed of crystallites which fall into
two groups, so arranged that their hexagonal axes tend to make
angles of approximately 5° and 40° with the direction of the
prism; and the crystallite axes point away from the tooth to
that side of the prism remote from the nearest cusp, That is the

class of “blueprint’ we have to work to, and it is largely a ques-
.. . Al L Ll AF 1 AR Besinm ana otructUre
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XXIV

The Biochemical Background
to the Action of Fluoride in Dental Caries

G. NEIL JENKINS

with water supplies which contain about 1 p.p.m. of

fluoride is one of the best authenticated facts in dental
research. Although there can be no serious doubt about the
existence of an anti-caries eflect of fluoride, its mode of action
is still controversial. Of the two main theories, {1) that fluoride
lowers the solubility of enamel or (2) that it inhibits bacterial
enzymes, opinion is erystallizing in favour of the first, but as 1
hope to show, the whole question is hedged in by doubts and
difficulties. Before discussing in detail the evidence for these two
theories I will briefly mention the form in which finonde is be-
lieved to be present in the hard tissues.

Fluonide may combine with the mineral matter of bone and
tooth in several ways. When exposed to concentrations of mare
than 75 p.p.m. of fluoride, hydroxyapatite forms calciumfinoride
which adsorbs on to the crystal but can be fairly readily washed
off. Some fluoride may exchange with hydroxyl groups to form
fluorapatite in which the fluoride is irreversibly bound. At
fluoride concentrations below 75 p.p.m. this last reaction 18
probably the only one to occur (Leach, 1959). It seems rlear
that from the levels of fluoride in physiological Ruids (sbout
o1 ppm} fluoride can only enter the calcified tissues as
fluorapatite. After the ‘topical application’ of fluoride, i.c.
painting the tooth with a 2 per cent solution of sodium fuoride,
calcium fluonde will mainly be formed, which explains why the

Tua fact that dental caries incidence is reduced in districts
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fluaride is rapidly removed from most parts of the tooth within
a week or 50 of its application (Zwemer, 1957).

In considering the possibility that fluoride might leave the
enamel surface and enter the dental plaque in concentrations
high enough to inhibit the bacteria, Speirs and 1 argued that if
this happened, then the fluoride on the surface of enamel might
be expected to be in lower concentration than throughout the
cnamel as a whole. We therefore compared the fluoride of
inner and outer enamel. The outer enamel was studied by
exposing the crowns of intact teeth to several changes of acetic
actd and estimating the fluoride in the acid washings. Phosphate
was also estimated in order to measure the amount of enamel
dissolved, The rest of the enamel was separated from the dentine
by standard methods and its fluonide estimated. The resulss
(Table 1) showed very clearly that in teeth from both high and
low fluoride areas the surface fluoride concentration was several
times higher than that of the ename} as a whole and that all the
absolute figures were related to the fluoride intake from the
water supply { Jenkins and Speirs, 1953). It was shown that even
unerupted teeth possessed this susface fluoride layer, When we
studied deciduous teeth by this method we could not find a
fluoride-rich layer on the surface but other methods have since
shown it to be present.

Tasce 1. Fluorsde concentration of susface and inner enamel
(Jenksns and Speers, 1953)

Fluonde of

Fppm
Source of teeth waz;r ;Lx\g;;ly Sucface Tntenior
West Hartlepool 20 1,310 270
South Shuelds 14 960 110
North Shields <025 580 &0

Brudevold, Gardner and Stuth (1956}, and Ysaac, Brudevold,
Smith and Gardner (1958b) confirmed and extended these
resuls by estmating the fluoride in successive fayers of enamel
ground off the tooth, They found that the fluonde concentration
tacreased with age both on the surface and within the enamet,
although they confirmed our finding that the general pattern of



444 G. NEIL JENKINS

distribution exists even in unerupted teeth. In teeth from sub-
Jects wi(l} 5 p.p.m. of fluoride in their water supplies the susface
concentration did not increase with age although there was a
movement inward of fluoride, as the fluoride-rich layer was
found to become thicker, It is important to note that the general
trend is for more fluoride to be picked up by enamel, afthough,
contrary to what we believed when this work began, I think
that this finding does not necessarily rule out the temporary
loss of some fluoride into the plaque.

