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FOREWORD

acquired a new interest for the interpretation of phenomena and the

solution of problems which have been much longer familar to students
of physiology and pathology. The initiative and the effective stimulus to the
studies from which this new interest has anisen can be attributed to the original
work carried out and published in a succession of papers by Dr. Riley, with
Dr G. B. West and his other colleagues. The publication of this Monograph
by Dr. Riley, bling and p: ing for di ion all this new and highly
suggestive evidence, will certainly be widely welcomed, not only by those who
are themselves active in related fields of research, but also by the many others
who may well have found 1t difficult to follow the raprd unfolding of knowledge
about these cells, and especially its recent and rapid development.

As Dr. Riley duly records, we owe the first differential recognition of the
mast cells to the late Paul Ehrlich, whose pioneer publication on the subject
gave evidence, indeed, of the early nipening of his remarkable gemus; for the
paper which first described and named these cells, characterized by the packing
of their cytop! with large, basophl les, had been Ehrlich’s graduation
Thesis. I find myself less clearly convinced than Dr. Riley seems to be, with
regard to the appropriateness of the name, *Mastzellen® (=fodder cells, or cells
concerned with fattening, or nutntion), as proposed by the young Ehrlch to
mdicate the function which he :mnbutcd to these cells, but for whech, in fact,
he had no evid but their histol Tuding the basophil
staining of their granules by which he rccogmzcd them. A short name, how-
ever, 1s obviously needed for converuent reference. In its English translation,
“mast cells’ has ically no such fi ] as the ongmal
German form had, and, in any case, a proper respect for prionity and for
Ehrlich’s memory would make us retamn the name which he proposed, and
which has passed 1nto such general use,

Dr. Riley's attention appears to have been first drawn to the functional
possibilities of the mast cells, by the observation of their unusual abundance
in the tissues adjacent to experimentally induced cancers of the skin 1n mice.
Later he became acquainted with the results obtained by Jorpes and other
Scandinavian workers, who had observed a significant correspondence between
a special abundance of these cells in different tissues and the respective yields
obtainable from them of the anticoagulant prnciple known as *heparin’. This
had been so named by its discoverer, W. H. Howell, on account of his original
finding of it in extracts from the liver of the dog—an organ in which the mast

DUR!NG the past few years the so-called ‘mast cells® have very rapidly

v



FOREWORD

cells were later found to be conspicuously abundant. It was apparently this
association of the dog’s liver with the production of heparin, which first led
Dr. Riley, and those who became associated with him, to consider the possi-
bility that the mast cells might also be the source of the histamine; since the
anaphylactic shock and analogous reactions, in the form characteristic of the
dog, were known already to be due, essentially, to the effects of histamine and
heparnmn poured into the general circulation, as the result of a primary reaction
in the hiver. Dr. Riley and his co-workers were thus Ied to make a more general
survey of the relation between the abundance, on the one hand, of mast cells
in different organs and tissues of a number of spectes, including examples of
mast-cell tumours, and the yrelds, on the other hand, of histamine obtanable
by extraction from the same normal and pathological sources I do not doubt
that any careful student of their results will find that the evidence here presented
shows a highly significant correlation between the mast-cell content of solid
organs and their yield of histamine to artificial extraction; and such a student
will surely be impressed, as I am, with the reasonableness of the deduction that
the mast cells in such tissues, and, indeed, the characteristic, basophile, meta-
chromatically staning granules which occupy so much of the cytoplasm of
those cells, are by far the most probable source of that histamine
It must be borne in mind, on the other hand, that this staiming of the

mast-cell granules does not, mn 1tself, provide evidence for the presence 1n them
of histamine Histanune, on the contrary, being itsell a base, has a special
affimty for the acidic dyes, such as eosmn and phloxin, with which 1t combines
m vitro 1o form precipitates. Before the demonstration by Dr. Riley and his
colleagues of the connexion between mast cells i a tissue and s yield of
histamine, there had been highly suggestive evidence of a similar association
between the yield of histamine from the blood of different animal species,

wincluding that of man, and its nchness in white cells with an eosinophile

granulation, In those of us who were famihar with these earlier observations,

the news of the discovery that, 1 the uissues, the occurrence of histamine was

associated with that of the basophile mast cells, produced, at first glance, a

sense of paradox, or conflict of evidence. And 1t seems to me that we have the

more reason for grattude to Dr Riley and his co-workers for having gone

steadly forward, undeterred by any such prejudice, to collect and assemble the

data, which have now so abundantly confirmed therr first observations. For

my own part, | am expecting that the new association which they have so

convincingly lished, between h and the heparin-containing mast-

cells of the tissues, will be found to have an increasing importance, for the

assignment to histamine, and to the other amenes, such as serotonin, now coming

into view as mast-cell constituents, of their various functional roles in a range

of physiological and pathological reacti H. H. DALE.
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- PREFACE

literature, mainly up to 1950 when the work described in the second part

began, The second part is essentally the thesis, ‘Functions of the
Tissue Mast Cells’, which was accepted 1n 1958 by the University of St.
Andrews for the degree of Doctor of Philosophy.

In preparing the manuscript for publication T have been reminded of the
very great help which I have received from other workers at various stages, and
which I wish freely to acknowledge.

Some of the early experiments on the histology and histochemistry of
mast cells were carried out in Edinburgh in collaboration with Dr. J. M,
Drennan of the Department of Pathology. Mr. (now Professor) D. M. Douglas
and Dr. J. P. Graham of the Wilkie Research Department, Edinburgh, helped
me in experiments on peptone shock in dogs. Later, in Dundee, when a
pharmacological approach was required, Professor R. B. Hunter not only
offered me the very considerable facilities of his department, but also introduced
me to Dr. G B West, without whose cheerful enthusiasm and unlimited
patience further progress would have been slow indeed  Much of the present
work on histamine n mast cells has already been published 1n collaboration
with Dr West, and this forms the main body of the second part of the book
where it 1s appropriate, a reference to the onginal paper 1s given under the
chapter heading On the departure of Dr. West for London, the pharmaco-
logical investigations were d by hus Dr. P, B Marshall, and
by Miss Rosemary Cass, Dr West and I have acknowledged elsewhere the
valuable contributions of Mr. K W Head of the Royal (Dick) School of
Veterinary Studies, Edinburgh, who supplied us with much unusual veterinary
material, and of Mr. S. W. Stroud of the Research Division, Boots Pure Drug
Co Ltd,, Notungham, for his assistance with the hepann assays In some
experiments the mmtial extraction of the heparin was carried out by Dr. D M
Shepherd of the Department of Pharmacology, Queen’s College, Dundee, to
whom we also owe our thanks for his advice on problems connected with the
chromatography of tissue extracts, An interesting off-shoot of the present
study has been the work of Dr. J. D. B. MacDougall of the Department of
Anatomy, who has succeeded in growing various types of mast cell m tissue
culture and has himself published several papers on the subject 1 record
with special gratitude the constant flow of encouragement and advice of
Professor A C. Lendrum of the Department of Pathology. many of the
paraffin sections were cut and stained by Mr. W. Shidders in Professor

THIS booklet on the mast cells is in two parts. The first is a review of the
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PREFACE

Lendrum’s department, and all the photomicrographs were taken there with
the aid of his technician, Mr. J. W. Corkhill.

Finally, I wish to place on record the debt of gratitude which Dr. West
and I owe to the constructive criticism and generous advice of Sir Henry Dale
throughout the whole of this work. Sir Henry, himself a pupil of Ehrlich, was
among the first to accept our evidence on the cytological location of histamine
in mast cells and to suggest fruitful means for obtaining further information.
For our part we were honoured in being invited in Apnl 1955 to take part in
the Symposium on Histamine organized by the Ciba Foundation to celebrate
Sir Henry's eightieth birthday. Sir Henry now does me the even greater honour
of writing a foreword to this account of a problem on which he himself has
contributed so much.

JAMES F. RILEY.
Dundee, 1959,
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Cutaprer 1
THE DISCOVERY OF THE MAST CELLS

N the 17th January 1879 the Physiological Society of Berlin heard
Oa remarhable paper by a remarkable young man. The speaker was

Paul Ehrlich; his subject a geanular cell of the loose connective tissues
which he had discavered as a medical student some two years previously
{Ehelich, 1877) and for which he had proposed the name * Mastzelien” (well-fed
cells) since the cells are more numerous in connective tissue whose nuintion 1s
enhanced (Ehtlich, 1878) Ehrlich pointed out that not only do the granules
of mammatan mast cells display great avidity for basic dyes, but that they also
tend to alter the shade of the dye (‘metachromasa’). Later, with his own
pupil, Westphal {1891), he stressed a second characteristic feature of the mast-
cell granules in many species, their solubility in water, As Michels (1938, p. 262)
remarks, *Uncounted pages of useless and misleading research have been the
result of the farlure on the part of many myestig: to heed the ad
origmally gwven by Ehrhich and Westphal, that the mast granules are soluble
m water and that to preserve them tissues must be fived in 50 per cent alcohol
and stamed 11 alcoholic thionine”.

From what we know of Ehrlich's enth (M d
1949) it is not difficult to picture tum gwing this, his ﬁrst public dLsscrmuun
But the occasion was more than that  In discovering the mast cells Ehrlich
had discovered a principle which was (o guide him through his working life and
mspire hus later studies in ¢h herapy. That the bio} achon ofa drug
is a direct o of its molecul h is now a phar 1
axiom so firmly established as to pass without comment. 1 Ehelich's day when
medical treatment was still empiricat and symptomat, the idea of ‘specific
affinity” between drug and protoplasm was a novel conception. It is said
{Plesch, 1947) that the wdea of specific affinitres first gernunated i Fhrhich’s
mnd when he was working an the laboratory of his cousin, Kar! Wesgert, who
had begun to use the new technique of staming hustological sections. White
examming one of Weigert's shdes under the mucroscope Ehrlich began to
speculate why one part of the cell should stain selectively with a particular dye

leaving the sest of the cell unstained. It was not long before he was secking
the answer.

Success came early. Ehtlich obtained samples of the latest commercral
dyes from German manufacturers who were then turning to such profitable
account Perhin’s onginal discovery in Manchester of the first synthetic amiline
dye, mauve. Oun applying some of the new dyes to connective tissue Ehrlich
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CuapTer 11

THE MAST CELL IN EVOLUTION

on the mast cell was almost entirely histological. Controversies arose
but their resolution for the most part merely emphasized the soundness
of Ehrlich’s original work

Thus Ranvier (1890) described his ‘clasmatocytes™—cells which cast ofl
(‘. ") i of protoplasm; but it is clear from Ranvier's own
descriptions that many of the cells which he originally recogmized as clasmato-
cytes are tissue mast cells  In the newt and salamander especially the mast cells
are exceptionally large and irregular in shape and are casily damaged during
preparation of the tissues Moreover, Ranvier used a watery fixative (1 per cent
osmic acid), a watery stamn (violet 5B) and a watery mountant (glycerine)
whereby the granule substance rapidly diffuses from the cytoplasm. Using
the same stain and a more adequate fixative, Raudmitz (1883) had already
successfully demonstrated mast cells in man. The situation was finally clanfied
by Jolly (1900) who clearly distinguished mast cells from clasmatocytes n
mammals and showed that the huge arbonizing cells in amphibia are the ussue
mast cells of these species.

The use of a watery techni likewise led Pappent and his school to
assert that mast myelocytes are lacking in the bone marrow of the rabbit and
1 the marrow of patients with myeloid leukaemia, thereby implying that the
numerous blood mast cells in both are derived from precursors in the tissues.
This d until M (1913) and Ringoen (1919)
conclusively rc-:stabhsh:d Ehrlich’s views and agaun stressed the extreme
water-solubility of the mast granules in certain species (Kanthack and Hardy,
1894) Not all mast granules are so readily soluble; the mast granules of the
rat are surprisingly resistant to water (Paff and Mergenthaler, 1955) It will
be shown later that once the limitations of a watery technique for mast cells
are appreciated the method can be used to yield information concerning the
physiological function of the cells.

In only one respect did Ehrlich’s early work fail to find complete acceptance
later. It will be recalled that Ehrlich’s classification and nomenclature of the
granular leucocytes rested on the ‘specific affinities’ of the granules for vanious
dyes  As the scope of the search for mast cells widened, 1t became increasingly
apparent that in many lower organisms not only are the mast granules frequently
non-metachromatic, but that, at least durmg ccrtam phases of their life history,
they may even be acidophulic. The fi ! for the mast cell 15

DUR]NG the sixty years which followed Ehrlich’s discovery, research




THE MAST CELLS

discovered the mast cells. The strong affinity of the granules for basic dyes
and the metachromatic staining reaction enabled Ehrlich to differentiate his
Mastzellen from the heterogeneous collection of ‘embryonal’ or ‘plasma’ cells
described by his teacher, Waldeyer (1875). Granular cells were first seen in
the peritoneum of frogs by Von Reckhinghausen (1863). Waldeyer, who
described and depicted similar cells with refractile granules around small blood
vessels, behieved them to be precursors of the fat cells which form the outer
Iayer of the perivascular sheath. Ehrlich showed that Waldeyer’s granular
cells do not contain fat by pretreating the tissues with fat solvents, and that dyes
which stam fat leave the granules of mast cells unstained. According to
Ehrlich the mast granules represent an alt us reserve sub: for the
connective tissues and are the products of differentiation in healthy cells of the
fixed mesenchyme.

Ehrlich then went on to study the staining reactions of the blood cells,
laying the foundations of modern haematology on the basis of the specific
affimties of the leucocytes for various dyes (Ehrlich, 1891; Ehrlich and Lazarus,
1898). Here again he encountered cells with basophilic, metachromatic
granules, and thus came to recognize two types of mast cell; the first, derived
from, and living 1n the connective tissues (tissue mast cell), the second—the
counterpart of the neutrophil polymorph and eosinophil leucocyte—whose
origin is 1 the bone marrow and whose habitat is the peripheral blood (blood
mast cell, basophil or mast leucocyte). Not the least of Ehrlich’s genius was
his intmtive appraisal of the Iimitations of the experimental methods of his
day. His later work on cancer is typrcal of this. So it was with the mast cells
He made no attempt to apply experimental methods to the problem of their
function or to ch 12¢ ch lly the granule sut Having described
the morphologcal features of blood and tissue mast cells, he left it to others to
elucidate the role of these cells 1n the organism, concluding his brief introduction
(Ehrlich, 1879) with the hope that one day the mast cells would be found to
have an interesting function It 1s the purpose of thts monograph to trace the
subsequent story and see to what extent Ehrlich’s hopes have been fulfilled.
It 1s an interesting story, and no less interesting 1n the certainty that the full
account has yet to be written  Even now we are in the midst of one of the
periodic waves of enthusiasm for the mast cells, and there may thus be workers
m many fields to whom an interim account will be acceptable This is built
around the researches of my colleagues and myself in Scotland who have
investigated the relationship of the mast cells to tissue histamme, At the same
time we have endeavoured to retain something of the wider perspective which
appealed so strongly to Ehrlich: that is perhaps the outstanding feature of his
undergraduate Thesis which has only recently become available for study

(Ehrlich, 1878).
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MAST CELL IN EVOLUTION

ally with the connective tissues (Lazarenko, 1925). In certain species the
basophilic cytoplasmic bodies stain strongly with the penodic acd- Schifl’
method for a neutral mucopolysaccharide (Ohuye, 1952; Ohuye and Horikawa,
1956) ‘which forms or contributes to the connective tissues and basement
membranes’ (Wigglesworth, 1956).

P L .
(1857) descnbed an advcnmml cuﬂ' a ‘Zc]lgcwcbe , surrounding the smaller
blood vessels of the crayfish. By injecting a suitable vital stain imto the
penc:\rdml sac or primitive heart of the cmyﬁsh myriads of cells filled with
can be d d in Hickel's penivascular sheath
Only rarcly does such a tissue basophil escape 1nto the circulation (Hardy, 1892)

VERTEBRATES

However, 1t is at the next evolutionary level that tissue mast cells appear
1n an abundance which makes 1t difficult to escape the conclusion that therr
number and foreshad hing of their fi n higher
organisms. The nissues of many Ichthyopsida (fishes and amphbians) are
teeming with mast cells 1n contrast to the virtual absence of mast cells in the
blood So mtimately is the distribution of the mast cells bound up with the
evolution of the blood vascular system that 1t is worth while pausing for a
moment to review briefly the development of the blood-forming tissue itself
and the progressive sp ization of s P parts (Jordan, 1926;
Jordan and Speidel, 1930).

Evolution of the blood-vascular system

In the lancelet amphioxus (branchiostoma) the few free mesenchymal cells
in the blood are derived from undifferentiated precursors scattered throughout
the body. With the advent of the prinutive cranate fishes, the jaw-less cyclo-
stomes, there begins a process of segregation and specialization of blood-
forming tissue which may be traced progressively forwards to the mammals
From bemg distributed diffusely throughout the wall of the intestine, as 1n the
hagfish, the h potetic tissue b ggregated in the Iled spiral
valve of the larval lamprey and forms a compact nodule n the wall of the
stomach of the African lung fish. In the cartilaginous fishes the active tissue
is now attached to the stomach by a mesentery and may thus more properly be
termed a spleen At the amphibian level, especrally 1n the tailless anurans,
the spleen 1s concerned almost exclusively with the production of erythrocytes
and thrombocytes, granulopoiesis still being carried on at former sites of blood

7
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rather the connective tissue habitat of the cell and the size and number of its
granules than the immediate staining qualities of the granules themselves:
‘coarse granulocyte’ is perhaps the more appropriate term for such cells.
With these considerations in mind we may first review in general terms the
evolutionary development of the mast cell in a series of organisms of increasing
complexity, and later examine in somewhat greater detail the distnbution of
tissue mast cells in vertebrates

INVERTEBRATES

It has been suggested that the metachromatic bodies in certain bacteria
and the volutin granules in yeasts (Guilliermond and Marvas, 1908; Wermel
and Sassuchin, 1927) correspond to mast cells in higher orgamsms; but in view
of the doubtful histo-chemical significance of metachromasta no great import-
ance can be attached to these claims (Tulasne and Vendrely, 1947; Dugud
et al, 1954). Nevertheless, 1in such lowly multicellular organisms as sponges
(Cotte, 1904) and simple coelenterates (Kollmann, 1908) well-defined basophilic
granular cells are already present in the connective tissues from which, 1n some
species, they escape as free cells into the prinutive body cavity. Both Cotte
(p. 547) and Kollmann (p. 213) are of the opinion that these cells correspond
to the mast cells in higher forms. Such ‘amoebocytes with spherules’ are

1m echinoderms, ially in the walls of the ambulacratory pockets
of the star fish and sea urchin (Kollmann, 1908; Kindred, 1926) from which
a yellowish substance can be extracted from the granules by transferring the
organisms to tap water (Pequegnat, 1948). According to Kmdred (1926) the
‘coarse granulocyte® in echinoderms 1s first recognizable as a connective tissue
cell with clear cytoplasm, and thus corresponds to the ‘hyaline cell” of Kollmann
(1908). Under conditions of good feeding the cell develops bulky refractile
spherules which stain with basic dyes. The spherules then progressively become
yellow and shrunken, finally often red and acsdophilic Thus the intermediate
coarse granulocyte 1n invertebrates, the cell with colourless, basophilic spherules,
bears the most obviousresemblance to the mast cell of higherammals. Kollmann
found these cells in the connective tissues of varous invertebrate forms which
he examined. ‘Les cellules spheruleuses . . restent habituellement cantonnées
dans le tissu conjonctif.  On peut vraisemblement les comparer aux Mastzellen
des Vertébrés® (Kollmann, p. 200). Thus it will be observed from the stand-
point of comparative morphology that mast cells are regularly demonstrable
before the demand for oxygen and nutriment has led to the evolution of a
defimitive blood-vascular system. Whatever may be the function of the mast
cells in these simple organisms 1t can hardly be concerned with the blood.
The common blood cell of many insects appears to be concerned function-

6




MAST CELL IN EVOLUTION

the tissue mast cells, It will be helpful to keep this genealogical background
in mind when the apparently capricious distribution of mast cells in higher
organisms is under consideration.