There is good evidence that the main effect of fluoride is
exerted through structural effects on the teeth. Most of the
effect depends on the ingestion of fluoride during enamel forma-
tion although there is undoubted evidence of some effect after
eruption. Also, if people bred in a high fluoride area move out
of it, they still show an increased resistance to caries.

Tre SoLusiLrry THEORY OF FLUORIDE ACTION
Since fluorapatite is less soluble than hydroxyapatite an obvious
possible way in which fluoride might reduce caries is by re-
ducing the solubility of the tooth surface.

The theory would seem to be inherently probable since, as
already mentioned, the fluoride concentration on the enamel
surface (like the caries inaidence) varies with the intake—at
least over the range which is relevant to the anti-caries action.
One would expect an inverse relation between fluoride content
and solubility although there are few data on this particular
point and at least one worker (Rathje, 1952}, in experiments
that appear not to have been repeated, fonnd that after a
certain concentration was reached further increases in fluoride
have no effect on solubility.

The truth of this theory has often been assumed on the
strength of demonstrations of the big differences between the
solubilities of ground enamel before and after treatment with
concentrated sodium fluoride solution. Surprisingly, there has
been very little expenimental work 1n which the solubility of the
normal outer surfaces of teeth from high and low fluoride areas
have been compared. Since this information seemed to me to
provide the crucial test of the theory, I began some ycars ago
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to collect figures for the solubility of teeth from natives of
North and South Shields. When the work began these two very
similar towns, separated only by the few hundred yards of the
River Tyne, provided an almost ideal testing ground for the
fluoride effect; North Shields had a fluoride-free water supply,
South Shields had about 1-4 p.p.m. and Weaver (1944) had
shown the dramatic effect on carles incidence. As the work pro-
gressed, however, South Shields took on additional sources of
water, some being low in fluoride, so that it now averages only
about 05 p.p.m. over the whole town and varies from part to
part. It became necessary to abandon South Shields as a source
of experimental material and the comparison was continued
between North Shields and West Hartlepool where the water
contained about 2 p.p.m. and where caries was lower even than
in South Shields (Weaver, 1950).

The solubility was studied by Brudevold’s method in which
teeth, covered in wax except for a window of 4 mm. diameter,
are shaken for ten minutes in acetic acid buffer at pH 4-0 and
the phosphate dissolved s d. Brudevold found, and other
users of the method have confirmed, that the solubility of
enamel varies enormously from tooth to tooth and even in
different parts of the same tooth. It is therefore necessary to
study large numbers to establish small differences and it is not
casy to collect adequate numbers of comparable teeth. It is
particularly difficult to obtain supplies of teeth from high
fluoride areas because the lower incidence of canes makes fewer
extractions necessary. The results showed a consistent trend
towards a lower solubility in the deciduous teeth from the high
fluoride areas but this was omly statistically significant for
deciduous teeth from North Shields and West Hartlepool
(Table 2). An even smaller difference was detected in perma-
nent teeth from adults (Table 4). Speirs and I had the idea of
comparing the solubility of the powdered enamel ground off
the outer layers of groups of teeth varying in fluoride content.
‘We thought this technique would overcome the individual
variation and facilitate the detection of small differences, but
the results of a few preliminary experiments were unpromising
so this approach was dropped Isaac, Brudevold, Smith and
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Gardner (1958a}, however, reported with this technique differ-
ences of up to 5 per cent in the solubility {as measured by weight
loss in acid) of enamel powder ground off teeth from high and

Tasre 2. Solubility of deciduous teeth from areas with 0, 1 and 2 p.p.m.
fluoride (Jenkins et al. (1952) and unpublished)

Pluonde  North Shields  South Shields  North Shiclds H;r‘;ﬁ;wl
supply Q 1 Q 2
P dissolved 104 92 12:0 95
(ug./mb)
aiff, 11 5% difF 219
not sig. sig.
Number of teeth 77 79 108 109
0lppm. F lppm F %,
Layer Foontent® Gwelosw  Feontedr Sweles AT
(ppm) in acid ppm)  madd ey
1 1,080 359 1,552 328 29
3 305 14 328 127 17
5 198 488 219 433 55

low fluoride areas (Table 3). The solubility of each succeeding
layer rose as the fluoride content fell. Nevertheless, they found
that some samples (e.g. layer 5 in the table) which had simila

SRR W .

finding that although the fluoride concentration of the enamel
rose with age, there was littie change in solubility, for example
one batch from an ‘over 50’ age group contamed 1,080 p.p.m.
of fluoride and dissolved more rapidly than another from the
‘ander 20' group with only 499 p-p.-m. In view of results like
this, the positivedifferencesonsalability must beinterpreted with
caution. It was presumably effects of this sort which confused
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our own attempts to compare the solubilities of powdered sur-
face enamel from North Shields and West Hartlepool.