Detailed distribution of mast cells in vertebrates

LOWER VERTEBRATES. In lower vertebrates, production of coarse granulo-

cytes 1s for the most part restricted to certain well-defined sites, notably gut,

and inter lar tissue, liver, spleen, kidney,

gonads, pcnvascuhr tissues generally, lungs (when present) and to a lzsser
extent pancreas and even skull (Drzewna, 1905; Michels, 1923).

Al y tract. Intheal y tract of Ichthyopsida (fishes and reptiles)
the ‘lymphoid tissue’ (Drzewina, 1905) forms an almost continuous sheath
between mucous membrane and muscle, a region which corresponds to the
location of the Peyr’s patches and 1solated lymphoid nodules in man  Drzewina
failed to find granulocytes n the al y lymphatic tissue of carp though
they have been described there by Al Hussmm (1948) In the carp coarse
granulocytcs are parucuhrly abundant in the perivascular tissues and serous
y (Michels, 1938). Greene (1912) found in the
gut of the ng salmon a layer nf coarse granular cells so dense that he refers
to 1t as the ‘stratum granulosum’ However, Arvy (1955a) points out that
apparently stmilar cells in the trout more closely resemble the granular cells
of the exocrine p. ; they are decidedly more acid lic than basophil
i their statmng properties  Numerous coarse granulocytes were seen n the
gut of other salmonoids by Bolton (1933) who has no hesitation 1n calhing them
“mast cells”. N y activity and ¢ change in staiming properties
of the coarse granulocytes m teleosts were clearly recognized by Al-Hussaini
(1949)  Duthie (1939) shows coarsely granular basophils migrating towards
mucosal and serous surfaces as the surface 1s reached the now acidophilic
granules become onientated tn a2 manner which suggests (p. 40) *a discharge of
the granules on to the surface of the epithelum® It will be seen later that there
1s evidence for limited mugratory activity of perivascular mast cells towards
mucosal and epithelial surfaces 1n higher vertebrates (Riley, 1953a; Arvy,
1956a, McGovern, 1956). Typtcal mast cells have been described 1n the gut
of various Batrachians (anurans and urodeles) by Arvy (19555).

Heart and blood vessels  As long ago as 1857 Leydig described a richly
cellular sheath surrounding the mesenteric vessels in several teleostean (bony)
fishes. The regular occurrence of haemopoietic tissue 1n this situation is well
seen 1n certan ‘ganoids’ (e g. sturgeon) Drzewina (1905) describes such a
tissue clothmg the heart of the sturgeon and extending along its blood vessels;
Ohuye and Ochi (1954) observed a sumilar genests of basophilic granulocytes
1n a urodele, the Japanese newt. According to Drzewina the formative tissue

9
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formation throughout the body. With the evolution of the bony fishes the
marrow begins to usurp some of the functions of the spleen and becomes the
predomi tissue for h poiesis. According to Jordan and Speidel (1930,
p- 375) the mechanical advantage conferred on the organism by the development
of tubular bones also Jed indirectly to 1deal conditions for blood formation.
‘The diaphyseal content of hollow bones is fundamentally related to the
nutritive requirements of the bones. Thus, in a sense, the practical postnatal
restriction of hemocytopoiesis to bone marrow mn higher forms, especially
mammals, was accidental. Arising apparently as an incidental aspect of the
mechanism providing for the most favourable nutritive conditions for hollow
bones, it becomes appropriated as offering more favourable conditions for
blood formation. The spleen, accordingly, becomes of less importance at the
higher evolutionary levels after the appearance of long bones. Its original
multiple function becomes apportioned among lymph nodes, perhaps thymus,
and bone marrow.” It 1s, of course, well known that extensive destruction of
red bone marrow even 1t mammals can be followed by the resumption of extra-
medullary blood formation in the onginal haemoposetic centres of the body,
and that after splenectomy the marrow may perform the reciprocal function of
producing lymphocytes and monocytes. In view of the multipotent capacity
of the marrow for blood formation, it is not surpnising that along with the
neutrophil and eosmophil leucocytes the marrow also produces variable
numbers of blood mast cells In general there is an wmverse numerical relation-
ship between the numbers of blood and tissue mast cells 1n a particular species
(Maximow, 1910): however, with few exceptions the number of blood mast cells
is small compared with the number of tissue mast cells which continue to be
produced at sites of former haemopoietic activity

Meanwhile, m course of evolution, another specialized type of tissue has
come mto bemng. This 1s the lymphatic system whose origins can also be traced
to the widespread primitive haemopoietic tissue of lower animals. Portions of
the multipotent mesenchyme become aggregated into foct specializing in the
production of lymphocytes; capsulated lymph nodes make their first appearance
in water birds (Further, 1913). Even so, the spleen in birds continues to play
a significant role in haemopouesis, its removal bemng followed by increased
} ic activity elsewhere, as in cold-blooded animals: * A striking example
1s presented by the differentiation of the mast cells along the vessels of the
omentum. . . An analogous development of mast cells 15 seen under the
epithelum of the mtestine’ (Dantschakoff, 1916, p. 485). As the importance
of the marrow for haemopaiesis mcreases still further, the spleen eventually
produces little else but lymphocytes and monocytes. Yet there remain, even
in the mammals, scattered traces of the original blood-formung tissue which
continues to produce the granular cells of the connective tissues. These are
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RELATIONSHIP OF MAST CELLS TO EOSINOPHILS. Before leaving the subject
of the mast cells in the lower vertebrates we may briefly consider the views of
Jordan and his school on the relationship of mast cells to eosinophils in blood
and tissues  This is particularly necessary since Jordan's conclusions at first
appear to be in conflict with those of most other workers in this field.

In his earlier studies on blood formation in reptiles (Jordan and Flippin,
1913) and amphibia (Jordan, 1919) Jordan adopted a conventional outlook
and regarded the mast cell as a specific varety of granulocyte distinct from
and genetically unrelated to the eosinophil The distinction is clear, even
many arthropods: 1n certain crayfish, for example, eosinophils stem from a
highly localized tissue (*orgagne globuligéne® of Cuenot, 1905) whereas, as we
have seen, the metachromatic basophils 1n the crayfish are of widespread
pervascular ongin (Hardy, 1892). Later, however, Jordan and Speidel (1924a)
fatled to find basophils in certain fish but were impressed by the abundance of
1rregular amoeboid eosinophils in the gut wall of the teleostean scup and tautog,
Similar conditions apparently obtained in a repile, the terrestrial salamander
(Jordan and Speidel, 19245) On reviewing their data in the hight of an earlier
study of blood formation 1n the frog (Jordan and Speidel, 1923), these authors
conclude that the eosinophils arse from lymphocytes or undlﬂ'cremmtcd
connective tissue cells and that the ing cells with
are erther “unnpe eosinophuls’ or, if the granules are bulky, rrregular and
metachromatic “cosinophils in course of degeneration’. According to Jordan
and Speidel (1923) such “abortive eosinophils™ are common in the spleen of
the bullfrog  Meanwhile Michels (1922; 1923) had studied the dense accumula-
tions of granular cells in the tissues of many lower vertebrates and had concluded
that morphologically and from their connective tissue habitat such cells are to
be regarded as mast cells Nevertheless, Jordan (1926, p 99) insists that ‘the
granulocytes described and illustrated by Muchels n various fish tissues,
stamed metachromatically red with thionin and interpreted by him as mast
cells, are apparently strictly homologous with very stmilar cells occurtimg in
the gut wall of the scup and tautog (Jordan and Speidel, 1924a) where they are
definitely oxyphilic, and with those 1n the intestines of the leopard frog where
they are distinctly metachromatically basophilic  They are apparently identical
also with the tssue eosinophils which differenttate 1n the connective tissue of

the intestinal submucosa, and with the hilic and special il

which develop 1n large part from the reticular cells in the perspheral area of the
femoral marrow of the rabbit; and with comparable cells with a similar origin
1 the subcapsular region of the liver of the salamander, and m the capsule and
septa of the ovaries and testes of the skate® . Apparently, then, he goes on
(p. 104), “the so-called mast cells include three varieties: imtial orthobasic
granular progemitors of eosinophils, ripentng metachromatic cosinophils, and
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bears a striking r blance to the lian lymph node: however, it also
gives rise to coarse granulocytes, and these, in the sturgeon, may contain both
basophilic and acidophilic granules within the cytoplasm of the same cell This
is a disturbing state of affairs to one brought up strictly in the Ehrlich tradition
of a cytological nomenclature based on specific affinities. Drury (1914)
observed typical eosinophils free in the peritoneal fluid of bony fishes but no
basophuls, since ‘they do not migrate from their normal place of occurrence,
around the blood vessels, amongst the teleostean fishes’, It will be emphasized
later that perivascular tissues are outstanding sites for the formation of mast
cells in mammals,

Kidney and gonads. In Ichthyopsida the kidney tubules are embedded in
a mass of reticular lymphoid tissue from which develop cells with amphophil,
basophil and acidophil granules, the granules of basophils usually being coarser
than the rest (Drzewina). This ussue in a ganoid, Polyodon spathula, was
extensively studied by Downey (1909) who discusses the evidence for secretion
by the granular cells  Of the three main types recognized by Downey, the cells
with basophilic granules eventually become metachromatic and finally dis-
mtegrate through the diffusion of the metachromatic material into the cytoplasm
and the formation of multiple vacuoles. Blood formation is also active, in the
disproportionately large gonads of fishes. Jordan (1926) describes coarse
granulocytes with basophilic and eosinophilic granules in the gonads of
elasmobranchs (e.g. skate).

Liver The liver provides an illuminating example of the mimor differences
in distribution of the ‘lymphoid tissue’ in a single organ within a group of
closely allied amimals. According to Drzewma lymphoid tissue 1s greatest in
the livers of urodeles, least in many frogs and toads. It is absent from the livers
of adult birds and mammals though present there during embryonic life
(Dantschakoff, 1916) In some species of Ichthyopsida the simple pertvascular
cuffs, as m ganoids, undergo hypertrophy cortically or centrally 1 the liver
to form comparatively large masses of tissue. Oppel (1889) was the first to
describe the thick ‘couche corticale’ of lymphoid tissue beneath, but not
attached to, the hepatic serosa of the primitive urodele ‘Proteus anguineus’.
Drzewina found a similar arrangement 1n the liver of the terrestrial salamander
and beheves this layer to be made up of the fused perivascular cuffs of
numerous cortical blood vessels. Similar vagaries in distribution will be
noted when the location of mast cells i the lvers of higher vertebrates is
examined.

There is some experimental evidence that the extent and actwvity of the
Iymphoid tissue of Ichthyopsida are influenced by the nutritionnl. state of the
organism and that a compensatory ncrease in actwity of this tissue follows
splenectomy (Drzewina, 1905; Ohuye and Ochi, 1954).
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HIGHER VERTEBRATES, INCLUDING MAN. Ehrlich (1877) and his pupit

Westphal (1891) found tissue mast cells to be numerous in cat, dog, goat, rat,
bat, and calf; rare in rabblt hare, and guinea pig. Later, Zimmermann (1908),
using the 11 i i devised by his colleague Schaffer
(1907), showed that tissue mast cells are rather more common in the gumea
pig than Ehrlich believed and that they occur at the usual sites for mast cells
in mammals, namely in loose connective tissue gencrally and especially around
blood vessels, between fat cells, in peritoneum, 1n most organ capsules and in
the thymus. The guinea pig also resembles other mammals in that mast cells
are absent from the central nervous system. According to Krabbe (1928) the
hedgehog alone among the mammals has mast cells within the substancc of
the brain, the cells betng particularly in the hat I}
There is general agreement with the findings of Ehrlich and Westphal regarding
mast cells in the other spectes which they examined. Much of our knowledge
of tissue mast cells in the embryonic and adult forms of higher vertebrates 1s
due to the pawnstaking studies of Maximow (1906; 1910, 1913; 1924) who
strengthened and expanded the views of Ehrlich and Westphal and dealt
summanly with their critics.

In his thests Westphal (1891) menttons the vanations 1n size of the granules
i mast cells of different species. Comparatively coarse 1n rat, mouse and
guinea pig the granules are small in birds and dust-like 1n amphibra.  The name
*mast cell” as defined by Ehrlich (1878; 1879) 1s thus now more appropriate
for the cells with basophilic metachromatic granules in the higher vertebrates
than 1s the term ‘coarse granulocyte’ which we found convement for describing
the homologues of mast cells with variable staining properties 1n the tissues of
lower organisms

Minor differences mn distribution of mast cells are found 1n mammals as
m lower vertebrates, the hiver again providing a good example of the varniation
1n the mast-cell pattern among refated species.  Thus the cells are exceptionally
large and numerous 1n the capsule of ox liver (Holmgren and Wilander, 1937),
whereas 1n the liver of the dog they are small and are found near the portal
tracts and scattered diffusely througt the hver p + (Nagayo, 1928)
In contrast to the high mast-cell content of the liver 1n ox and dog the liver in
rabbit and rat 15 almost devoid of mast cells (Westphal, 1891} Holmgren and
Wilander (1937) describe 1n detail the presence and distribution of mast cells
1n liver, spleen and lung of cow, calf, sheep, horse, pig, dog and rabbit  Corre-
sponding data for mast cells m the gut of several species of mammals are to be
found m the paper by Mota, Ferri and Yoneda (1956) and in the early investiga-
uons m’ Hardy and Wesbrook (1895) who emphasize the enormous numbers of

hils’ 1n the sub of carmwvora. Arvy and Quivy
(1955a, b) descnbe n detail the distribution of mast cells in the alimentary tract
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abortive or degenerating metachromatic eosinophils’. Thus in Jordan’s view
(p. 103) ‘metachromaticity of staining reaction is a phase of the ripening
process of the eosinophil granule. This 1s a novel conception of the meta-
chromatic granule, as distinct from the orthobasic granule, but the evidence
seems to permut of no escape.”

Novel as this conception may be, 1t must be conceded that there are few who
would agree with Jordan that metachromatism in the granules of connective
tissue cells implies either that the cells are degenerating eosinophils or that
they are eosinophils which are ripening so slowly that they will now never
achieve maturity. A mere glance at a suitably stamned tissue spread from many
higher animals 1s enough to shake such a belief. In rodents and cattle the
connective tissues are often packed with cells filled with basophilic or basophilic-
metachromatic granules, whereas eosmophils may be entirely lacking  Indeed,
it might be as plaustbly argued from Jordan’s data that it is the metachromatism
of the granules which signifies that the cell has reached full maturity and that
any subsequent eosimophilic stamning is a sign of degeneration; certainly this
concept would be more 1n ag with the find of Koll (1908)
and Kindred (1926) on the ‘amoebocytes with spherules’ in invertebrates and
with the work of others who have subsequently examined the granular cells
in fishes (Romieu, 1924; Bolton, 1933; Duthie, 1939) However, there are
great difficulties 1n interpreting the histological appearances shown by the
granular cells mn fishes, especrally the cells m the wall of the gut. As Al-Hussaint
(1949, p 334) remarks ‘the picture 1s still further complicated by the fact that
the number of granules which are stainable by one technique may be quite
different from that seen with a different one, even n one and the same fish. . . .
This suggests that even in one species the granules may be of differing chemucal
composition and hence may have several functions to perform.” Most modern
workers agree with Ehrlich (1878) that the mast cell 1s a cell *sui generis’,
genenically and functionally different from the eosinophil. It is true that
cosmophils often occur along with mast cells in pathological conditions 1n
higher vertebrates but there may be another explanation for this.

To sum up. Mast cells or their homologues are demonstrable in the tissues
of many invertebrates and lower vertebrates, and the sites at which these cells
are found 1n relation to the more general problem of blood formation suggests
an explanation for the presence of mast cells in marrow and tissues The
gradual withdrawal of much of the origimal haemopoietic tissue mto the bone
marrow, and the enclosure of tie p of the lymphocytes in nodes and
spleen, still leaves at the sites of former haemopoietic activity a scattered
residuum of what Maximow (1924; 1926) has called ‘undifferentiated mesen-
chymal cells’. One possible line of development of these cells is the tissue mast

cell.
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fater in all the sut ive tissue. fer (1921} emph :
the htgh mast-cell content of \hc topi athymus M hile, a tized
ia of the ive tisue is fading (Holmgren, 1939, 1940;

Bairati and Bianchini, 1953; Bjelmman, 1954; Kitanishi, 1956}, although, as is
well hnown, metachromasia persists and is an outstanding feature of the
‘Wharton's jelly of the umbilical cord.

Numerous investigators have studied the development and distnbution of
mast cells in the umbilical cord, seeking a possible refationship between the
diffuse metachromasia of Wharton's jefly and the compact, granular meta~
chromasia of the mast cells (Lehner, 1924; Pescetto, 1950; Sundberg ef af,
1954; Moore, 1956), Mast cells appear much later than the Wharton's jelly,
swhich 18 itsell non-metachromatic when it is first Ind down in rtero: fater the
two types of metachr in—diffuse and granut be di hed by
their differing reactivity to certain enzymes (Moore and Schoenberg, 19572
and &). Schaenberg and Moore (1958) have recently suggeslcd that a simple
carbohydrate precursor elab d by the fibrobt further con-
struction m the tissue spaces, & lypc of extracellular synthesis now known 10
oceur around certam micro-organisms (Markowntz ez al, !958) 1 havc suggcstcd
that a final alteration and storage of high-mol
saccharide occurs in the mast cell (Riley, 1954 1955y Ths v»ould accord thh
the finding of Hopf (1952) that mast cells often become very numerous in the
stump of the cord and adjecent peri-umbilical skin during the immediate
neonatal period. At this time small mast cells, rather poor i granules, are
demonstrable at sites in which mature cells are found in later tife (Audrey, 1896).