Another inherent difficulty in measuring the solubility of
tooth substance has also emerged from these studies. When
enamel powder is treated with acid so that some of it dissolves,
it has been found that the fluoride concentration of the undis-
solved residue is higher than the original. Apparently, as the
apatite dissolves, the fluoride ions released into the solution be-
come reattached to the new surface which is exposed as the
dissolved layer is removed. During a solubility test, therefore,
the enamel becomes progressively less like the ariginal material.
The effect of this on the solubility figure is difficult to assess but
obviously it must tend to confuse the picture. It is likely that
reattachment of fluoride from the acid washings on to the
enamel explained our failure to detect a fluoride-rich layer on
the surface of deciduous teeth, It is known that all fluoride
values are lower in deciduous compared with corresponding
permanent teeth and the tendency for reattachment of fluoride
might be expected to be greater in those surfaces least saturated
with fluoride. It is, in fact, remarkable that we detected fluoride
in the washings even of permanent teeth; Isaac and his co-
workers (19582) found little or none in the acids after exposure
to their enamel samples,

SovusiLiTy oF EnameL iv EArLY Clavrrizs
Myers, Hamilton and Becks (1g52) treated the enamel surface
with 18F and showed that there was a shght uptake over the
surface as a whole, but a much greater uptake in damaged
enamel areas including early carious cavities. These results have
been confirmed by Hardwick, Fremlm and Mathieson (1958).
This raised the possibility that i the normal mouth, fluoride
from saliva, food and drink might became concentrated in very
early cavities and other enamel defects. If this happened to a
greater extent 1n high fluoride areas then any influence which
fluoride might have on solubility would presumably be greater
in the fluoride area. Dowse and 1 therefore studied the Auoride
content of enamel ground out of early cavities and the solubility
of the surfaces of early carious lesions from teeth in high and low
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Gardner (1g58a), however, reported with this technique differ-
ences of up to 5 per cent in the solubility (as measured by weight
loss in acid) of enamel powder ground off teeth from high and

Tasee 2. Solubility of deciduous tecth from areas with 0, 1 and 2 p p.m.
fluoride {Jenkins ¢# al, {1952} and unpublished}

Fluoride . . . West
of water.  North Shields  South Shields North Shields 5y o poot
supply 0 1 0 2

P dissolved 10-4 92 120 95

(ug/ml)
Atk 11-5% diff. 219
not sig. sig.
Number of teeth 77 79 108 109
maaen s fP e o s .

0lppm F lppm F .

Layer F content % wt }oss F content o, wt loss d)‘g
{p.p.m.) in acid (ppm) n aad solubhity

1 1,080 357 1552 328 29

3 305 444 328 427 17

5 193 488 219 433 55

low Ruoride areas (Table g}, The solubility of each succeeding
layer rose as the fluoride content fell. Nevertheless, they found
that some samples (e.g. layer 5 in the table) which had similar
fluoride concentrations did not always have the same solubility,
1e. fluoride 15 apparently not the only constituent of tecth
affecting 1ts solubility. This was illustrated further by their
finding that although the fluonde concentration of the enamel
rose with age, there was hitle change in solubility, for example
one batch from an ‘over 50’ age group contained 1,080 p.p.m.
of fluoride and dissolved more rapidly than another from the
‘under 20’ group with only 499 p.p.m, In view of results like
this, the positive differences onsolubility must beinterpreted with
caution. It was presumably cffects of this sort which confused



ACTION OF FLUORIDE IN DENTAL CARIES 449

as enolase (Warburg and Christian, 1942) and the cytochrome
system (Borei, 1945) and partly from the finding that in high
fluoride areas the salivary lactobacillus counts tend to be lower.
Thelow lactobacillus counts by no means prove an antibacterial
effect, however, since there i3 increasing evidence that these
organisms are the result of open carious lesions rather than their
cause. At any rate, Becks (1950) and Kesel and his colleagues
(1958) have found that the lactobacillus counts in patients with
rampant caries fell markedly after their cavities were filled.

In order to assess this theory information is required on three
points. First, we must know the minimum concentration of
fluoride necessary to inhibit salivary bacteria; secondly, we must
Lnow the minimum degree of inhibition which will have a
significant effect on caries; and thirdly, we must know the con-
centration of fluoride present in the dental plaque under various
conditions. Conclusive information is lacking on all these points
but we are especially ignorant about the third.

‘Tur Mmvsust INHIBITORY CONCENTRATION OF FLUORIDE

Bibby and van Kesteren (1940) and Bibby, Volker and van
Kesteren (1942) studied the effect of a range of concentrations
of sodium flucride on the acid production and growth of pure
cultures of various strains of salivary organisms. Their results
showed that 2 p.p.m. of sodium fluoride had some effect on acid
production but that much higher levels (up to 500 p.p.m.) were
required to reduce growth. Wright and Jenkins (1954) carried
out similar experiments on acid production in saliva and found
that 0 5 p.p.m. F was the lowest concentration which produced
a statistically significant inhibition.

Borei (1945) reviewed the factors which have been found to
influence the inhibitory effect of fluoride and emphasized the
following: pH at which the organisms are exposed to fluoride,
state of nutrition of the organisms (whether fed or starving), and
the magnesrum and phosphate concentration of the medium,
Warburg and Christian (1942) have explained the action of
magnesium and phosphate by finding that a maguesium fuoro-
phosphate complex is the real inhibitor of enolase and its for-
mation is proportional to the concentration of each of these ions

20
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fluoride areas. The results (Dowse and Jenkins, 1957) showed ¢
that early cavities contain, throughout their depth, more than °
double the fluoride concentration of comparable amounts of :
sound enamel ground out from the same tooth and—although,
as I have emphasized, all solubility studies must be accepted °
with caution—the solubility of the surface of lesions in high

fluoride areas was significantly less than in low fluoride areas

(Table 4). The experiments were also of interest, first in showing

Tanre 4. Solubility and fluoride content of carious and non-
carious parts of permanent teeth from areas with 0 and 2 p.p m.
fluoride in water (Dowse and Jenkins, unpublished data)

Non-carious part Carious part
Oppm, 2ppm. Oppm. 2ppm.
P dissolving 1275 1241 82 67
Diff. 5% Diff. 189,
not sig, sig.
F (p p.m.) 250 440 640 950
Numgcr of teeth 108 112 108 112

that even in 2 non-fluoride area the inorganic matter of an early
Iesion is only two-thirds as soluble as the neighbouring intact
enamel, and secondly in confirming that the differences in
solubility of mtact surfaces of enamel from adults in high and
low fluoride areas shows only non-significant trends as measured
by this technique. .

These results might lead to the cautious suggestion \.:hnt. the
effect which fluoride has been found to have after eruption is to
combine with the enamel in early lesions, presumably owing
to its greater permeability, and to slow the progress of the
caries. "

Summarizing the evidence as a whole on the solubility theory
we may say that it tends to support it, but for various technical
Teasons 1t is by no means consistent or conclusive.

THE ANTIBACTERIAL THEORY
1 turn now to the main rival of the solubility theory—the anti-
bacterial or antienzyme theory. This arose partly from the
well-known fact that fluoride does poison cerfain enzymes such



ACTION OF FLUORIDE IN DENTAL CARIES 451

the concentrations completely prevent acid production al-
though they still have a marked effect. The cause of the rise in
pH in the presence of fluoride calls for some comment. I have
not yet investigated this fully, but there are indications that it
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Fic. 1 Effect of adding o, 6, 8, 10 p p.m. of fluorde to saliva-glucose
mxtures adjusted to imtal pH values of (8) 5 04, (5) 5 2, (¢} 5 4, (&) 5 7-

occurs simply because when acid production is completely in-
hibited the alkah-producing {and acid-destroying®) mechan-
isms of salivary bacteria are unopposed.!