In the adult, mast cells are 1n all foose sub and sttb-
mucoys connective tissue (Harris, 1900; Staemmler, 1921) They occur
frequently in the connective tissue of the female breast (Higuchi, 1930) and m
the intermuscular connective tissue of uterus, bladder and even the tongue
{Raudnitz, 1883; Staemmler, 1921} indeed, they are common i the tongue of
most species {Westphal, 1893 ; Clowes and Owen, 1904). In the skin itself the
cells occur mainly near har follicles, glands, small blood vessels (Ehrlich,
1878; Schwenter-Trachsler, 1906; Staemmler, 1921; Sylvén, 1941) and between
fat cells (Hissard et af, 19508), tending, as Ehrlich so clearly pointed out in fus
thests (1878, trans. p. 87) “to concentrate around the preformed structures
which traverse the connective tissue”.

In the gut the mast cells are sttuated cluefly in the vxlh, around the necks of
the duodenal plands of Lieberkiihn and d th the sub
of the small intestine and caecum (Westphal, 1891; Hardy and Wesbrook,
1895; Sansonow, 1909).

The pertvascular habitat of the mast cell is so characteristic as to pass almast
without comment. Greggio (1911} and Quensel (1928) stress the presence of
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of the dog. However, for present purposes it is probably more instructive to
examine the origin and distribution of tissue mast cells in a limited number of
higher vertebrates than to compile a catalogue of the minor variations which
have been recorded. We shall therefore examine briefly conditions in rat and
man. For references to mast cells in other species the reader is referred to the
comprehensive review of the hterature by Michels (1938).

Mast cells of the rat. The careful studies of Maximow (1910) and Alfejew
(1924) mndicate that tissue mast cells are first recognizable 1n the early embryo
of the rat as small lymphoid-like cells with few granules and arise either from
fixed mesenchymal precursors or from basophilic non-granular wandering
cells which settle down and undergo differentiation in the loose subcutaneous
and intramuscular connective tissues of the head and neck. Mast cells appear
somewhat later than the other granulocytes and at first multiply heteroplastic-
ally, later by homoplastic mitotic division. By the end of intrauterine life the
topographical distribution of the tissue mast cells has spread to include all the
loose connective tissues (Laguesse, 1919; Urtubey, 1948; Arvy, 19565). Webb
(1935) states that the number of mast cells 1n the dermis of the white rat
increases tenfold from 5 days before to 19 days after birth, the count then
dropping slightly and remainmg constant up to the fifty-first day. A sharp
increase 1n tissue mast cells up to the tenth day was also noted by Fish (1949).
Bates (1935), however, records a slight but progressive fall in the number of
tissue mast cells from birth onwards to 78 weeks with concomitant increase
1n the number and size of the granules m the cells that remain  The cells are
common in the serous membranes and can be recovered m small yield from
the peritoneal fluid (Webb, 1931; Padawer and Gordon, 1955).

Mast cells are rare in the parenchymatous organs of the rat in contrast
to their great abundance 1n connective tissue and peritoneum Lungs, spleen,
liver and kidney are virtually devoid of mast cells. However, they are by no
means 1n the oesophagus and in the forestomach, where they
appear to arise chiefly from precursors around the deeper vessels and, on
occasion, to mugrate up to and even through the mucosa (Sansonow, 1909;
Cambel ez al, 1952). They are comparatively rare in the rest of the almentary
tract (Arvy, 19565; Mota et al, 1956)

There are no mast cells within the brain substance of the rat, though they
are common 1n the memnges (Waldeyer, 1875) and in the sheaths of peripheral
nerves (Riley, 1953a; Riley and West, 1955a; Padawer, 1957)

Mast cells in man. Mast cells appear late in the human embryo as in other
spectes (Ehrlich, 1877; Holmgren, 1946; Kitanishi, 1956) During the course
of intrauterine hfe small cells ining a few h ic granules are
seen at sites of extramedullary haemopoiesis and in organs which are well
developed before birth, e.g. liver and gall bladder, eye, heart muscle and vessels,

14




MAST CELL IN EVOLUTION

later in all the i lissuc S 1 (1921) pt
the high mast-cell content of the develop g thymus. M , 2 lized
1 of the ive tisue is fading (Holmgrcn, 1939, 1940;

Bairati and Bianchini, 1953; Hjelmman, 1954; Kitanishi, 1956), although, as is
well known, metachromasia persists and is an outstanding feature of the
Wharton's jelly of the umbilical cord

Numerous investigators have studied the development and distribution of
mast cells in the umbilical cord, seeking a possible relationship between the
diffuse metachromasia of Wharton's jelly and the compact, granular meta-
chromasia of the mast cells (Lehner, 1924; Pescetto, 1950; Sundberg et al,
1954; Moore, 1956) Mast cells appear much later than the Wharton's jelly,
which is itself non-metachromatic when 1t 1s first laid down in utero: later the
two types of metachromasia—diffuse and granular—can be distinguished by
their differing reactivity to certain enzymes (Moore and Schoenberg, 1957
and b). Schoenberg and Moore (1958) have recently suggested that a simple
carbohyd precursor elat d by the fibroblast undergoes further con-
struction 1n the tissue spaces, a type of extracellular synthesis now hnown to
occur around certain micro-organisms (Markowitz et af,1958). Ihavesuggested
that a final alteration and storage of high-molecular sulphated mucopoly-
saccharide occurs in the mast cell (Riley, 1954, 1955) This would accord with
the finding of Hopf (1952) that mast cells often become very numerous n the
stump of the cord and adjacent peri-umbihical skin during the immediate
neonatal period. At this time small mast cells, rather poor in granules, are
demonstrable at sites in which mature cells are found 1n later Iife (Audrey, 1896)

In the adult, mast cells are common 1 all loose subcutaneous and sub-
mucous connective tissue (Harris, 1900; Staemmler, 1921). They occur
frequently in the connective tissue of the female breast (Higuchs, 1930) and in
the intermuscular connective tissue of uterus, bladder and even the tongue
(Raudnitz, 1883; Staemmler, 1921): indeed, they are common in the tongue of
most species {(Westphal, 1891; Clowes and Owen, 1904). In the skin itself the
cells occur mainly near hawr follicles, glands, small blood vessels (Ehrlich,
1878; Schwenter-Trachsler, 1906; Stacmmler, 1921, Sylvén, 1941) and between
fat cells (Hissard ef al, 19505), tending, as Ehrlich so clearly poited out in his
thesis (1878, trans. p. 87) *to concentrate around the preformed structures
which traverse the connective tissue’,

In the gut the mast cells are situated chiefly 1n the villy, around the necks of
the duodenal glands of Lieberkihn and the sub:
of the small intestine and caecum (Westphal, 1891; Hardy and Wesbrook,
1895; Sansonow, 1909).

‘The perivascular habitat of the mast cell is so characteristic as to pass almost
without comment. Greggio (1911) and Quensel (1928) stress the presence of
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mast cells around capillaries; Neumann (1885) and Staemmler (1921) saw them
more frequently around small arterioles and venules. Jorpes, Holmgren and
Wilander (1937) describe mast cells around the vessels of the choroid and at
the limbus of the eye. In a statistical survey of mast cells in the adventitia
of the larger blood vessels Sundberg (1955) found a rise 1n mast-cell content up
to middle life, most marked in the aorta, followed by a decisive fall, especially
in the walls of the large veins.

The central nervous system of man resembles that of most other species
mn Jacking mast cells (Harris, 1900; Squartim and Giacanelli, 1956) though
they occur in the meninges (Rosenhetm, 1886) and even in connective tissue
around the vessels of the choroid plexuses (Tsusaki, 1951) and pituitary
stalk {Gray, 1935; Consolandi and Briziarelli, 1952) Outside the central
nervous system the cells are comparatively common in the sheaths of peripheral
nerves (Henschen, 1928) though rare in and around autonomic panglia
{Hermann, 1952)

The general conclusion to be drawn from this prelimmnary survey of the
distribution of the mast cells in man and 1n the rat 1s that they are, as Ehrlich
stated, cells of the loose connective tissue. As Staemmler (1921) points out,
their presence 1n a parenchymatous organ can usually be accounted for by its
connective tissue content, the exceptions, apparently, being thymus and, to
a lesser extent, lymph nodes m which the mast-cell content increases with hyper-
trophy of the parenchyma. The special relationship of the mast celis to the
tymphoid tissue has been considered above* further examples of the association
of mast cells with connective tissue and 1ts possxble sxgmﬁcancc will be discussed
when the mast-cell content of pathol 1 tissues is M hile, we
may complete our survey of the normal organism by reviewing briefly the second
type of mast cell n the vertebrates, the blood mast cell, basophil or mast
leucocyte




Cuarter 1T
THE BLOOD MAST CELL, BASOPHIL OR MAST LEUCOCYTE

XAMINATION of suitably fixed and stained preparations of the blood
Eof vertebrates shows a minonty of the leucocytes to contain basophilic

‘metachromatic granules in their cytoplasm. These are the blood mast
cells or mast leucocytes and have been described 1n reptiles (Loewenthal, 1930;
Ohuye, 1952), fishes (Michels, 1923; Loewenthal, 1930), birds (Forkner, 1929)
and in many other vertebrate species (Ponder ez al, 1928, 1929; Knoll, 1932).
The chief morphological features which distingwish the mast leucocyte from
the tissue mast cell are its smaller size, more rounded shape, its relatively scanty
cytoplasm and the decidedly polymorphous character of its nucleus (Harris,
1900}, differences which the cells retain even though they leave the blood stream
and enter the tissues (Zimmermann, 1908; Ringoen, 1923) Like the tissue
mast cells, the mast leucocytes were first clearly described by Ehrlich,

It was not Ehrlich's habit to hnger over his discoveries. In his
*Farbenanalytische Untersuchungen® of 1891—forerunner of modern texts on
haematology—the chapters on tissue mast cells and on eostnophil leucocytes are
already handed over to his colleagues, Westphal and Schwartze. Meanwhile
Ehrhich (1891, p. 58) had discovered basophilic granular cells in human blood,
though so far only 1n myeloid leukaema. Nevertheless, with characterstic
msight he at once perceived that the blood mast cells in higher vertebrates
are true leucocytes stemming from precursors in the bone marrow. By the
time that his textbook came of 1898 to be revised (Ehrlich and Lazarus, 1909)
the evidence for the myelord ongin of the blood mast cell was complete (Jolly,
1900)

Tt was thus all the more curtous that the rival school of haematology led
by Pappenheim should criticize Ehrlich’s views on blood mast cells without
checkig the findings by the use of Ehrlich’s own methods  As Michels (1938)
pomts out, the controversy which devcloped hmgcs on the interpretation of
findings obtained with nadeq h 1 Unfortunately
for Ehrlich’s critics the two situations tn which blood mast cells are common,
namely the blood of the normal rabbit and leukaemic blood m man, are
precisely those situations in which the mast granules are most water-soluble,
lending themselves readily to the production of arufacts duning fixation and
stamng (Westphal, 1891; Michaels, 1902; Piette, 1955).

‘We have already reviewed the evidence of Jordan (1926) who, nearly twenty
years later, argued in favour of the degenerative character of the tissue mast
cell. With even less justification Pappenheim (1909) and his contemporaries
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mast cells around capillaries; Neumann (1885) and Staemmler (1921) saw them
more frequently around small arterioles and venules, Jorpes, Holmgren and
Wilander (1937) describe mast cells around the vessels of the choroid and at
the imbus of the eye In a statistical survey of mast cells in the adventitia
of the larger blood vessels Sundberg (1955) found a rise in mast-cell content up
to middle hfe, most marked in the aorta, followed by a decisive fall, especially
in the walls of the large veins.

The central nervous system of man resembles that of most other species
m lacking mast cells (Harris, 1900; Squartini and Giacanelli, 1956) though
they occur in the meninges (Rosenheim, 1886) and even in connective tissue
around the vessels of the chorord plexuses (Tsusaki, 1951) and pitwtary
statk (Gray, 1935; Consolandi and Briziarelli, 1952). OQutside the central
nervous system the cells are comparatively common in the sheaths of peripheral
nerves (Henschen, 1928) though rare in and around autonomic gangha
(Hermann, 1952)

The general conclusion to be drawn from this prelimmary survey of the
distribution of the mast cells in man and m the rat is that they are, as Ehrlich
stated, cells of the loose connective tissue. As Staemmler (1921) points out,
thewr presence in a parenchymatous organ can usually be accounted for by its
connective tissue content, the exceptions, apparently, bemg thymus and, to
a lesser extent, lymph nodes in which the mast-cell content increases with hyper-
trophy of the parenchyma The special refationship of the mast cells to the
Iymphoid tissue has been considered above: further examples of the association
of mast cells with connective tissue and its posstble sigmficance will be discussed
when the mast-cell content of pathological tissues is examined. Meanwhile, we
may complete our survey of the normal organism by reviewing briefly the second
type of mast cell in the vertebrates, the blood mast cell, basophil or mast
leucocyte.



THE BLOOD MAST CELL

Maximow's words (p. 544), “whereas in the lower vertebrates the connective
tissue mast cells are intimately related to the basophilic blood leucocytes and
may originate from them through direct transformation after emigration out
of the blood vessels, the mast cells and the mast leukocytes of the mammals
seem 1o be independent cell types’. This independence is well shown in the
cxperiments of Ringoen (1923) who induced a mast leucocytosis in the guinea
pig by a subcutaneous injection of egg white and found that although blood
mast cells may then migrate into the tissues the cells promptly undergo dis-
solution: Zimmermann (1908) Likewise experienced no difficulty in recognizing
extravasated blood mast cells in the guinea pig. The individuality of blood and
tissue mast cells and therr separate origin and habitat in higher vertebrates are
thus clear.

However, as Maximow (1910) observed, there does appear to be a certain
degree of recipracity between the numbers of blood and tissue mast cells in
vanous spectes, suggesting perhaps that both types of cell subsene the same
biological function. Thus, among the mammals, blood mast cells preponderate
1n the rabbit, whereas in rat, mouse and most other species the tissue mast cells
far outnumber the mast cells produced by the marrow. Michels (1923) found
the tissues of certamn species of fish to contain ‘an mcomparable abundance”
of mast cells. His statement that mast cells are entirely lacking in the blood of
fishes has been criticized by Loewenthal (1930), though the numbers of blood
mast cells in fish are never large. The proportion of mast cells n human blood
remains remarkably constant at 0-5-1-0 per cent of all leucocytes and 1s not
affected by local increase in tissue mast cells (Heller, 1904; Pappenheim, 1909,
Staemmler, 1921; Ellis, [949). These small values are perhaps best expressed
as the absolute basophil count, the number of cells per ¢ mm, blood (Moore
and James, 1953). A raised basophil count is a regular feature of chrome
myeloid leukaemia (Ehrlich, 1891; Heller, 1904; Holmgren and Wohlfart,
1941) and tends to remain high even after the polymorph count has been
reduced by irradiation (Sabrazés, 1926). True basophilic leukaemia in man
is extremely rate (Joachim, 1906; Doan and Reinhart, 1941: Hule, 1950,
Lennert er al, 1956). Very recently two cases of so-called tissue mast-cell
leukaemia have been reported (Efrati, ef al, 1957, Friedman e al, 1958)

Tissue mast cells in bone marrow

In addition to the mast myelocytes which produce the blood mast cells,
an occastonal tissue mast cell 1s seen in smears or sections of human bone
marrow, bemng easily recogruzed by its large size and dense content of darkly
staining h 1c granules. A ding to Jordan and Speidel (1924a)
ussue mast cells are comparatively common 1n the subcortical region of the
femoral marrow of the normal rabbit, and one has seen them m small numbers
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Weidenreich (1908) and Proscher (1909) came to regard the blood mast cell as
a degenerative lymphocyte, the cytoplasmic bodies being alleged to represent
nuclear extrusions or a mucoid degeneration of the protoplasm  Thereafter,
Pappenheim’s pupils, B hio (1911), Kardos (1911) and St. Szécsi {Pappen-
heim and St. Szécsi, 1912), persistently failed to find precursors for the blood
mast cells in the marrow of guinea pig and rabbit, ignoring completely the
excellent point made by Ferrata (1912) in his book, that a high basophil count
occurs i man 1in chronic myeloid leukaemia, not in chronic lymphatic
leukaemia as it should if the theories of Pappenheim and Weidenreich were
vahd.

Qutstanding 1n this period of confusion over the identity of the blood mast
cell 1s the high quality of the contributions of Maximow of St. Petersburg.
Maximow (1906) had previously stressed the abundance of mast cells 1n the
blood of the rabbit in contrast to the paucity of its tissue mast cells (Westphal,
1891). Four years later Maximow (1910) returned to this subject and presented
substantial evidence not only for the myeloid onigin of the blood mast cells
1n the rabbit but also for a similar origin of the mast leucocytes in guinea pig,
catand rat. In 1913 he and Downey 1 usly published papers calculated
to end the controversy for any impartial observer. Maximow reviewed his
previous evidence, added fresh findings regarding the mast Jeucocytes in the dog
and searched normal marrow 1n man with such persistence that eventually he
was able to depict mast myelocytes in mutosis. The results of Downey's
research on the guinea pig led him to declare with like conviction (p. 137) that,
providing an ad histological techni 1s used, ‘the mast leucocytes
of the amimal are so defimite and characteristic that they can be identified from
the moment of their first appearance in the bone marrow’. Fmally, Downey’s
pupil, Ringoen (1919, 1923), using a fixative actually introduced by one of
Pappenheim’s own students, St. Szécsi (1913), corroborated the myelord
origin of the mast leucocytes in both rabbit and guinea pig, the accumulated
evidence of the period being critically evaluated by Maximow (1924).

In his summary Maxmmow (1924) reviews the status of the blood mast cell
throughout the evolutionary scale, pointing out as we have already observed
n discussing the tissue mast cell that 1t 1s only with the evolution of the bone
marrow that partition occurs in the production of mast cells. The mast cells
of lower orgamisms are derived from cells of the fixed mesenchyme or from
undifferentiated circulating precursors which lodge in the tissues and there

lab their 1stic les (cf. Kollman, 1908; Michels, 1923;
Wigglesworth, 1956)  Tissue mast cells in higher orgamisms continue to arise
and to remain in the old haemopoietic centres and a new type of cell, the mast
leucocyte develops in parallel with the other members of the myeloid series
and, with them, finds its way from the marrow 1nto the blood stream. In
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Maximow's words (p. 544), ‘whereas in the lower vertebrates the connective
tissue mast cells arc intimately related to the basophilic blood leucocytes and
may originate from them through direct transformation after emigration out
of the blood vessels, the mast cells and the mast leukocytes of the mammals
seem to be independent cell types’. This independence is well shown in the
experiments of Ringoen (1923) who induced a mast leucocytosis in the guinea
pig by a subcutaneous injection of egg white and found that although blood
mast cells may then migrate into the tissues the cells promptly undergo dis-
solution: Zimmermann (1908) likewise experienced no difficulty in recogmzing
extravasated blood mast cells in the guinea pig. The individuality of blood and
tissue mast cells and their separate origin and habrtat in higher vertebrates are
thus clear.