These observations raised the possibility that even when added
at neutrality to saliva-glucose incubation mixtures, the effect of
fluoride does not begin until the pH reaches values below 6-0.
To test this point, saliva containing glucose was incubated with
and without fluoride from an initial pH of 7 0 and samples
were withdrawn periodically so that the point at which inhibi-
tion began could be detected. It was found (Fig. 2) that al-
though some inlbition occurs at quite high pH values the
main divergence 1n the presence of the fluonide 15 below 6 o.
I think these results, along with the absence of phosphate in hus
medium, largely explains why Lihenthal found, in most of his
experiments, that fluoride concentrations below 1g p.p.m. did
not inhibit—his medum was buffered at 6 8 which meant that

* Experiments carmed out since this paper was read have shown that this con-
clusion s ncorrect Fluonde has since been found to enhance shghtly those reactions

of salwary bactena which rase the pH
2%
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present, Lilienthal (1956) was the first to investigate these points
from the point of view of the anti-caries action of fluoride, He
studied the effect of a range of concentrations of fluoride under
varons circumstances on the anaerobic acid production (mea-
sured as carbon dioxide) of salivary sediment suspended in
bicarbonate buffer at pH 6 8. The medium was in many
respects unphysiological and the method precluded the possi-
bility of investigating the effect of pH on the fluoride inhibition.
His results showed that in most experiments the minimum in-
hibitory concentration was between 19 and 32 p.p.an. He found
that calcium prevented fluoride inhibition, presumably by pre-
cipitation of calcium fluoride which would readily occur at
pH value of 6-8, and he suggested that the calcium of saliva
would have a similar effect. When phosphate was added to the
medium, however, an inhibition was found with o-5 and 1-0
p.p.m. fluoride. In spite of this last result, which agreed with
our findings on saliva (where phosphate s, of course, present),
Lilienthal did not accept our results as valid and suggested that
the differences we found were within experimental error.

‘We think it more probable that our results, referring to 2
natural saliva environment containing magnesium and phos-
phate ions and in which calcium is soluble, provide more
reliable data on the minimum effective inhibition, My own un-
published observations confirm Lilienthal’s finding that the
state of nutrition of salivary bacteria does not affect their
fluoride sensitivity.

Tue Errect of pH ov FLUORIDE INHIBITION

Recently I D
tion of saliv
1o various § .
centrations of o, 6, 8 and 10 p.p.m. Glucose was added and the
mixtures were incubated for 4 hours. The results (Fig. 1)
clearly show that as the pH approaches 5-0 there is a sharp
increase in sensitivity to fluoride. At 50, all three levels of
fluoride completely inhibit acid production for 4 hours and the
pH actually rises. When the snitial pH was 5-2 only 10 p.p.m.
inhibited acid producti letely whereas at 5-7 none of
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The finding that 8 p.p.m. of fluoride can be a powerful in-
hibitor shows, incidentally, that the precipitation of calcium
fluaride is unlikely 1o be a limiting factor to fluoride action,
since the solubility at neutrality is 16 p.p.m. (=8 p.p.m. F),

8O

G

2
HOURS
(By courteay of Arch eral Buol and Fergamon Prem

Fia. 5 The effect of 0, 2 and 4 p.p m. of fluonde added to
saliva-glucose maxtures at pH values of 7 6 and 50,

i.c. even if precipitation is occurring, the concentration of jons
in solution would still be adequate for inhibition. If the ionic
concentrations are such that calcium phosphate is precipitated,
however, the fluoride might become hound to it by ianic
exchange leaving only very low concentrations in solution This
prohably occurred in Lilienthal’s experiments in which he
found, at pH 6 8, that even 38 p.p.m. of fluonde had no in-
ibitory effect in the presence of 2x 1073 A Ca*t? and
5X1073 A PO

1t is conciuded that the concentration of 0-5 p.p.m. found by
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Fi16. 2. Sertal pH readings on saliva-glucose muxtures incubated
with and without 10 p.p.m Auoride from an initial pH of 7 5.

the organisms never reached their state of maximum sensitivity.
A direct comparison of the effects of 2 and 4 p.p.m. of fluoride
on saliva acid production from different initial pH values
(Fig. 3) confirmed the general conclusion that in saliva, very
low concentrations inhibit and that the pH at which the
organisms are first exposed to the fluoride fluences their
sensitivity. Although most of these experiments on the effect of
pH were carried out on saliva which was adjusted to a value of
5-0, the results have been confirmed on saliva which reached
this pH value by normal bacterial metabelism of sugar, and
shich were, therefore, in a more physiological condition (Jen-
kins, 19592).