However, as Maximow (1910) observed, there does appear to be a certain
degree of reciprocity between the numbers of blood and tissue mast cells 1n
various species, suggesting perhaps that both types of cell subserve the same
biological function. Thus, among the mammals, blood mast cells preponderate
in the rabbit, whereas in rat, mouse and most other species the tissue mast cells
far outnumber the mast cells produced by the marrow. Michels (1923) found
the tissues of certain species of fish to contain *an incomparable abundance’
of mast cells. His statement that mast cells are entirely lacking in the blood of
fishes has been criticized by Loewenthal (1930), though the numbers of blood
mast cells in fish are never large. The proportion of mast cells in human blood
remains remarkably constant at 0-5-1-0 per cent of all leucocytes and 15 not
affected by local increase in ussue mast cells (Heller, 1904; Pappenheim, 1909,
Staemmler, 1921; Ellis, 1949), These small values are perhaps best expressed
as the absolute basophil count, the number of cells per c.mm blood (Moore
and James, 1953). A raised basophil count is a regular feature of chronic
myeloid leukaemia (Ehrlich, 1891; Heller, 1904; Holmgren and Wohlfart,
1941) and tends to remain high even after the polymorph count has been
reduced by wrrad (Sabrazes, 1926) True t hilic leukaenma in man
15 extremely rare (Joachim, 1906; Doan and Reinhart, 1941; Hule, 1950;
Lennert ef al, 1956). Very recently two cases of so-called tissue mast-cell
Jeukaemia have been reported (Efrati, er al, 1957; Friedman et al, 1958)

Tissue mast cells in bone marrow

In addition to the mast myelocytes which produce the blood mast cells,
an occasional tissue mast cell s seen in smears or sections of human bone
marrow, being easily recogmzed by its large size and dense content of darkly
staning h ic A ding to Jordan and Speidel (1924a)
tissue mast cells are comparatively tommon 1 the subcortical region of the
femoral marrow of the normal rabbut, and one has seen them 1n small numbers
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Weidenreich (1908) and Préscher (1909) came to regard the blood mast cell as
a degenerative lymphocyte, the cytoplasmic bodies being alleged to Tepresent
nuclear extrusions or a mucmd degeneration of the protoplasm. Thereafter,

ppenheim’s pupils, B (1911), Kardos (1911) and St. Szécsi (Pappen-
hexm and St. Szécsi, 1912), persistently failed to find precursors for the blood
mast cells in the marrow of guinea pig and rabbit, ignoring completely the
excellent point made by Ferrata (1912) in his book, that a high basophil count
occurs m man in chromic myeloid leukaemia, not in chronc lymphatic
leukaemia as it should if the theories of Pappenheim and Weidenreich were
valid.

Qutstanding in this period of confusion over the identity of the blood mast
cell 15 the high quality of the contributions of Maximow of St. Petersburg
Maximow (1906) had previously stressed the abundance of mast cells in the
blood of the rabbut in contrast to the paucity of its tissue mast cells (Westphal,
1891) Four years later Maximow (1910) returned to this subject and presented
substantial evidence not only for the myelod origin of the blood mast cells
in the rabbit but also for a similar ongin of the mast leucocytes in guinea pig,
catand rat. In 1913 he and Downey 1 ly published papers lated
to end the controversy for any impartial observer Maximow reviewed his
previous evidence, added fresh findings regarding the mast leucocytes in the dog
and searched normal marrow in man with such persistence that eventually he
was able to depict mast myelocytes 1n mitosis The results of Downey’s
research on the guinea pig led him to declare with ltke conviction (p. 137) that,
providing an adequate histological technique 1s used, ‘the mast leucocytes
of the antmal are so definite and characteristic that they can be identified from
the moment of their first appearance 1n the bone marrow’  Fmally, Downey's
pupil, Ringoen (1919, 1923), using a fixative actually mtroduced by one of
Pappenheim’s own students, St. Szécs1 (1913), corroborated the myeloid
origin of the mast Ieucocytes in both rabbit and guinea pig, the accumulated
evidence of the period being critically evaluated by Maximow (1924).

In his summary Maximow (1924) reviews the status of the blood mast cell
throughout the evolutionary scale, pointing out as we have already observed
in discussing the tissue mast cell that 1t 15 only with the evolution of the bone
marrow that partition occurs in the production of mast cells, The mast cells
of lower organisms are derived from cells of the fixed mesenchyme or from
undifferentiated circulating precursors which lodge in the tissues and there
elaborate their characteristic granules (cf Kollman, 1908; Michels, 1923;
Wiggleswonh. 1956). Tissue mast cells n higher organisms continue to arise
and to remain 1n the old haemopoietic centres and a new type of cell, the mast
leucocyte develops in parallel with the other members of the myeloid series
and, with them, finds 1ts way from the marrow into the blood stream. In
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Maximow's words (p. 544), ‘whereas in the lower vertebrates the connective
tissue mast cells arc intimately related to the basophilic blood leucocytes and
may originate from them through direct transformation after emigration out
of the blood vessels, the mast cells and the mast leukocytes of the mammals
seem to be independent cell types’. This independence is well shown 1n the
experiments of Ringoen (1923) who induced a mast leucocytosis in the guinea
pig by a subcutaneous injection of egg white and found that although blood
mast cells may then migrate into the tissues the cells promptly undergo dis-
solution: Zimmermann (1908) likewise expenienced no difficulty in recognizing
extravasated blood mast cells in the gumea pig. The individuality of blood and
tissue mast cells and their separate origin and hatitat in higher vertebrates are
thus clear.

However, as Maximow (1910) observed, there do¢s appear to be a certain
degree of recipracity between the numbers of blood and tissue mast cells in
various species, suggesting perhaps that both types of cell subserve the same
biological function. Thus, among the mammals, blood mast cells preponderate
1n the rabbit, whereas 1n rat, mouse and most other species the tissue mast cells
far outnumber the mast cells produced by the marrow. Michels (1923) found
the tissues of certain species of fish to contain ‘an incomparable abundance”
of mast cells, His statement that mast cells are entirely lacking in the blood of
fishes has been enticized by Loewenthal (1930), though the numbers of blood
mast cells in fish are never large  The proportion of mast cells in human blood
rematns remarkably constant at 0:5-1-0 per cent of all leucocytes and ts not
affected by local increase in tissue mast cells (Heller, 1904; Pappenheim, 1909;
Staemmler, 1921, Ellis, 1949) These small values are perhaps best expressed
as the absolute basophil count, the number of cells per c.mm. blood (Moore
and James, 1953). A raised basophil count 1s a regular feature of chronic
myeloid leukaemma (Ehrlich, 1891; Heller, 1904; Holmgren and Wohlfart,
1941) and tends to remamn high even after the pclymorph count has been
reduced by 1rrad (Sabrazes, 1926) True phil k n man
1s extremely rare (Joachim, 1906; Doan and Remnhart, 1941; Hule, 1950;
Lennert et af, 1956). Very recently two cases of so-called tissue mast-cell
leukaemia have been reported (Efrati, ef al, 1957; Friedman et al, 1958)

Tissue mast cells in bone marrow

In addition to the mast myelocytes which produce the blood mast cells,
an occasional tissue mast cell 1s seen in smears or sections of human bone
marrow, bemg easdy Tecognized by uts large size and dense content of darkly
staming 1c granules. A ding to Jordan and Speidel (1924a)
ussue mast cells are comparatively common 1n the subcortical region of the
femoral marrow of the normal rabbit, and one has seen them in small numbers
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in this situation in the normal rat. A few tissue mast cells are always present
n the investing layer of periosteum which more closely resembles fibrous tissue
elsewhere

Many haematologists have observed, as a rare event, an increase in the
number of tissue mast cells in the bone marrow of man and have sought to
endow the finding with diagnostic or prognostic significance. Undritz (1946),
Lestner (1949) and Bremy (1950) record such an ncrease n cases of aplastic
anaemia; Messerschmutt (1954) found them regularly in the marrow of patients
suffering from chronic blood loss. Bremy (1950) concludes his monograph
with the suggestion that not only does an increase occur in patients with aplastic
anaemia, but also m cases of anaphylaxis, and that the chief underlying cause
15 a reticulosis affecting the bone marrow. Both he and Fadem (1951) consider
the possibility that the mast cells are the cause of the depressed haemopouesis.
However, Johnstone (1954), in a re-examination of the problem, failed to find
any significance, diagnostic or prognostic, in the occastonal appearance of
tissue mast cells 1 the bone marrow of man, though he acknowledges that the
highest content seen by him was 1n a case of Banti’s splenomegaly Johnstone
makes the interesting observation that the tissue mast cells in the marrow
generally Le at the periphery of small nodules of lymphoid cells, much as they
are related to nodules of non-encapsulated lymphoid tissue in the gut wall of
cattle (p 45) and to the ‘mulk spots’ in the omentum of the rat (Webb, 1931)
It was noted earlier that tissue mast cells are not common in capsulated lymph
nodes (Holmgren, 1946).

The writer 1s inclined to agree with Williams (1952) and de Viiials (1954)
that, i all probability, tissue mast cells . bone marrow have much the signifi-
cance that they have elsewhere, being a normal component of the connective
tissues (Riley, 1954) Hence, if the connective tissue framework of the bone 1s
proliferating, as 1n the reticuloses, or 1f the haemopoietic marrow 1s reduced,
as 1n aplastic anaemia, then local conditions favour an increase in tissue mast
cells

Two pathological conditions affecting the long bones of rats have recently
been described which support this view. In the first, a triple syndrome of
decalcification—rickets—osteitis fibrosa 1s associated with fibroplasia 1 the
metaphysis (Urist and MacLean, 1957). The second 1s the lathyrus syndrome
m which there is distortion and remodelling of the shaft (Gilman, 1958).
A mastocytosts develops m the zone of abnormal fibroplasia in each case.
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CHAPTER 1V
MAST CELLS IN PATHOLOGICAL CONDITIONS

"[‘0 study the presence and significance of mast celis in pathological
states is agamn to acknowledge our debt to the pioneer observations of
Ehrlich (1878) who, 1t will be remembered, chose the name * Mastzellen®
following s observation that the cells are more numerous where the local
nutution of the connective tissues appears to be enhanced*  Ehrlich (1879)
describes two situations where connective tissue may be overnourished, in
chronic inflammation and the environs of tumours. Here, he wfers, there
exists a lymph stasts, a damming up of tissue fluid rich in nutriment, whereby
certan fixed connective tissue cells are stimulated 1o become mobile, to multiply
and to convert some of the abundant extracellular matetial into specific intra-
cellular granules—a process of ‘mdstung’ or fattenmg (the German root 1s
still preserved n such English words as beech *mast’ and ‘mastication’)
According to Ehrlich (1879) the mast cells are *indices of the nutritional state
of the connective tissue’, increasing during periods of hypernutnition, diminish-
ing during periods of relative starvation. And 1t must be admtted that all the
research work of the past seventy-five years has failed to displace entirely
this origmal hypothesis of the function of the mast cell n relation to the
connective tissues,

Mast cells and inflammatjon

Ehrlich was careful to point out that a local increase in the mast cell
population occurs only 1n chrome wnflammation.  Mast cells are thus commeon
m chrome paronychia (Bdumer, 1896), m chronic gingivitis (Todoro, 1938)
and in other situations where fresh connective tissue 1s bemg laid down
(Staemmler, 1921), even though the normal organ might ongmally be poor
i connective tissue and lacking in mast cells, as m brain (Neumann, 1885,
Baeckeland, 1950), thyroid (Blomquist, 1956) and kidney {Baar and Bickel,
1952) In comparing normal and diseased organs Janes and McDonald (1948)
regularly observed an increase 1 the number of mast cells 1n chronic nflam-
matory conditions of joints, appendix, gall bladder, breast, uterus, prostate and
other organs and tissues 1n which there s fibrosis  Mast cells are thus commonly
seen 1n the granulomatous lesions of syphilis, tuberculosss (Harrns, 1900) and
regronal ileitis (Trincio, 1953) Increased numbers of mast cells have also been
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m this situation mn the normal rat. A few tissue mast cells are always present
in the investing layer of periosteum which more closely resembles fibrous tissue
elsewhere.

Many haematologists have observed, as a rare event, an increase in the
number of ussue mast cells in the bone marrow of man and have sought to
endow the finding with diagnostic or prognostic significance. Undntz (1946),
Lestner (1949) and Bremy (1950) record such an increase in cases of aplastic
anaema; Messerschmmitt (1954) found them regularly in the marrow of patients
suffering from chrome blood loss. Bremy (1950) concludes his monograph
with the suggestion that not only does an increase occur 1n patients with aplastic
anaemia, but also in cases of anaphylaxis, and that the chief underlying cause
1s a reticulosis affecting the bone marrow  Both he and Fadem (1951) consider
the possibility that the mast cells are the cause of the depressed haemopoiesis.
However, Johnstone (1954), 1n a re-examination of the problem, failed to find
any significance, diagnostic or prognostic, 1n the occasional appearance of
tissue mast cells m the bone marrow of man, though he acknowledges that the
highest content seen by hum was in a case of Bant1’s splenomegaly. Johnstone
makes the interesting observation that the tissue mast cells in the marrow
generally lie at the periphery of small nodules of lymphoid cells, much as they
are related to nodules of non-encapsulated lymphoid tissue in the gut wall of
cattle {p. 45) and to the ‘mulk spots’ 1 the omentum of the rat (Webb, 1931).
It was noted earlier that tissue mast cells are not commeon in capsulated lymph
nodes (Holmgren, 1946).

The wrter 1s inclimed to agree with Willams (1952) and de Viiials (1954)
that, m all probability, tissue mast cells in bone marrow have much the signifi-
cance that they have elsewhere, being a normal component of the connective
tissues (Riley, 1954) Hence, 1f the connective tissue framework of the bone is
proliferating, as in the reticuloses, or if the haemopotetic marrow 1s reduced,
as 1n aplastic anaemia, then local conditions favour an increase in tissue mast
cells

Two pathalogical conditions affecting the long bones of rats have recently
been described which support this view In the first, a triple syndrome of
decalerfication—rickets—osteitis fibrosa 1s associated with fibroplasia mn the
metaphysts (Unist and MacLean, 1957). The second 1s the lathyrus syndrome
in which there 1s distortion and remodelling of the shaft (Gillman, 1958)
A mastocytosts develops 1n the zone of abnormal fibroplasia 1n each case.
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CHAPTER IV

MAST CELLS IN PATHOLOGICAL CONDITIONS

states is again 10 acknowledge our debt to the pioneer observations of

Ehrlich (1878) who, it will be remembered, chose the name ‘ Mastzelten”
following his observation that the cells are more numerous where the local
nutnition of the connective tissues appears to be enhanced.*  Ehrlich (1879)
describes two situations where connective tissue may be overnourished, n
chronic nflammation and the environs of tumours. Here, he infers, there
ewsts a lymph stasis, a damming up of tissue fluid rich in nutriment, whereby
certatn fixed connective tissue cells are stimulated to become mobule, to multiply
and to convert some of the abundant extracellular matenal into specific intra-
celfular granules—a process of ‘mistung’ or fattening (the German root is
still preserved in such English words as beech ‘mast’ and ‘mastication’).
According to Ehrlich (1879) the mast cells are *indices of the nutritional state
of the connective tissue’, increasing duning periods of hypernutntion, diminish-
g during periods of relative starvatton. And it must be admutted that all the
research work of the past seventy-five years has failed to displace entirely
this onigmal hypothesis of the function of the mast cell in relation to the
connective tissues,

TO study the presence and significance of mast cells wn pathological

Mast cells and inflammation

Ehrlich was careful to point out that a local increase 1n the mast cell
population occurs only in chironic inflammation.  Mast cells are thus common
i chromic paronychia (Biumer, 1896), in chronic gingivitis (Todoro, 1938)
and 1n other situations where fresh connective tissue is being laid down
(Staemmler, 1921), even though the normal organ mught origmally be poor
1n connective tissue and lacking in mast cells, as in brain (Neumann, 1885;
Baeckeland, 1950), thyroid (Blomquist, 1956) and kidney (Baar and Bickel,
1952) In comparing normal and diseased organs Janes and McDonald (1948)
regularly observed an increase 1n the number of mast cells in chronic inflam-
matory conditions of joints, appendix, gall bladder, breast, uterus, prostate and
other organs and tissues in which there is fibrosis  Mast cells are thus commonly
seen mn the granulomatous lesions of syphilis, tuberculosis (Harris, 1900) and
regional ileitis (Trinco, 1953) Increased numbers of mast cells have also been
o EDnich’s “Mastzellen® are vaniously descibed by later mvestigators as *cellules isoplastiques’,

cellules & Tengras*, * mastocytes *, * celtulas cebadas”, etc Amang modert, workers, Arvy (19554}
r

still prefers the term *labrocyte’, once favoured by Michels (cf hels, 1938, footnote p 251, and
discussion 10 Arvy, 19556, pp 232-223) 4 s ¢ T Pk
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described 1n chronically infected or hypertrophied nerve sheaths (Rosenheim,
1886; Unna, 1894; Greggio, 1911), in fibrotic adrenals (Sabrazés and Husnot,
1907), 1n rheumatic myocarditis (Hamilton and Syverton, 1950) and are
particularly numerous at the base of chronic peptic ulcers (Quensel, 1928;
Janes and McDonald, 1948; Corbetta, 1951; Squartini et a/, 1956). They are
frequently seen in chronic inflammatory conditions of the skin (Asboe-Hansen,
1950; Prakken and Woerdemann, 1952). Both Ehrlich (1879) and ‘Westphal
(1891) were impressed by the abundance of mast cells in ‘brown induration’
(haemosiderosis) of the lung However, they and many later authors agree
that in acute mflammation the mast cells temporarily disappear (Neumann,
1890; Neuberger, 1894; Maximow, 1904; Ernst, 1926; Stockinger, 1927;
Brodersen, 1928; Quensel, 1933; Larsson and Sylvén, 1947; Drennan, 1951;
Gustafsson and Cronberg, 1957; McGovern, 1957). Later, as the acute
mflammation subsides and as spindle-shaped fibroblasts elaborate their fibrils,
there occurs a progresstve mcrease in the number of mast cells in the affected
area; and as long as this proliferative phase persists the local mast-cell popula-
tion continues to increase (Staemmler, 1921; Bensley, 1950) Enormous
numbers of mast cells are thus found 1n the hypertrophied connective tissue
of elephantiasis (Baumer, 1896, Ehrich et a/, 1949). Once healing 1s complete
the local hyperaerma subsides and the fibrous tissue becomes progresstvely
less cellular, finally dry and sclerotic. As it does so the local mast-cell popula-
tion hikewise declines until, in dense scar tissue, no mast cells remam (Ehrlich,
1877; Neumann, 1890; Bdumer, 1896, Staemmler, 1921, Higuchi, 1930).
This sequence of events, seen in the connective tissues of the healing wound
(Maximow, 1904, Sylvén, 1941, Numers, 1953, Wichmann, 1935), becomes
even more obvious during the life cycle of keloid (Pautrier and Woringer, 1931;
Sylvén, 1941, 1945; Asboe-Hansen, 1951).