The action of additional magnesium and phosphate ions,
which have been found in yeast to enhance the fluonde effect,
have not been thoroughly studied in saliva, but unpublished
preliminary experiments have failed to show any consistent
effect, presumably because saliva already contains these jons.
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Tre CONCENTRATION AND SOURCE OF FLUORIDE IN THE PLAQUE
The final point to discuss is the concentration of fluoride present
in the plaque. This is at present a matter for speculation but
one which may be solved by the methods of Hardwick and
others {1957) with radioactive fluoride.

There are three possible sources of fluoride in the plaque.
The first is the saliva which is presumably the usual liquid
medium of this material. Saliva has been found to have a
fluoride concentration averaging about 0-1 p.p.m., From all the
published data, this level of fluoride is too low to influence
bacterial metabolism significantly (but not too low to be a
source from which enamel uptake could occur) and, in any case,
it has not been found to vary with the level in the drinking
water. So little is known about the composition of plaque that
the possibility that fluoride is concentrated by it cannot be
dismissed.

The second possible source of plaque fluoride is drinks. It is
probable that in places the plaque becomes soaked with fluids
during drinking, and in a fluoride area or with strong tea the
fluoride concentration of the drink would be about 1-2 p.p.m.
The plaque concentration would presumably be lower owing to
dilution by the fluid already present (probably saliva and there-
fore low in fluoride). Unless the plaque can bind fluonde, the
drinks would have to wash over the plaque at the same time as,
or very shortly after, food is taken so that the fluonide is present
as acid production occurs. If one had the appropriate muscular
actions during drinking to spread the fluid and if one drank at
the right time in relation to food, then drinks might have some
influence 1n rasing plaque fluoride concentrations up to be-
tween 1-2 p.p.m. which, at least n vitro, does reduce acid pro-
duction significantly. On the whole, however, a direct effect of
fluoride in drinks on plaque bacteria does not seem a likely
mechanism,

The third possible source of fluoride is the enamel surface.
The work of Bibby and Van Kesteren (1940) was planned to test
the possibility that fluorosed enamel exerts antibacterial effects
and although they came to a positive conclusion, their results

are capable of quite a different interpretation (see Jenkins,
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Wright and Jenkins to be the minimum for significant inhibition
is confirmed and that under some conditions, as little as 6 to
8 p.p.m. can stop acid production altogether.

Tue Mivmus INHIBITION WHICH WiLL AFFECT CARIES
There is no direct evidence on the question of how much inhibi-
tion of acid production is required to have 2 significant effect
on caries, bt there are grounds for believing that an intubition
which is small in absolute terms might be of importance. Saliva
at peutrality s saturated with calcium phosphate (Ericsson,
1949} aud consequently enamel does not dissolve, When the pH
falls, the concentrations of calcinm and phosphate jons become
less and less able to maintain the saturation, so that at some
value, usually between 5-5 and 65, the enamel begins to dis-
solve, Consequently small differences of pH near the critical
value can have an important influence on the amount of enamel
dissolving. To take an extreme case as an example, if the critical
pH of a particular sahva is 5-5 and the plaque pH falls to 5-4,
then some enamel will dissolve. If, however, fluoride or some
other inhibitor were to prevent the pH from falling below 55
(a very small absolute difference—only o-1 of a pH unit) it
would make the difference between some decalcification and
none at all. Similar considerations apply to changes in solu-
bility—a small difference might have a profound effect. This
concept of a critical pH may require revision if Schatz’s so-

oo oot e 2 =~~=== This theory
constituents

Ui prrsengued ons citrate 1015,
may dissolve the enamel above the critical pH (Schatz e ol,,
1958). Thus 1dea is plausible enough but no one scems to have
shown yet that salivary organisms can produce chelators which
could attack the enamel on a scale comparable with acd
decalcification. There have, however, been few investigations of
this pont. Some preliminary experiments of my own (Jenkans,
195gb) were negative, but this docs not of coursc disprove the

theory.
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apatite falls, so that the fluoride would have its maximum ten-
dency to recombine with apatite immediately after release—
and if this happened to all of it none would remain free to
inhibit the organisms. Nevertheless, some might reasonably be
expected to enter the cells, because of the concentration
gradient, and thus become unavailable for immediate re-
attachment by the enamel. Although the tendency for the
uptake becomes less with rising pH it is still quite large at 6-0
(Neuman and Neuman) but has stopped by pH g-0; they give
no data for pH values between pH 6 0 and g-o0. There is thus
no data which would contradict the possibility that a good deal
of the fluoride could become reattached although the process
suggested above would undoubtedly tend to lead to some fall
since it is unlikely that gl the fluoride would become re-
attached; some would diffuse out of the plaque, and some would
be removed during tooth-brushing and other forms of plaque
removal, The observed fact is, of course, that enamel fluoride
rises with age. Since fluoride can be taken up by enamel even
from very low concentrations, this gradual rise could con-
ceivably occur by uptake from saliva between meals.