Examination of the status of the mast cell m the inflammatory process
thus supports Ehrlich’s view that there appears to exist a functional association
between the mast cell and connective tissue, mcreasing fibroplasia merely
emphasizing a relationship which we have already noted in our study of the
mast cell in the normal organism (Riley, 1954)

Mast cells and tumours
Four aspects of therelationship of mast cellsto tumours can be distinguished.
They are'—
1 the t-cell reaction to lished tumour growth;
2. tumours nich in mast cells;
3. tumours composed of mast cells;
4. the mast cell in carcinogenesis
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1. MAST-CELL REACTION TO TUMOURS. Ehrlich (1879) records that he found
many mast cells in tumours, ‘especially carcinoma’, but it was left to his pupil,
Westphal (1891), 10 recognize that the cells tend to congregate chiefly at the
periphery of carcinomatous nodules rather than within the substance of the
tumour, Westphal {p. 40) states that ‘especially around rapldly growmg

the mast cells late 1n unpreced *(in

Menge'). This predilection of mast cells for the environs of tumours has
repeatedlybeen confirmed both for spontaneous tumours {Unna, 1896; Fromme,
1906; Bonney, 1908; Weill, 1919; Staemmler, 1921; Higuchi, 1930; Quensel,
1933; Michels, 1938; Sylvén, 1940; Bali and Furth, 1949) and for experimentally
induced new growths (Bierich, 1922; Peyron, 1923; Fabris, 1927; de Vials,
1931; Cramer and Sumpson, 1944; Holmgren and Wohlfart, 1947). Sylvén
(1945) in particular has studied the distribution of metachromatic *free chromo-
trope substance’ and the disposition of mast cells in and around mesenchymat
tumours. According to Sylvén the process of tumour invasion 1s preceded by
the conversion of the adjacent normal connective tissue into a gelatinous
matrix rendered metachromatic in part by the release of granular material from
tissue mast cells. In slowly growing mesenchymal tumours the preliminary
process of digestion of the normal tissue so far outstrips the subsequent
utilization of this *free chromotrope substance’ that the tumour is seen to be
surrounded by a vivid band of diffuse metachromasia, whereas in more
anaplastic growths the metachromatic zone 15 consumed as fast as 1t 15 formed.
However, Sylvén (1945) himself records that in keloid the generalized meta-
chromasia is strongest during the period of most active growth, mast cells
appeanng later as the ‘free chromotrope substance’ 1s fading and differentia-
tion 1s setting in It has yet to be shown that the metachromasia of *free
chromotrope substance” and of mast cells are histochemically 1dentical, or are
even causally related (Holmgren and Wohlfart, 1947; Rdey and Drennan,
1949, Favilli, 1950).

There is a second way in which mast cells may be concerned 1n the growth
of an established tumour, namely through the ability of a tumour, especially
an epithelial tumour, to induce for itself an internal stroma of blood vessels
2nd florous tewwe.  Several authors have noted that in slowly growmg soirthous
carcimomas the rclauvely abundant and well differentiated stroma usually

t: an t-cell content (Baumer, 1896; Harris, 1900,
Williams, 1900; Clowes and Owen, 1904) whereas in more anaplastic tumours
the stromal mast cells are few and poor in granules (Regaud and Lacassagne,

1922, Higuchy, 1930; Holmgren, 1946)

Consideration of the foregoing data suggests that the accumulation of
mast cells around the growing edge of tumours and the presence of mast cells
within the stroma of slowly growing neoplasms both reflect changes n the
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connective tissuss, invasion of normal tissues favouring the development of
mast cells, other mast cells arising as fresh connective tissue is laid down
within the tumour itself.

2. TUMOURS RICH IN MAST CELLS Certain tumours appear to have a
characteristically high mast-cell content 1rrespective of the state of their stroma
or of the accumulation of mast cells at the periphery, though there is nothing
to suggest that the mast cells themselves are malignant. In view of what has
already been said concerning the normal habitat of the mast cell in relation to
fibrous tissue and blood vessels, 1t 1s not surprising to find the cells in simple
fibromas and angiomas (Baumer, 1896; Harris, 1900). Numerous mast cells
have also been observed mn the skin lesions of neurofibromatosis (Unna, 1896;
Greggio, 1911; Cornil and Michon, 1924).

So far as frankly malignant tumours are concerned Holmgren and Wohlfart
(1947) report an mteresting expenimental study of mast cells in chemically
mnduced fibrosarcomas in rats, the cells being numerous in fibroplastic tumours,
less common 1n more cellular growths. Within the substance of the tumours
the mast cells are scattered diffusely among the malignant fibroblasts, and though
the tumours are often rich in blood vessels, perivascular mast cells are compar-
atively rare. Senal transplantation of fibroplastic sarcoma rich in mast cells
led to the emergence of more cellular growths and, as this transition occurred,
the mast-cell content of the tumours declined. Other significant observations
1n this study are first, that mast cells are always numerous at the periphery of
the tumours irrespective of their internal mast-cell content; secondly, that no
correlation whatsoever was seen between the density of the mast-cell population
and the presence or absence of ‘free chromotrope substance” as described by
Sylvén, Holmgren and Wohlfart conclude (p. 689) that ‘the most likely
assumption appears to be that the mast cells develop locally in the connective
tissue of the tumours’, a suggestion which is 1n line with the observations which
we have already made 1n our examination of the mast cell in chronic inflamma-
tion. I have confirmed many of the above findings 1n a series of utermne fibrords
and fibrosarcomas m women.

Of great interest, therefore, are the non-fibroblastic tumours nich in mast
cells discovered 1n inbred mice by Bali and Furth (1949) The first 1s a trans-
plantable splenic tumour composed of polygonal epithelium-Iike cells * thought
to be derivatives of splenic reticulum’ and often containing erythropoietic foc
and large accumulations of mast cells According to these authors (p 607)
the mast cells were always numerous, *1n the “capsule™ of the tumour and were
abundant about the connective tissue stroma and about the adventitia of
vessels’, characteristics which the tumours retamned on transplantation It
is noteworthy that growth on transplantation was extremely slow, often

requiring up to six months for a nodule to become palpable.
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The second tumour, a luteoms, contained even more mast cells than the
splenic tumour; here again the mast cells were chlcﬂy assocmled with the con-
nective tissue stroma although (p. 616) pl i isti-
cally rich in mast cells were relatively poor in connectve tissue’. In addition,
some of the luteoma cells displayed a diffuse metachromasia of their cytoplasm,

In contrast to both the splenic tumour and the luteoma was granulosa cell
tumour which contained no mast cells though they were often present in the
peritumoral tissues. Thus, whatever may be the reason for the high mast-cell
content of the splenic tumour and the luteoma it cannot be explained simply
on the presence or absence of stroma, despite the fact that mast cells, when
present, tended to be related to the connective tissues. It seems that certan
tumours are capable of stimulating the development of mast cells though the
precise reasons for this are not clear,

3. TUMOURS COMPOSED OF MAST CELLS Rarely a tumour is discovered
which is itself composed of mast cells. Among the most striking examples of
local aggregations of mast cells in pathological states are the skin lesions of
urticaria pigmentosa, discovered by Nettleship (1869) and beautifully described
in his book by Unna (1896) The skin ife of urticaria
consists of a dense collection of mast cells distending the papillary body and
causing thinning and elevation of the overlymg epithelium, the prickle cells of
which are pigmented. The mast cells extend into the dermis as columns of
cells separated by blood vessels and collagen: very occasionally the regional
nodes are enlarged and contain mast cells. On seritating a lesion the papule
swells and may even form a blister localized to the pigmented area while the
surroundng skin shows more or less erythema. Typically the lesions are small
and multiple and tend to disappear spontaneously about the time of puberty,
although occasionally the disease makes 1ts first appearance m adult life,
Clearly, this is not 2 malignant tumour 1n the accepted sense, though it may
well belong to the group of reticuloses (Cazal,1942; Sagher, 1956; Marshall
et al, 1957; Nickel, 1957; Remy, 1957).

So far as the writer 1s aware only one case of true mast-cell tumour tn man
has been recorded (Hissard, Moncourier and Jacquet, 1950a) A forty-one-
year-old male developsd numerous partly fixed and ulcerating skin tumours

over the abdomen and buttocks; both liver and spleen were palpable. Biopsy
of a skm lesion showed 1t to consist almost enttrely of mast cells and blood
vessels  The blood picture was normal except after splenic puncture or the
injection of adrenaline when mast cells temporanly entered the circulation.
In a more detailed account of the histology of this case, Hissard, Moncourter
and Jacquet (19506) describe the origin of the tumour mast cells from dermal

precursors and believe that the cells migrate towards the epithelium where they
undergo lysis.
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connective tissuss, mvasion of normal tissues favouring the development of
mast cells, other mast cells arising as fresh connective tissue is laid down
within the tumour itself.

2. TUMOURS RICH IN MAST CELLs, Certain tumours appear to have a
characteristically high mast-cell content 1rrespective of the state of their stroma
or of the accumulation of mast cells at the periphery, though there is nothing
to suggest that the mast cells themselves are malignant. In view of what has
already been said concerning the normal habitat of the mast cell in relation to
fibrous tissue and blood vessels, 1t 1s not surprising to find the cells in simple
fibromas and angiomas (Bdumer, 1896; Harris, 1900) Numerous mast cells
have also been observed in the skin lesions of neurofibromatosis (Unna, 1896;
Greggio, 1911; Corml and Michon, 1924).

So far as frankly malignant tumours are concerned Holmgren and Wohlfart
(1947) report an nteresting expenimental study of mast cells in chemcally
nduced fibrosarcomas in rats, the cells being numerous in fibroplastic tumours,
less common 1n more cellular growths  Wathin the substance of the tumours
the mast cells are scattered diffusely among the malignant fibroblasts, and though
the tumours are often rich 1n blood vessels, perivascular mast cells are compar-
atively rare. Senal transplantation of fibroplastic sarcoma rich in mast cells
led to the emergence of more cellular growths and, as this transition occurred,
the mast-cell content of the tumours declined. Other significant observations
in this study are first, that mast cells are always numerous at the periphery of
the tumours irrespective of their internal mast-cell content; secondly, that no
correlation whatsoever was seen between the density of the mast-cell population
and the presence or absence of ‘free chromotrope substance’ as described by
Sylvén. Holmgren and Wohlfart conclude (p. 689) that ‘the most hkely
assumption appears to be that the mast cells develop locally mn the connective
tissue of the tumours’, a suggestion which is 1n le with the observations which
we have already made 1n our examination of the mast cell 1n chronic inflamma-
tion. I have confirmed many of the above findmgs 1n a series of uterine fibrouds
and fibrosarcomas in women,

Of great nterest, therefore, are the non-fibroblastic tumours rich 1 mast
cells discovered in inbred mice by Bali and Furth (1949). The first is a trans-
plantable splenic tumour composed of polygonal epithelium-like celis ‘thought
to be dertvatives of spleruc reticulum’ and often containing erythropoietic foci
and large accumulations of mast cells. According to these authors (p. 607)
the mast cells were always numerous, ‘1n the “capsule™ of the tumour and were
abundant about the connective tissue stroma and about the adventitia of
vessels”, characteristics which the tumours retained on transplantation. It

is noteworthy that growth on transplantation was extremely slow, often
requiring up to six months for a nodule to become palpable.
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mice undergoing local treatment with a carcinogen. This is particularly evident
when the carcinogen is tar (Bierich, 1922; Dreifuss and Bloch, 1922; Peyron,
1923; Lipschiitz, 1924; Ulesco-Stroganowa, 1927, de Vifials, 1931) The mast-
cell content of the painted area steadly increases during the induction period
until, on occasion, the aggregates of mast cells become visible to the naked eye
(Borrel ef al, 1923; Schreuss, 1923; Fabris, 1927; Twort and Twort, 1930).
That the mast-cell response 1s not merely part of a tar dermatosis is shown by
the development ol' a s:m:lar reaction following the infreq lication of
a pure carci bon dissolved 1n benzene (Cramer and Simpson,
1944) or even in acetone (Orr, 1938) 1In seeking to evaluate the significance
of the mast-cell reaction in carcinogenesis in the skin of mutce, it 1s of interest
that a mast-cell response has also been observed in the skin of rats subjected to
the action of arsenic or X-1ays (Bierich, 1922) and in the skin of mouse or man

followi to ult let light (Mewawsky, 19085 Van Madllendarf,
1928). lt secms that at Jeast in certain species the mast-cell response 1s m some
way related to the D though the mechanism of the reaction

1s not yet understood.

To sum up Later mvestigations on the mast cell in chronic inflammation
and 1n pathological conditions characterized by fibrosis endorse Ehrlich’s
onginal belief that there 1s some functional association between the mast cell
and the connective tissue, especially at the stage of fibrillogenesis- many of the
observations on the occurrence of mast cells in and around established tumours
can also be explained in this way., Other tumours rich 1n mast cells yet poor
in fibrous tissue, and the curious local mastocytoss in the skin of mice during

i are not yet d
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Two types of mast-cell tumour have been reported in mice. The first
consists of single or multiple nodules in the skin of mice which have been
painted with a carcinogen, one such tumour (the ‘3187 transplantable mast-
cell sarcoma’) proving sufficiently autonomous to be carried as a transplant
for several generations before it eventually died out; a more recent tumour is
still available (Dunn and Potter, 1957). A similar transplantable mastocytoma
has been derived from a mouse subjected to ionizing radiation (Furth ef al,
1957) The second type, more properly described perhaps as a diffuse masto-
cytosis, 15 seen occasionally in old Strain A mice in which mast cells nfiltrate
the internal organs, especially the spleen. In discussing the actiology of the
condition Deringer and Dunn (1947) record that a high mast.cell content of
the spleen appears to be a common feature in old mice of this strain.

Spontaneous single or multiple mast-cell tumours are by no means un-
common 1n certain domestic animals (cf. Head, 1953). Sabrazés and Lafon
(1907) describe a tumour consisting predominantly of mast cells and eosinophils
which appeared on the lip of a horse following mjury. Sabrazés, Muratet and
Antoine (1908) also record a pigmented tumour on the eyelid of a cat whose
spleen was distended with mast cells and plasma cells. We have recently had
the opportumity of examumng several types of mastocytoma in domestic
ammals, including a cow with multiple mastocytomas of the skin (Head er al,
1959, and see Chapter X).

Subcutaneous mast-cell tumours are seen most frequently in dogs (Bloom,
1942; Mulligan, 1948, Head, 1953). According to Bloom, solitary benign
mastocytomas mn dogs consist of densely packed slands of well differentiated
mast cells separated by strands of almost avascular stroma. More rarely the
tumours are multiple and mal the neoplastic cells often contai one
or more varieties of curious cytoplasmic inclusion. In dogs with multiple
tumours malignant mast cells may also be found 1n liver, spleen, lung, marrow
and 1n the regional lymph nodes, the liver and lymph nodes also often showing
connective tissue hyperplasia. Bloom concludes (p. 674) ‘It seems reasonable
to assume that the neoplastic mast cells arose from proliferation of the pre-
eusting tissue mast cells, and in this process lost their polymorphismand acquired
a generally more oval or spherical form and a larger, relatively vesicular
nucleus. The transformation was accomplished in the solitary tumors by
amutotic activity, as evid d by binucleation and lly constricted,
elongated nuclel, and i the multiple tumors by mitoses and amitoses’. Malig-
nant cells from mast=cell tumours in dogs and cattle have been successfully
grown in tissue culture (Paff, Bloom and Reilly, 1947; Paff, Montagna and

Bloom, 1947; MacDougall, 1954)

4. THE MAST CELL IN CARCINOGENESIS, Very early in the study of experi-
mental catcinogenesis a striking mast-cell reaction was noted in the skin of
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original source of heparin. Jorpes, Holmgren and Wilander (1937) extended
their investigations to various human tissues, again finding a satisfactory
correlation between mast-cell content and heparin value, and their findings
have been thoroughly endorsed by later work (Ehrich er al, 1949) The mast
cell-heparin hypothesis was confirmed some ten years later when a small mast-
cell tumour from the skin of a dog was found to contam fifty times more heparin
than the animal's whole liver, the organ from which *heparin® recenved its
name (Oliver et al, 1937). Even the metachromatic granules of the blood
mast cells are believed to contan heparin (Behrens and Taubert, 1952; Martin
and Roka, 1953). As Jorpes (1946, p. 60) remarks, “There is no doubt whatso-
ever about the nature of the granular substance of the mast celis. Itis heparin.’

According to Quensel (1933} mast cells are especially common around
thin-walled blood vessels and capillaries Thus the new hypothesis seemed to
offer an attractive explanation for the well-known pertvascular distribution
of the mast cells: mast cells are perivascular because they produce an anti-
coagulant which they pour into the circulating blood. Esen to those with
nittle taste for teleology 1t seemed that Ehrlich’s *riddle” had been solved.

The establishment of the mast cell-heparin hypothests ended the second
phase of interest in the mast cells. The first, as we have seen, was their discovery
by Ehrlich and the evidence of later workers which appeared to relate the mast
cells to the connective tissues  The second phase gave the mast cell its first
physiologscal function, this seemed clearly to relate the mast cell to the blood.
It 15 the purpose of the next sectton of this book to describe the work of my
colleagues and myself in Scotland who have shown that the mast cell 15 not
only rich in heparin, 1t 15 equally rich in histanune, This has again directed
our thoughts towards a possible function of the mast cells i the tissues
Inevitably it has also raised doubts concerning the functional significance of
the metachromatic substance of the mast-cell granules.
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THE MAST CELL AND HEPARIN

suddenly stirred by the claim that the mast cell 1s the site of formation or

storage of heparin, the natural anticoagulant of the circulating blood
(Holmgren and Wilander, 1937). To those who had worked on'the mast cell
from a morphological standpoint (Michels, 1938) the new hypothesis was
entirely unexpected; nevertheless, at first sight it seemed unassailable.

Scandinavian workers had for long been interested in a powerful anti-
coagulant, first 1solated from dog ltver and hence called ‘heparin’. When it was
first discovered, heparin was thought to be a phosphatide (McLean, 1916),
but as a result of the tenacious researches of Jorpes (1946) and his colleagues,
1t was eventually shown that heparin is a polymer of disaccharide umts (glucur-
omic actd and glucosamine) strongly estenfied with sulphate (Jorpes, 1936).
As Jorpes (1946) points out, it was the high sulphur content of the ash which
supplied the analytical clue not only to the unusual nature of heparin but also
to its remarkable inhibitory effect on the clotting process. However, 1t was
already clear that the name ‘heparin’ 1s not entirely appropriate. Charles
and Scott (1933,p 434) observe that, even in the dog, ‘the liver is not necessanly
the seat of production for heparin, nor does it contain the only reserve of heparin
mn the body’. Whereas the liver of the dog 1s exceptionally rich n heparin,
the liver 1n certam other species contams only the merest traces.

Two fresh findings combined to solve the mystery of the cytological location
of heparin  Lison (1935), 1n Belgium, had discovered that the metachromatic
stamning reaction has histochemical significance, bemng positive with high
molecular poly-sulphuric acid esters of the type R-[OSO;H]s Meanwhile,
Jorpes (1936) had observed that the strongly acidic heparmn in solution s
precipitated by, and stams metachromatically with, the basic dye, toluidine
blue. The next step was to search the tissues for a metachromatic component
corresponding to sites rich 1n heparin

Holmgren and Wilander (1937) then quickly rediscovered the metachromatic
granules in the mast cells cartilage, the only other common tissue component
which stains metachromatically is almost devoid of anticoagulant activity
(Jorpes, 1937). Holmgren and Wilander found mast cells to be so numerous
in the capsule of ox lver that they describe it as a “pure culture of mast cells”
and this tissue gave the highest yield of heparin: little heparin was found in
the underlying parenchyma of ox liver which contains few mast cells. In
contrast, mast cells are numerous in the liver parenchyma of the dog, the
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CHAPTER VI
INTRODUCTION

“The mast cell and carcinogenesis

Y own introduction to the mast cell occurred duning student days,
Mf&muna(ely, perhaps, before the relationship of the mast cell to

heparin had been discovered. One of my teachers in Edinburgh,
the late Mr. J J. M. Shaw, remarked that, in the course of some experiments on
tar cancer 1n mice, he had confirmed an earlier observation of an increase in
the mast-cell content of the painted skin (cf. Woglom, 1926) On being asked
what was the function of these numerous cells with blue or purple granules,
Mr. Shaw replied that he did not know. This confession of ignorance on the
part of a favournite teacher was in stself so simulating that [ never forgot the
mast cells: in particular, the thought remained that 1n some way the mast cell
might provide a clue to the mechamism of carcinogenesis

A few years later the first pure carcinogenic hydrocarbon, 1,2, 5, 6-

was identified and synthesized  This and other carcinogenic
hydrocarbons dissolved in a non-irritant solvent, acetone, were used to paint
the skin of a group of mice and were found to ehait a mast-cell reaction m the
dermis similar to that which followed application of crude coal tar dissolved
1n benzene. When commercial hepanin became available an attempt was made
to infl the course of by mjecting heparn under the painted
skin. Unfortunately, no clear cut results emerged from these latter experiments,
nor from a more extensive mvestigation on the effects of injecting or feeding
tumour-bearing mice with dyes which combine with heparin i vitro (Ruley,
1948) Despite the disappoiniments, these early experiments at least confirmed
my nterest in the mast cells and raised the suspicion that these cells probably
had functions other than the elaboration of an active anticoagulant for the
blood.

Shortly after the war I came across the interesting monograph by Sylvén
(1941) who stated that the mast cells release a metachromatically-staing
“free chromotrope substance” (F.C S ) into the connective tissues during wound
repair. and since Fell and Danielli (1943) had found a comparable mncrease of
the enzyme alkaline phosphatase during fibroplasia, Dr. J M Drennan and [
(1949) examined the distribution of mast cells, F CS and alkaline phosphatase
1n a wide variety of animal tissues 1n the hope of finding a functional relation-
ship  Agam there was disappointment, but we did notice that 1n certatn species
the mast cells appeared to be migrating and maturing 1n a direction away from
therr ongin around small blood vessels  This led my own thinking back to
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Ehrlich’s original conception, that the mast cell is concerned with events in
the tissues rather than in the circulating blood: 1 particular it seemed that the
mast cell might be involved in the problem of tissue histamine.

The mast cell and histamine

As long ago as 1880, Schmidt-Miilheim had shown that the dog reacts to an
intravenous 1njection of peptone by a severe shock accompanied by a remark-
able incoagulability of the blood. Almost a quarter of a century later Portier
and Ruchet (1902) described a similar syndrome in dogs receiving a second dose
of a foreign protein to which they had become sensitized; this acquired hyper-
sensitivity they named ‘anaphylaxis’. The so-called ‘anaphylactic poison’
causing the shock was shown in 1932 by Gebauer-Fuellnegg and others to be
due to histamine, but it was not till 1938 that Wilander explained the in-
coagulability by demonstrating also a gross increase of the hepann in the
crculating blood.  More recently Rocha e Silva and his colleagues (1947)
obtained large yields of both substances from the isolated dog’s liver perfused
with peptone or the specific antigen, and their findings have been confirmed
(Jaques er al, 1954). In retrospect it is curious that no one seems to have
thought that the histamine might also come from the mast cells, of which there
are many in the liver of the dog (Nagayo, 1928, and cf. also Fig. 1). The specula-
tion of the time was that since heparin 15 an acid and histamine a base, the
heparin 1n shock states is released either to neutrahize the histamine causing
the shock or to oppose any increased clotting tendency of the blood. Testing
this hypothests, I found that an intravenous mnjection of histamine into the
normal dog had no obvious effect on its clotting time, that peptone shock could
be readily elicited n the fully hepannized dog, and that an intravenous injec-
tion of a mixture of heparmn and histamine was followed by the clmical signs of
both—incoagulability of the blood and a fall 1n blood pressure. There was,
m fact, no apparent antagonism between the two substances in the circulating
blood, and no reason therefore for postulating that they must be derived from
different sources 1n the tissues. The question thus became: could they arse
together—even from the same cell?

This may now seem a somewhat obvious question to ask. However, at
that time there was a distinct mental barrier against regarding heparin as
anytlung but a natural anticoagulant. The existence of such a physiological
anticoagulant had for long been predicted; its discovery accorded well with
current views on blood coagulation. What perhaps 1s not adequately appreci-
ated, even today, is that the hypothesis of a slow release of Aeparin into the
blood as a natural anticoagulant rests on the findings in this single species,
the dog, 1n which the violent release of heparin in shock states was assumed to
be an exaggeration of a normal process. Yet the dog is the only animal known
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in which this anticoagulant has been shown to find 1ts way from tissues to
blood in the course of peptone or anaphylactic shock, and in no other species is
there a comparable prolongation of blood clotting during anaphylaxis. It is
true, as the Scandinavians had shown, that heparin can be extracted chemically

Paraffin section dog hver, stained tolurdine blue (~ 192)  The dark spots around the vein, in the

portal tracis and scattered throughout the liver parenchyma are tissue mast cells  The dog 1s

unique 1n having numerous mast cells in the substance of its_hiver  This finding has been
turned to great advantage in solving the mystery of Ehrlichs mast cells

from the tissues of many species and 1n proportion to the ongmal mast-cell
content, and that this extracted hepanin, used i vive or in virro, proves to be
a highly efficient anticoagulant, Even so, we are not compelled to beheve
either that a release of heparin 1s an essential feature of the anaphylactic
syndrome 1nt general or even that the normal function of the mast cell 1s to
provide a constant slow release of anticoagulant to regulate blood clotung
The dog is the exception, not the rule, with respect to the function of 1ts mast
cells.

On the other hand, there was no lack of evidence at that time concerning

the particip of hi: ine in phylactic shock in many species, though
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1t s noteworthy that Sir Henry Dale himself warns us against the easy assump-
tion that anaphylaxis and the release of histamine are synonymous. In his
own words (Dale, 1954, p. 210), *Anaphylaxis . . . is a phase of immunity, in
which a precipitating antibody is located in such a relation to living cells of the
fixed tissues or, in certain cases, of the circulating blood, that its unton with the
remjected antigen subjects the cells to a sudden injury. To this injury, as to
injury of any kind, these cells respond by the liberation of substances normally
held in therr protoplasm.” Thus the argument might be extended, that if the
mjured cell contains heparin it will release heparin, that if it contains histamine
1t will release histamine, and that if both are present in the same cell, both will
be released during anaphylactic shock. We know that the release of histamine
1n anaphylaxis 1s @ comparatively common event. As mentioned above, only
the dog releases at the same time sufficient heparin to cause an obvious pro-
longation 1n the clotting tume of its blood.

The question thus arises why does the dog alone show an incoagulability
of the blood m shock states? A partial answer, at least, can be given on the
factual observations that not only is the heparin from dog tissues a more
efficient anticoagulant than are the heparins of other species (Jorpes, 1946;
Bell and Jaques, 1956), but that even when the suprahepatic veins mn the dog
are closed by spasm of their muscular walls (as they are when there is histamine
in circulation) there 1s still available the thoracic duct to lead the histammne
and heparin from the ‘shock organ’, the Iver, direct to the blood stream (Riley,
1955, White and Woodard, 1957)* an enhancement of the lymph flow through
the thoracic duct during shock states in the dog has long been known to occur
(Petersen and Levinson, 1923, Drinker and Yoffey, 1941). In this way the
heparin released in the hver of the dog during anaphylaxis avoids contact with
the connective tissues and filtration through the lymph nodes  In other species
the mast cells are not 1n a position to discharge their products directly into the
blood. Therefore, 1t can be said that there 15 no strong reason to reject the
1dea that both histanune and heparin may come from a common source, the
mast cell, in all species.

Turning next to conditions 1n man we find even more positive evidence of
a relationship between the mast cell and histamine. Some years before Ehrlich
first described the mast cells, Nettleship (1869) had observed that slight trauma
to a focus of the skin disease, urticaria pigmentosa, leads to local swelling and
a reddening of the surrounding skin  This is the reaction which Sir Thomas
Lewis (1927) described as the “triple response’, a reaction later shown by Sir
Henry Dale (1929) to be the visible evidence of the release of histamine in the
skin, Very recently a case of widespread urticaria pigmentosa has been
described 1n which the child suffered from recurrent histamine shocks; but there
were no changes 1n the coagulability of the blood (Bloom et al, 1958a). Histo-
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logically, the beautiful description of Unna (1896) has been many times
confirmed that the lesion of urticaria pigmentosa 1s an aggregation of mast
cells,

The discorery of the specific histamine-liberators

It will be seen from the foregoing appraisal that there were two main
problems in mind when the present work was begun. first, is the primary
function of the mast cell to elaborate an anticoagulant for the airculating
blood? Second, 1s the mast cell also a potent source of tissue histamine?

An approach to the first problem was made by examiming the normal
distnibution of mast cells in as many tissues and species as possible, seeking
evidence for or against the theory that the metachromatic substance 1n the mast
granules (heparin?) is discharged direct into the blood. This work will be
described first 1in the account which follows, Then in 1949 a paper appeared
i the Journal of Physiology which scemed to offer a new and more direct
approach to the second question, the relationship of the mast cell to tissue
histamine This was the account by MacIntosh and Paton, working at the
Nauional Institute of Medical Research, of a series of organic bases whose
phar logical acuon app d to be a speaific release of histamine. These
compounds tnduced a ‘triple response’ when injected locally into the skin
of man; they produced a profound, though sigmificantly delayed, fall of blood
pressure when njected intravenously into a cat, and in the dog their effects
resembled to a remarkable degree the syndrome of anaphylactic or peptone
shoch—a fall 1n blood pressure and a prolongation of the clotting time of the
blood. The discovery of the histamine-liberators offered a means of expanding
the present investigation  The general plan of the work 15 given below.

1 To continue to obtamn further information on the normal morphology
and distribution of the mast cells 1n various species with a view to deciding
whether they are functionally related to the blood or to the tissues* 1 particular
to examine the relationship of mast cells to blood vessels

2. To study the mast cells 1n pathological states, especially where there 1s
chinical evidence of a release of histamine (As stated above, the release of
histamine 1s of more general occurrence than the release of anticoagulant
hepann.)

3 To search for at least one species of laboratory ammal suitable for
experimental studies mvolving an artificial alteration in the content of its tissue
mast cells, or tissue histamine, and to compare such changes. m particular,
to observe the effect on the mast cells of the newly discovered histamune-
liberators

4. To determne, by direct assay, whether there exists a positive correlation
between the mast-cell content of a tissue and its histamine value
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1t is noteworthy that Sir Henry Dale himself warns us against the easy assump-
tion that anaphylaxis and the release of histamine are synonymous. In his
own words (Dale, 1954, p. 210), ‘Anaphylaxis . . . is a phase of immumty, in
which a precipitating antibody is located in such a relation to living cells of the
fixed tissues or, in certain cases, of the circulating blood, that its union with the
remjected antigen subjects the cells to a sudden injury. To this injury, as to
injury of any kind, these cells respond by the liberation of substances normally
held 1n their protoplasm.’ Thus the argument might be extended, that if the
myured cell contains heparin it will release heparin, that if it contains histamine
it will release histamine, and that if both are present in the same cell, both will
be released duning anaphylactic shock. We know that the release of histamine
m anaphylaxis is a comparatively common event. As mentioned above, only
the dog releases at the same time sufficient heparin to cause an obvious pro-
longation in the clotting time of its blood.

The question thus arises why does the dog alone show an incoagulability
of the blood in shock states? A partial answer, at least, can be given on the
factual observations that not only is the heparin from dog tissues a more
efficient anticoagulant than are the heparims of other species (Jorpes, 1946;
Bell and Jaquss, 1956}, but that even when the suprahepatic veins in the dog
are closed by spasm of their muscular walls (as they are when there is histamine
in circulation) there 1s still available the thoracic duct to lead the histamine
and heparin from the *shock organ’, the liver, direct to the blood stream (Riley,
1955, White and Woodard, 1957): an enhancement of the lymph flow through
the thoracic duct during shock states in the dog has long been known to occur
(Petersen and Levinson, 1923; Drnker and Yoffey, 1941). In this way the
heparin released 1n the liver of the dog during anaphylaxis avords contact with
the connective tissues and filtration through the lymph nodes. In other specics
the mast cells are not n a positton to discharge their products directly mto the
blood Therefore, 1t can be sard that there is no strong reason to reyect the
jdea that both histamine and heparin may come from a common source, the
mast cell, in all species

Turning next to conditions i man we find even more positive evidence of
a relationship between the mast cell and histamine. Some years before Ehrlich
first described the mast cells, Nettleship (1869) had observed that slight ttauma
to a focus of the skin disease, urticaria pigmentosa, leads to local swelling and
a reddening of the sutrounding skin. Thus 15 the reaction which Sir Thomas
Lewis (1927) described as the “triple response’, a reaction later shown by Sir
Henry Dale (1929) to be the visible evidence of the release of histamine n the
skin. Very recently a case of widespread urticaria pigmentosa has been
described in which the child suffered from recurrent histamine shocks; but there
o changes in the coagulability of the blood (Bloom ez al, 1958a). Histo-
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CHArTER VII

DETAILED DISTRIBUTION OF MAST CELLS IN CATTLE
AND IN THE RAT

MAST CELLS IN CATTLE

mast cells in ox liver capsule (Holmgren and Wilander, 1937). It seemed
advisable, therefore, to make a comprehensive survey of the tissue mast
cells 1n cattle
All matenial was collected fresh at the slaughter house and was fixed at once.
Tissue blocks were placed 1n formol-corrosive or 1n a freshly prepared 4 per cent
solution of basic lead acetate clanified by the addition of a few drops of glacial
acetic acid, Tissue spreads were fixed 1n 80 per cent alcohol. No advantage
was seen to follow the use of alcoholic stains on this material providing the
nutial fixation had been adequate. accordingly, 01 per cent aqueous tolmdine
blue was used throughout. On the other hand, it was found that contact
with water priot to fixation led to a rapid dissolution of the mast cells (Riley,
1954). The sigmficance of this will be discussed later

The following tissues were examined  Sections of brain, thyrod, lung,
thymus, aorta and superior vena cava, liver, kidney, adrenals, bladder, spleen,
large and small intestine, lymph node, skin, muscle and tendon, synovia and
penicapsular tissues of the ankle joint. Tissue spreads of dura mater, thyroid
capsule, pleura (visceral and parietal), penicardium (visceral and paretal),
liver capsule, kidney capsule, peritoneum, subcutaneous connective tissue and
tendon sheath  Representative illustrations are shown m Figures 2-10,

Resutts  The outstanding finding from this survey of mast cells in cattle
1s the extraordinanly high mast-cell content of the capsules and serous membranes
of the various organs No conception of the mast-cell content of such mem-
branes 1s obtained from a study limited to paraffin sections cut vertical to the
surface of the organ in the conventional manner Nor are the mast cells
nvanably, or even usually, related to the blood vessels i these capsules.
This 15 particularly evident when tissue spreads of ox her capsule and ox
wisceral pleura are examined (Figs. 6 and 9)

Further confirmation of this lack of relationship of mast cells to blood
vessels 1n serous b was ot d by ing the vessels Lobes of
tung and liver from freshly killed animals were washed out with warm Tyrode’s
flud and ingected (either by vein ot artery) with a 18 per cent (v/v) solution of
India ink m sahine before stripping the ‘capsule’ and preparmg the tissue
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5. To trace the fate of the metachromatic “heparin’ which is released from
the mast cells in species other than the dog.

6. To use such data as might be obtained in a further attempt to
explain the role of the mast cell in chemical carcinogenesis in the skin
of mice.
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DETAILED DISTRIBUTION OF MAST CELLS IN CATTLE
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MAST CELLS IN CATTLE

HE classical mast cell-heparin hypothesis was based on the study of
I mast cells in ox liver capsule (Holmgren and Wilander, 1937) It seemed
advisable, therefore, to make a comprehensive survey of the tissue mast

cells in cattle.

All material was collected fresh at the slaughter house and was ficed at once.
Tissue blocks were placed in formol-carrosive or in a freshly prepared 4 per cent
solution of basic lead acetate clarified by the addition of a few drops of glacial
acetic acid.  Tissue spreads were fixed m 80 per cent alcohol No advantage
was seen to follow the use of alcoholic stamns on this matenial providing the
mitial fixation had been adequate: accordingly, 01 per cent aqueous toluidine
blue was used throughout. On the other hand, it was found that contact
with water prior to fixation led to a rapid dissolution of the mast cells (Riley,
1954), The sigmficance of this will be discussed later.

‘The following tissues were examined  Sections of bran, thyrod, lung,
thymus, aorta and superior vena cava, liver, kidney, adrenals, bladder, spleen,
large and small intestine, lymph node, skin, muscle and tendon, synovia and
pericapsular uissues of the ankle jomnt. Tissue spreads of dura mater, thyroid
capsule, pleura (visceral and panetal), pcncardmm (visceral and parietal),
hwver capsule, kidney capsule, per: tissue and

tendon sheath Representative illustrations are shown in Figures 2-10

Resurts.  The outstanding finding from this survey of mast cells in cattle
15 the extraordnanly high mast-celi content of the capstles and serous membranes
of the various organs. No conception of the mast-cell content of such mem-
branes 1s obtained from a study limited to paraffin sections cut vertical to the
surface of the organ m the conventional manner Nor are the mast cells
wvanably, or even usually, related to the blood vessels in these capsules.
This 1s particularly evident when tissue spreads of ox liver capsule and ox
wisceral pleura are examuined (Figs. 6 and 9)

Further confirmation of this lack of relationship of mast cells to blood
vessels m serous b was d by the vessels. Lobes of
lung and liver from freshly killed ammals were washed out with warm Tyrode’s
flud and 1njected (either by vemn or artery) with a 10 per cent {v;v) solution of
India 1nk 1n saline before stripping the ‘capsule’ and preparing the tissue
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5. To trace the fate of the metachromatic ‘heparin’ which is released from
the mast cells in species other than the dog.