So far, I have discussed the antibacterial theory in terms of
reduced acid production in the presence of fluoride but another
possible mechanism exists. The exact site at which fluoride
inhibits the metabolism of salivary bacteria is not known, but
by analogy with its effects elsewhere, it would be expected to
interfere with enolase, the enzyme which converts phospho-
glyceric acid into phosphopyruvic acid in the Embden-Meyer-
hof-Parnas scheme. If thus 15 true it would be expected that phos-
phoglyceric acid would accumulate 1n the plaque at the expense
of lactic acid. I have reinvestigated the suggestion of Osborn
(1941) that certain organic phosphates reduce the acid solu-
bility of tooth substance, and found it to be correct {Jenkins,
1957). If, therefore, fluonde led to a mixture of phosphoglyceric
and lacuc acids being formed in the plaque, this mixture would,
1 believe, be less effective in dissolving enamel than would
the same pH produced by lactic acid alone. I have not been
able to show that phosphoglyceric does in fact accumulate in
saliva inhibited by low levels of fluoride and Fosdick (1939) had
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:Armstrong and Speirs, 1952). Nevertheless, the inner plaque is
in contact with enamel which, even in the comparatively coarse
layers which can be ground off, may contain over 5,000 p.p.m.
of fluoride on a ‘high fluoride’ tooth. In the outermost few mole-
cules of apatite the concentration is probably much higher.
This fluoride is bound irreversibly to the enamel (Leach, 1g59)
so the only way by which enamel fluoride would enter the
plaque is by dissolviug off the apatite crystals, When the plaque
pH falls below the critical figure we can imagine the innermost
parts being flooded with ions dissolving off the surface~not only

Jcium and phosp} but ium and fluoride would
enter an acidified plaque. It would not seem impossible that at
least in part of the plaque the concentration might, from a
‘high fluoride’ tooth, reach the 6-8 p.p.m. which, my experi-
ments suggest, would stop further acid production completely.
Bven lower concentrations would have a marked effect in
reducing further fall in pH and in cutting down further de-
cakeification, It is still possible that the phosphate and mag-
nesium also entering the plaque might favour fluoride inhibi-
tion; the experiments on this point were not encouraging but
more work is needed. The ename} surface would seem to be the
anly source of concentrations of fluoride high enough to have a
really marked effect on acid production. It is realized that this
process will not be confined to ‘high fluoride’ teeth (since all
tecth possess the fluoride-rich layer), but it would be expected
ta he most marked in those teeth with the highest concentration
of fluoride on their surface.

Since the fluoride level of enamel rises with age it must be
supposed that any fluoride dissolved off in the way suggested
above must cither become reattached or be replaced. As the
plague pH rises some time after a meal (partly by the outward
diffusion of the acid, partly by inward diffusion of saliva buffered
about neutrality and partly by exhaustion of carbohydrate
substrate), conditions would develop which would favour the
precipitation of some of the calcium phosphate and the re-
attachment of the fluoride. Unfortunately for the theory,
Neuman and Neuman (1958) and Leach (5959) ha\(c shotvn
that as the pH rises, the tendency for fiuoride to bind with
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difficulty in detecting it even with very high concentrations of
fluoride. Also, it is possible that any phosphoglycerate formed
by the plaque bacteria would remain in the cells where it could
not affect enamel solubility. The importance of this speculation
remains in doubt, therefore.

Although it is clear that the whole idea of an antibacterial
theory of fluoride action is speculative I have given my reasons
for believing that the virtual rejection of this theory by Lilien-
thal and Martin (1956) and Leach (1959) seems hardly justified.
Only more facts, especially information on the fluoride con-
centration in plaque, can settle this complicated problem.
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