6. To use such data as might be obtained in a further agtempt to
explain the role of the mast cell in chermcal carcinogenesis in the skin
of muce.
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THE MAST CELLS

spreads  Ox liver capsule proved to be almost avascular, whereas small vessels
were comparatively common on the surface of the lung. In neither case,
however, were the mast cells disposed in relation to the vessels: the cells
immediately under the mesothelial surface of both organs seemed to have an
entirely random distribution. Paraffin sections of lung indicate that mast cells
often surround the subpleural vessels. even here, the cells lie mainly in the
perivascular adventitia of the small vessels with muscle coats (Fig. 10).

In some preparations mast cells appeared to be relatively common around
the subpleural lymphatics (Fig. 10)  Further specimens of lung and liver were
therefore myected locally with a 1 per cent solution of the colloidal acid dye,
Evan’s blue (T. 1824), m saline in the hope of demonstrating the lymphatics.
The injection was made immediately under the capsule and the area was then
massaged to spread the dye and force 1t into the lymphatic spaces. Examina-
tion of these spreads indicated that 1n general there is no more evidence of a
relationship of mast cells to lymphatics in ox liver capsule and ox pleura than
there 15 of therr relatonship to the blood vessels. The comparatively few
additional mast cells in the parenchyma of lung and liver which are seen in
paraffin sections are situated chiefly in the loose connective tissue surroundtng
the bronchi and the portal tracts

A rather curious observation was made in the capsules injected supravitally
with Evan’s blue. In addition to fillmg the lymphatics the dye often stained
faintly the mast granules themselves. Such staming does not occur m fixed
preparations  This suggests that the mast granule 1n the living state contamns
an albumn component for which Evan’s blue has a strong affinity, as 1t has
for the albumuns of the plasma protemns: this may perhaps be the *heparn
complement’ described by Snellman, Sylvén and Julen (1951). The unexpected-
ness of the observation ites 1n the fact that the mast granules are among the
most intensely basophilic structures in the body, the only other known method
of statmng them with an acid dye being that of Bujard (1930) 1n which mast
cells 1n paraffin sections treated with bromine can now be stained with acid
fuchsin.

Mast cells are somewhat more obviously related to small blood vessels
in the dura mater, peritoneum, pericardium and tendon sheaths, though,
as in lung, they are more common around small vessels with a well-defined
adventitzal coat than around the capillanies (Figs. 2, 3 and 4).

If the search for mast cells n cattle had stopped at this point it might well
have appeared that the function of the mast cell 1s related to some property
common to serous membranes, perhaps to the formation of the mucinous
material which lubricates their surfaces  Such an hypothesis might also
account for the high mast-cell content of the synovial joints which develop
from clefts in the primiive mesenchyme. However, it appears less likely when
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MAST CLLLS IN CATILE AND RAT

the capsules of kidney, thyroid, thymus and adeenal are examined, and it hardly
explains the association of mast cells with the connective tissue generally.
Kidney capsule forms an interesting comparison with the capsules described
above, in that the true capsule of the kidaey 1s separated from the overlying
pentoncum by a thick pad of loose perinephrc fat and connective tissue.
Nevertheless, a tissue spread of kidney capsule shows 1t to contam a high content

Tissue spread ox tendon sheath  Many mast cells, singly or 1n paws, are scauened over the
seraus sirface €~ 140)

of mast cells (Fig 8), 1n contrast, mast cells are enurely fackung m the kidney
parenchyma, though they are agan seen in the subepitheha) connective tissue
of the kadney pelvis and reman plentiful m this type of tissue throughout the
urogenital tract. Mast cefls also oceur 1 the capsules of organs which are
unrelated to the serous membranes they are common wn the toose connective
ussue which surrounds the thyroid and the adrenals and m the capsule and
trabeculae of the thymus.  Indeed, snast celis are demonstrable in all the loose
fibnilary connective tissue in cattie: this wcludes the dermis and subcutss,
the foose intermuscular connective tssue of both voluntary and mvoluntary
muscles and the subsynowal and pencapsular connective tssue of jomts,
Tissue of stmular appearance can be traced m continuity from the pericardmm

]



THE MAST CELLS

Fig 3

Tussue spread ox visceral pericardium (as in Fig 2)

The loose pernascular distnibution

of the mast cells is well scca (x 175}
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MAST CELLS IN CATTLE AND RAT

along the great vessels {especially the veins) down to the smallest asterioles
and venules, around which it forms thaw adventitial sheatle,

Such loose connective tissue s also common in the wall of the gut, fifling
he spaces betw cen the deeper portions of the glands and forming the under-
tying submucosa, Enormous numbers of mast cells can be demonstrated
any section of the complex gastric organ of cattle. In the submucosa of the

Tosne sprcad, G Iner capsul T miash el are foucr and ey el granulated dan 1 the
adolt (-

small intestine the cells are concentrated espectally around non-encapsulated
lymphod nodules: where such a nodule 15 cut tangentially the appearances
suggest a sobid focus of mast cefls  Thesr presence under the imvesung layer of
peritoneum has been deseribed above.

Mast cells are not common n lymph nodes proper and do not oceur m
carutage {ear and trachea), in mature collagen (tendo achslles) or in mature
elastie tissue (Igamentum nuchae) Nor are they seen within the central
nervous system, though they are common 1 the dura mater and the connective
tissue sheaths of peripheral merves and occur also asound the blood vessels
of the choroid plexuses

Ths survey of the issue mast cells in cattle thus emphasizes more their
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Paraffin section ox bver  Thig confirms that virtually all the mast cells 1n the Liver of this speaies
are m the capsule  Contrast fig 1 for conditions m the dog  Toluidine blue (x80) (Riley and
West (1953), J Phviiol 120, 528)

FiG 6
‘There are so many mast cells and scattered granules

ad of
Qleaned "”ueéﬁ'fn 15 difficult to transnut light through the preparayon (< 140)
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Tissue spread, o% visceral pleura The thin surface membrane contaims numerous mast cells (Ratey

and West (1953), J Phisiol 120, 528)
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Fic 8
Tissue spread ox kidney capstle  Despite the fact that this 1s not a true serous membrane

1t stll carmies a nch complement of mast cells 1n 113 connective tissue (X 175)
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MAST CELLS IN CATTLE AND RAT

bundles of voluntary muscles, especially in the tongue However, they are
rare immediately under the surface epithelium of the tongue, which lacks the
usual layer of subepithelial connective tissue and cannot be hifted off the under-
lying muscle (Fig. 17) Where such connective tissue is present, mast cells are
atways to be found and their number is roughly proportional to the vasculanty
of the part. They are thus very common in the subcutis of the nose and paws
and in the immediate vicinity of the nipples and ano-genital orifices. They are
cxceptionally common in the thin subcutis of the ears in which they often sur-
round the hair follicles in charactenstic circular patterns (Fig. 18, and compare
also Fig. 56)

Mast cells are seen in the wall of the oesophagus mainly around the veins,
A few accur in the deeper mucosa and the submucosa of the stomach, whence
they may be traced 1n dimunishing numbers down the rest of the alimentary
tract.

In contrast to the general paucity of mast cells in paraffin sections of the
vanous parenchymatous organs (Fig. 16), a striking picture 1s scen when tissue
spreads stamned with toluidine blue are d. Here the predomi cell
1s the mast cell and the relationship of the mast cells to the blood vessels in such
rnatmal can be accumtely determined. The reader 15 referred to the origial

for tect 1 detatls of the methods which were devised for injecting
thc blood vessels of the rat and for preparing and starmng the tissue spreads
(Ruley, 1953a).

Dorsal subcutaneous connective tissue

Vessets. The dorsal subcutaneous tissue of the rat 1s charactenized by the
presence of parallel neurovascular bundles which run in segmental fashion
round the flanks and ultimately contribute to the rich vascular network of
the mammary glands (Figs. 11-13), These vessels themselves often throw off
branches laterally into the transparent connective tissue separating them from
adjacent neurovascular bundles, either as a tree-like arborescence (Fig 13)
or, more rarely, a closed vascular loap (Flg 12) Not infrequently their
b with corresp hes from the next main vessel
At their ongin the smaller twags have usually a double muscle coat and this,
in turn, 1s surrounded by an adventitial sheath of connective tissue from which
are denived such perivascular fat cells as may be present  As the calibre of
the vessel diminishes, first the outer layer of muscle is lost, then the mner, and
finally the adventitta until around the capillaries only an occasional adventitial
cell remains.

MasT ceLLs, The neurovascular bundles themselves are enveloped m a
swarm of elongated ovoid mast cells lying in the adventitra close to and parallel
with the walls of small vessels (artersoles and venules) with muscle coats. These
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association with a special type of loose connective tissue of wide distribution
than with any particular organ. Due weight must be accorded to this fact in
any hypothesis which attempts to explain the function of the mast cell.

MAST CELLS IN THE RAT: THEIR RELATIONSHIP TO
THE BLOOD VESSELS

(See Riley, 1953a)

Examimation of mast cells jn tissue spreads of subcutaneous connective
tissue and peritoneum from cattle was often rendered difficult by the presence
of fat, which contmued to escape from intact fat locult in the mounted prepara-
tions despite therr having been previously immersed in xylol for as long as
forty-eight hours. This was the more troublesome as one of the objects of the
present study was to determine the precise relationship of the mast cells to the
small blood vessels which are otherwise admirably displayed in preparations
of this kind. Accordingly, a number of the common laboratory animals were
examined with a view to finding one from which permanent tissue spreads
could be made and upon which, if necessary, various experimental procedures
could be carried out  Of the species exarmined (dog, cat, gumnea pig, rabbit,
hamster, mouse) the Wistar strain of albino rat appeared to be the most
suitable. A preliminary survey of s tissue mast cells was therefore first
undertaken, as in the previous survey of the tissue mast cells in cattle

The following tssues were examuned. Sections of brain, lung, thymus,

pl h, duod , large and small intestine, spleen, pancreas,
lver, kidney, uterus, skin and muscle. Tissue spreads of dura mater, sub-
cutaneous connective tissue, dorsal skin and subcutis of ear, draphragm,
mesentery, omentum and the peritoneal fringes which are attached to utermne
homs in female rats (Figs. 11-18).

RESULTS. Again the most striking single finding arising from this survey of
mast cells i the rat 1s the astonshing abundance of mast cells int the connective
ussues and serous membranes in contrast to the paucity of mast cells in the
parenchymatous organs There are no mast cells in the bran substance or
1n the kidney, and very few in the liver, spleen and pancreas (Fig. 16} though
they are found in the meningeal or pentoneal coverings of these organs.”
Mast cells are rare even in the lung  The comparatively small numbers which
are seen in the thymus are situated almost exclusnely in the loose perr-thymic
and inter-lobar connective tissue. A few occur also in similar connective
ussue 1n the diaphragm and in the loose connective tissue lying between the

. ting now to consult the original artrcle by Waldeyer (1875) and observe hus excelfent
‘“u“:;‘:so:‘n:;r‘;s ‘I",gpl 1X) of the so-called * plasma cells * near blood vesscls 1n @ tissue spread of
rat dura mater  These are obviously tissue mast cells,
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cells stain untformly in a blue, orthochromatic tint and so densely as to obscure
the nucleus. For convenience these may be called type-I mast cells.

If we now follow the vessels distally it is seen that there is 2 gradual change
1n the type of perivascular mast cell. Where the muscular vessels are enveloped
1n fat the type-I cells remain close to the vessel between the muscle and the
surrounding fat. However, where the muscular vessels traverse loose connective

B

1)
A ;“"‘\
Kot
* Y

Mast cells in connective tissue near mammary gland  Chains of type-I cells accompany the main
vessels with muscle coats  Scattered type-11 cells are associated mainly with capillaries, best seen
to the right of the field (x40) (Ruley (1953), J Path Bact 65, 461)

tissue the type-I cells appear free to move away from the vessel wall and to
become larger and irregular in shape  In these cells the homogeneous staining
1s gradually resolved into orthochromatic granules setinaclear cytoplasm and: as
the granules become further dispersed, they stamn purple to red {metachromasia)
These cells have been designated type-II mast cells. In some of them the round
nucleus is represented by a clear space from which the granules have been
pushed aside  Around the capillaries type-II cells predominate, though an
occasional small type-1 cell remamns close to the capillary itself. In addition,
occasional dense clumps of 3-20 type-II cells are found isolated in the inter-
spaces of the dorsal subcutaneous connective tissue remote from any demon-
strable vessel. These cells frequently show a cross-scored appearance from
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Mast CeLts. Type-l cells accompany the main vessels of the arcades and
their lateral twigs, changing rather abruptly into type-If cells as the vessels
break up into capillaries. These type-1L cells are scattered, singly or in paws,
over the clear peritoneal window at vanous distances from the nearest capillary
and many of them show the imprint of connective-tissue fibrils.

Omentum

VESSELS. As in the mesentery, the main vessels with muscle coats are
surrounded by a crenellated fatty sheath, Hoswever, in stained spreads the

omental sheath can be clearly differentiated from that of mesentery by the
presence of darkly staining areas along its free margins and, to a less extent,
m the intervening pentoneum. These areas are the mulk spots or ‘tiches
lateuses® described by Webb (1931-32) in tus study of peritonesl mast cells
m the rat (Fig 15). A muscular branch from the matn arterole pierces the
fatty sheath to reach 2 mulk spot and there breaks up nto a leash of smaller
vessels  Having supplied the milk spot, the vessels are gathered together into
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the mmprint of connective tissue fibrils—clear lines across the cytoplasm which
were regarded as ‘granule canals’ (Lehner, 1924) until their true nature was
established by Webb (1931-32) These isolated clumps are characteristic of
the dorsal connective tissue and are not seen elsewhere.

In the flanks near the mammary glands, portions of which were sometimes
included in the spreads, the Y-shaped vessels with double muscle coats undergo
repeated bifurcation to become capillaries. Here the difference in distribution
of the two types of mast cells 1s very striking (Frg 11). In the adventitia of
the muscular vessels pure type-I mast cells are often arranged in unbroken

d mast cell»

Fringe of arborising vascular pattern in tissue  The
are maimly type 11 and as they megrate away from the vessels they become smaller from loss of
granuls substance (<55)  (Reley (1953), J Path Bact 65, 461)

chains; these gradually change into type-II cells and clumps as the capillaries
appear.
Mesentery

VEsseLs. The mesenteric vessels in the rat, as in man, form vascular arcades
framing clear peritoneal windows In the rat these arcades usually consist of
more than one pair of muscular vessels enclosed 1 a common sheath of fflt.
At intervals, lateral twigs from the muscular vessels pierce the fat and ramify
as a dehcate lacework of capillaries over the peritoneal window.
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around the edge of the speci; leaving the branching main vessels almost
clear of fat except for their immediate sheath of fibro-fatty tissue, Chains of
characteristic type-1 cells occur 1n the adventitia of the main vessels with muscle
coats. Type-1 cells are scattered around the capillaries or he free in the Joose
connective tissue near by,  Where the perivascular tissues are Jax the transition
from type-1 to type-It cells can be clearly scen (Fig. 14). In some of these

Section showing (L to R) spleen, pancreas and loose subperitoneal conniective tssue wr the
rat  The mast cells are related to the loose connective bissue  Toluiding blue { « 116).

frnges typical milk spots and smaller nodules of similar tissue are found
tucked away among the fat cells, and, where such tissue is present, mast cells
in all stages of development can be observed.

Degenerate cells

In spreads from all areas there are occastonal type-IT cells which appear
10 be degenerating  The commonest sign of ageing 15 a generalized fading of
the metachromatic granules m the large type-11 cells. In other cells this change
15 accentuated by the presence of a few granules which stain exceptionally
deeply, mving the cells a ¢h; tstic p js Other cells ate
shrunken, the remaming granules lymng near the penphery of the cell, in the
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one or more venules which return parallel to the afferent arteriole or first ink
up with other milk spots before joining the main vein.

Mast ceLLs. Type-I mast cells lie close to the muscular walls of the main
arterioles and venules and their branches. In the milk spots a new arrangement
of mast cells1s seen.  The milk spot itself consists of 2 knot of small mesenchymal
cells and a few fat globules Many of the small cells have a narrow rim of

Fic 15
A milk spot from the omentum  There 1s a leash of tiny vessels funming lhrough the mass of
relatively cells which he * tiche latteuse ™,  Emerging

from lhls zone are numerous rounded m:sl cells (¥ 50) (RAI:y (1953), J Patk “Bact 65, 146)

cytoplasm which stains orthochromatically, and as the cells enlarge this staining
1s most pronounced at the poles of the cells. In other cells small granules are
present around the nuclear space, and with further development and packing
of the granular materal the cells gradually assume the appearance of type-I
mast cells, except that they are more rounded than the type-I cells seen elsewhere,
These type-I cells appear to change progressively into large type-II cells, some
of which lie free in the adjacent peritoneum.

Uterine fringes
In female rats the Jeaf-like fringes attached to the horns of the uterus
furnish excellent preparations for mast cells, as here much of the fat is deposited
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around the edge of the speci leaving the t hing main vessels a}mosx
clear of fat except for their immediate sheath of fibro-fatty tissue. Chains of
charactetishe type-§ cells occur in the adventitia of the main vessels with muscle
coats. Type-H cells are scattered around the capillanies or lie free In the ’ogme
connective tissue near by, Where the perivascufar tissues are lax the transition
from type-l to type-If cells can be clearly seen (Fig. 14). Tn some of these
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Section showng (L to R) spleen, pancreas and loose subpentoneal connecive tissue - the
at  The mast cells are related to the loose connective Gssue  Toluidine blue ¢ < 116)

fringes typical milk spots and smaller nrodules of stmilar tissue are found
tucked away among the fat cells, and, where such tissue is present, mast cells
in all stages of development can be observed.

Degenerate cells

In spreads from all areas there are accastonal type-l1 cells which appear
€0 be degenerating  The commonest sign of ageing is & generalized fading of
the metachromatic granules m the large type-11 cells, In other cells this change
is accentuated by (he presence of a few granules whnch stam excepttonally
deeply, giving the cells a characteristic punctate appearance. Other cells are
shrunken, the remaining granules lying near the periphery of the cell, i the
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Section, rat tongue  Note that here the mast cells lie deeply between the muscle

bundles. There 1s little loose connective ussue under the epithehum of the tongue

(which cannot be lifted off the muscle) and there are very few mast cells in the regron
Tohndine blue (¥ 170}
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centre of which a small pyknotic nucleus can occasionally be seen. These
degenerate cells are usually situated at some distance from the nearest vessel
(Figs. 13, 14).
DiscussioN
Examination of stained tissue spreads of subcutaneous connective tissue,
mesentery, omentum and the uterine fringes from female rats leaves no doubt

Whole mount preparation, outer skin and subcutis, of rat ear  Numerous mast cells around
harr follicles and 1n loose connective tissue, as 1n mouse ear (fig 56) Tolwdine blue { - 128)

as to the close association of the mast cells with the blood vessels in this species
On the other hand, 1t does call in question certain views which are widely held
regarding the exact relationship of the mast cells to the vessels, and hence casts
doubt upon the deductions that have been made from such observations

In his book on Heparin, Jorpes (1946, p 64) quotes Quensel (1933) that
mast cells are situated predomi ly around ‘th lled blood vesszls which
lack muscle coats®, thereby strengthening his belief that the function of the
mast cell 1s to produce an anticoagulant which is poured nto the blood His
accompanymng illustrations do not entirely support this view. In his Figures
la-1b (facing p. 60) the transition from Type I to Type II mast cells 1s clearly
seen—small spindle-shaped orthochromatic cells 1n the vessel wall developing
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into larger metachromatic cells in the nearby connective tissue. His Figure 8
(p. 65) shows a tissue spread from a rat in which the majority of the cells are
disposed, as T have described them, outside the muscle coat of a small arteriole.
Both Waldeyer (1875, Fig. 1) and Ehrlich (1877, Fig. 8) depict a similar
arrangement of mast cells in the adventitia of blood vessels: yet Ehrlich
believed the mast cells to be concerned with the nutrition of the connective
uissue.  Thus very simular illustrations have been submitted in the past in
support of two entirely different functions of the tissue mast cells,

So far as the present investigation 1s concerned, the evidence both from cattle
and rats indicates that although mast cells are very common around small
blood vessels, their number 1s determined more by the extent to which such
vessels are equipped with an adventitial coat of mesenchymal cells than with
a functional relationship between the mast cells and the contents of the vessels.
One layer or more of muscle usually separates the mast cells from the lumen,
and, as the cells mature, they tend to move even farther away from the vessels
mto the tissues This 15 well seen in the rat. The available evidence thus
suggests that the presence of mast cells in the adventitia of smalt blood vessels
15, in fact, no different from therr presence around the great veins and arteries,
and that this 1s merely an extension of condittons which obtain in the subserous
connective tissue of the nearby pericardium. Pericardium, 1n turn, 1 bl
pleura, or liver capsule, or peritoneum, all of which are rich 1n mast cells.
This is best seen 1n cattle  Simlar loose connective tissue contributes to the
formation of the capsules and trabeculae of organs anatomically remote from
the serous membranes: it occurs in the submucosa of the gut and fills the chinks
between the bundles of voluntary muscles, Such tissue underlies the synovia
of joints and can be found also n the joint capsule. It underhes surface
epithelium, especially where that epithehum can be moved freely over the
corum; it is, in fact, the cause of that mobility. In short, the common de-
nominator which determines the presence of mast cells 1n an organ 1s the extent
to which that organ contains loose, well-vascularized connective tissue. Hence
1t seems very probable that the mast cell ss itself related functionally to the
connective tissues, and more especially to connective tissue at one particular
stage of its development, the stage of fibrillogenesis (Staemmler, 1921).
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Cuarter VI

THE EFFECTS OF HISTAMINE-LIRERATORS ON THE
MAST CELLS OF THE RAT

{See Riley, 1953b)

the ussue mast cells as a subject for research, it was argued that circum-

stantial evidence is already available which points to the mast cell being
at least one of the sources of tissue histammne. The main reservorr of both
heparin and histamine i the dog is thought to be the liver, the *shock organ’
of this species (Rocha ¢ Siva, 1952), and the hepann mosety is generally
attnibuted to the mast cells which are abundant in the hver of the dog (Wilander,
1938). The apparent absence of hepatin in states of shock m other animal
species at first sight suggests that in the dog the association of heparin and
histamine 15 fortaitous, but the apphcation of histamme-tiberators to the rat
now 1o be described indicates that in this species 100 there may well be a closer
relationship than has as yet been realized and that histamine as well as heparin
may come from a common source, the tissue mast cells,

IN the introductory statement of the reasons for choosing the functions of

Materials and methods

EXPERIMENTAL ANIMALS,  Adult male and female rats of the Wistar strain,
wt 175-225 g, were used.

SoLUTIONS FOR IMIECTION.  The b 1ib angd the
m which they were gwen by intravenous injection are shown m the accom-
panying table,

Tamz 1
Chemcal hustamine-hberators  sources and dosage
Dost {mg
Histamine-hberator Maker per 1-0m)
water)
Stibamudine May & Baker 25
2-hydroxy stijbamdine ” 25-27
opanmdine " 50
Pentarmdine » 30
Hegtamethylene damine | Imperial Chemmical
hydrochlonde Industries 106
Decamethylene diamune
hydrochloride “ 100
D-tubocurarine chioride Duncan 5
Peptone Wate, Rostock 100
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All compounds were made up fresh in pyrogen-free distilled water, and a
standard volume (1 ml.) of solution was employed for each injection.

Doses of the more toxic compounds (diamidines and curare) were chosen
expermmentally to produce (a) death of a 200 g. rat in 5-10 seconds or (b) a
survival time of about 3 mnutes, depending on the speed with which the
intravenous injection was given. Thus the hi ine-liberators tt lves
were used to halt the train of events in the tissues and pernut the material to
be examined at various stages of the shock which had been induced. This
method had the further advantage with the fluorescent diamidines (stilbamidine
and 2-hydroxy stilbamidine) of ensuring that sufficient diamidine was present
in the tissues for its detection in fresh tissue spreads examuned in ultra-violet
light. With the less toxic compounds (diamines and peptone) the experimental
ammals were killed by a blow on the head at appropriate intervals after
njection.

PREPARATION AND STAINING OF TissUES  Immediately after the experimental
ammal had been killed, spreads of subcutaneous connective tissue, mesentery,
omentum and other peritoneal fringes were prepared as previously described.
If fluorescent histamine-liberators had been used the fresh spreads were first
exammed mucroscopically in ultra-violet lhight from a Hanovia diagnostic
lamp with a Wood's glass filter directed obliquely downwards on to the surface
of the spread. Thereafter these and all other spreads were fixed tn 80 per cent
alcohol for at least twenty-four hours before being stained with I per cent
aqueous toluidime blue or methylene blue for mast cells.

REsuLTs

Fluorescent histamine-liberators
Group A. Rapid injection. Fresh peritoneal spreads from animals killed
by rapid (5 sec) mjecuon of lethal doses of stilbamidine or 2-hydroxy stil-
dine were d micr pically under direct ultra-violet light (Fig. 19).
Agamnst a dark background, or at most a faint autofluorescence from the fat
globules, one sees numerous bright, sharply defined fluorescent spots situated
predominantly near small blood vessels With stilbamudine the spots are
a steely blue-grey; with 2-hydroxy stilbamidine, a more golden colour. Occa-
sionally the whole vessel seems to fluoresce, presumably from its content of
diarmidine, or the vessel wall alone 1s visible 1n a pale violet tint  The remaining
vessels appear as dark lines  If 1 per cent toluidine blue 1n saline is now run on
to the preparation the fluorescence lmmedmlcly disappears. The section is not

moved, but visual light 1s now ti d through the sp and it is seen
that where the fluorescent spots were situated there are recognizable tissuc
mast cells (Fig. 20). The correspond in size and position is very exact
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Fic 19

Fresh pentonea) spread from a rat killed by the rapid iyection of stlbamidine. The bright
3pots fluorescing in nllr.\-\ml:l Tight are seen, 10 fig "20, to be mast cells in which the

This substance n also present 1n the lumen of

the upper v:ssc\( -7 Roey 1\953),.! Path Bact 65,47 )
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Fic 20
The same spread as fig 19, now Counlmlaln!d with m:lhylene blus and photographed

n visible hight minus the red e mast spond exactly with the
fluorescent spots of the previous ﬁzuu (x'm) (Rﬂey (I951). 7 Pa:l‘x B;n é.‘vﬂl ) ©



THE MAST CELLS

as far as the fluorescent bodies are concerned, but the toluidine blue reveals
many mast cells which had not previously shown fluorescence. In general,
the mast cells which took up the diamidine in the short-term experiment are
the large, pericapillary metachromatic mast cells, recognized as adult or ripe
mast cells (‘type-II cells’). These fluorescent type-II cells are well seen in the
perttoneal interspaces of the mesentery and in the fatty fringes attached to the

uterine horns. So far as can be ascertained the fluorescence is confined to the
granular cytoplasm of the mast cells, the nucleus being sometimes represented
by a central non-fluorescent space, In the omentum the fluorescent mast cells
appear principally in the milk spots {(‘taches larteuses®), and here prnct‘lcally
every mast cell in one milk spot may show fluorescence, whereas an adjacent
milk spot may be devoid of fluorescence. It 1s noteworthy that under the
conditions of the present experiments ﬂuOl’CSCCnCC.lS not observed m the
numerous mast cells in the subcutaneous connective tissue, although as judged
by ordinary staining methods all types of mast cells are present there.
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Groue B. Slow injection. Following slow (30-60 sec.) injection of these
diamidines an entirely different picture 15 seen.  Instead of the sharply defined
fluorescence of mast cells in the peritoneal tissues there are pools of pale grey
to gold fluorescent material around some of the vessels, with perhaps some
mcrease of fluorescence in the nearby fat. Counterstaining with toluidine
blue, as above, reveals that there is widespread disintegration of the mast cells,
and routine fixation and staming of spreads from these ammals conﬁrm lhc
disintegrating effect on the mast cells of the diamid
are swollen and stain poorly, and are often scattered. In addition some cells
show vacuolation This is best seen after 2-hydroxy sulbamidine. Here
many of the type-1I mast cells in the peritoneal spreads show the presence of
intracytopfasmic vacuoles, whereas nearby type-I cells may remain unchanged
(Fig. 21). As the injection time, and hence the survival time, of the experi-
mental antmal is increased, it can be seen that this vacuolation progresses untit
many of the cells entirely disappear or leave behind only a few granules sur-
rounded by a wisp of frothy cytoplasm. In areas where these changes in mast
cells are promument the smal] blood vessels are dilated and the connective tissue
appears oedematous,

In animals which have survived for more than a few minutes, extensive
areas of vasodilatation and oedema are present, and 1n such regions the mast-
cell granules gradually lose their ability to take on the basic stain (‘degranula-
tion’) Some of the degranulated cells are swollen; others show in addition
ach 15t1€ pp ¢ in which a few granules appear to have
escaped lysis and stand out in sharp contrast to the pale cytoplasm  Where
the oedema 15 maximal no trace of the former mast-cell population of the tissue
™may remain.

N i ine-li

The changes produced 1n the mast cells by the non-fluorescent histamine-
liberators (table) as seen 1n stained spreads are very similar to those described
above.

Py dme and P id gve rise to and
widespread degranulation in pentoneal mast cells as does the 10-carbon
aliphatic diamne, and there 15 also some degranulation n the mast cells of the
subcutss. The 7-carbon diamine, which 1s less active as a histamine-liberator
than the 10-carbon compound (MaclIntosh and Paton, 1949), 15 also less potent
mats effect on mast cells.

The myection of Witte's peptone prod sumifar d g and
disintegrating effects on the mast cells of the rat, despite the fact that 1 this
species peptone does not give rise to the dramatic shock seen in the dog

63




THE MAST CELLS

One of the most active disintegrators of the rat’s mast cells was found i
d-tubocurarine in lethal dosage, which, as Schild and Gregory (1947) have
shown, can also hberate histamine. Following slow injection of 5 mg.
d-tubocurarine chloride (Duncan), not only 1s it difficult to find a mast cell
in the pentoneal spreads but there is also extensive oedema and assoctated
degranulation of mast cells in the subcutaneous tissue.

Histamine

In an attempt to distinguish between the effects on mast cells of histamine-
liberators and the histamine which is liberated, rats were injected intravenously
with 1 ml. doses of histamine dihydrochloride (British Drug Houses) in
concentrations ranging from 1 in 100,000 to 1 in 5. Only with the highest
concentrations were gross changes observed in the mast cells, and these only
n the areas of vasodilatation and tissue oedema produced by the histamine,
especially in the peritoneum. None of the mast cells showed gross vacuolation.

Non-specific oedema

Some years ago it was found that the application of a hight venous tourniquet
to the hind limbs of mice was followed within twenty-four hours by an almost
complete disappearance of mast cells from the oedematous skin (Drennan and
Riley, unpublished observation). Since then Drennan (1951) has studied
human skin 1n a state of oedema and found there also a similar disappearance
of mast cells  The use of histamine, mentioned above, may thus have brought
about ats effect on the mast cells by the production of a local oedema rather
than directly It was decided therefore to produce a local oedema by other
methods

Local oedema was produced 1 rats by (1) scalding one side of the back,
under anaesthesia, with water at 95°C, or (2} heating the area for thurty
minutes with an infra-red lamp  In these areas of local oedema of the under-
lying subcutaneous tissue there 1s obvious degranulation of the tissue mast
cells  In the oedematous zone due to scalding many of these cells have a homo-
geneous ‘glassy’ appearance as (f the granule substance had run together,
and m some of them occasional irregular vacuoles are also present. The
degranulating effect 1s seen only in the area rendered oedematous; there 15 no
effect, for example, on the peritoneal cells remote from the oedematous area,

It may be concluded then that the local degranulation of mast cells in areas
of oedema 15 different in quantity and 1n quality from the widespread vacuola-
tion and disruption of mast cells which follow the injection of a histamine-
liberator. However, 1f the liberator is injected slowly, there will be time for
both processes to occur and a mixture of effects will be seen.
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Anaphylatoxin

Since the action of tistaminc-liberators on the dog so closely resembles
anaphylactic shock in that species, 1t scemed of interest to attempt to relate the
mast cells and anaphylaws in the rat, Unfortunately, the rat can hardly be
rendered anaphylactic, but the problem was approached by the use of an
anaphylatoxic serum, This was prepared exactly as described by Bordet (1913),
except that in place of guinea pig serum five parts of rat serum were incubated

for two hours at 37° C. with one part of semi-sohid agar This was then centri-
fuged and 1-5 ml. of the supernatant ‘serotoxin’ were mjected mtravenously
mto each of three rats. The outward signs of shock produced by these 1njec-
tions were a mere temporary acceleration of heart rate and respiration. The
antmals were therefore killed 3-5 minutes later. Despite the mummal clinical
evidence of shock, the appearances in the peritoneal spreads closely resembled
those seen after the use of histamine-liberators. Thus nearly all type-II cells
m the mesentery were swollen and in process of vacuolation or degranulation,

E 65



THE MAST CELLS

the type-l cells being relatively unaffected (Fig. 22). Many similar areas
could be found in the uterine fringes and omentum, along with the usual
vasodilatation and oedema 1n the surrounding connective tissue. The mast
cells in the sub tive tissue appeared normal.

The changes in the mast cells after injection of anaphylatoxic serum thus
so closely resembled those seen after injection of the chemical histamine-
liberators that attempts were made to prepare an anaphylatoxin by incubating
rat serum with minimal amounts of the liberators in vitro. One ml. of saline
containing 0-5 mg. of sulbamudine or d-tubocurarine chloride was incubated
for two hours at 37°C with 5 ml of rat serum; 1-5 ml. of each of the final
products were thereafter slowly injected intravenously into each of three rats,
No shock was produced and there was no alteration in the appearance of the
mast cells in tissue spreads. However, since the possibility still remained that
the liberators might require leucocytes or platelets not present in serum for
their effects on mast cells, another set of sera was prepared by incubating
whole blood with the liberators before removing the serum. Again the results
were negative.

Thus, although the final effects on mast cells of histamine-hberators and
agar-activated serotoxint are similar, it appears that their modes of action are
different and that the chemical histamine-liberators do not bring about dis-
ruption of mast cells through the agency of a blood anaphylatoxin.

Antihistamines

According to Dale (1950) antihistamines may act esther by blocking tissue
receptors to circulating histamine or by interfering with the release of histamine
from 1ts depots 1n the tissues It was therefore of interest to see 1f antihistamnes
would alter the mast-cell response to the histamine-liberators and to the
anaphylatoxic serum

It was first found that the maximal tolerated dose of ‘Anthisan’ (mepyra-
mine maleate, May and Baker) for a 200 g. rat was 0-2 ml. of a 25 per cent
solution given slowly intravenously. Fifteen minutes after giving this dose to
four rats, two of them each received a slow lethal injectton of stilbamidine and
two were given a slow injection of curare as previously described ~ Stilbamudine
and curare are both toxic substances 1rrespective of their action as histamine-
liberators, and premedication with *Anthisan’ i no way reduced the letha)
effect of either compound; but it did appear to protect the mast cells almost
completely agaimnst the disruption which normally followed their injection.
However, premedication with ‘Anthisan’ did not prevent the uptake of sul-
bamidine by the mast cells, which showed the usual vivid fluorescence in
ultra-violet light. Only the subsequent disruption of the cells was suppressed
(Fig. 23}
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In a similar way *Anthusan’ countered the disruptive effect on mast cells of
the agar-serotoxin. Thus the disintegration of mast ceils by both chemical
histamine-hberators and anaphylatoxin is presented by pretreatment with an
antthistanune drug.

PR SAT SR L

LATERAL Lo

¥

Thissue spread of vtenne fninge from rat treated with an antrhustamune drug before bearg
subjected to the distuptve acton of a chemical fusiaming-fiberator  The mast celfs have
0 protected  Toluiding blue { < 108)

Drirect application of histamine-lib to tissue spreads
In a further attempt to gam mformation on the mode of action on mast
celts of the chemical h hberators and the aga; ated

3

samples of the vanous sofutrons which had been prepared for amection were
applied directly to fresh spreads of rat mesentery, using the peritones! inter-
spaces as cups for holding the solutions under test,

Prelimunary expeniments soon showed that any agueous solution, including
even normal sahine, quickly causes diffusion of the metachromatic matenat
from the granules of mast cells, which later swell and burst, freaing such
granules as remam,  Despite this hmutation of the method, 1t was observed
that the danmudines exiubit the same avidity for mast cells i fresh spreads of
mesentery as they do when they reach the cells through the blood steeam. 1f
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the granules had previously been supravitally stained with toluidine blue, the
diamudine rapidly discharged the metachromatic dye from the granules, leaving
the nucler of nearby fibrocytes and mesothelial cells still stained. Thereafter
the mast cells slowly broke up 1nto a mass of debris, but in general this dis-
ruption was neither so rapid nor so clearly accompanied by vacuolatton as it
had been n tissue spreads prepared from rats which had received the same
liberators through the blood stream.

‘With anaphylatoxic serum well-marked vacuoles appeared in the peripheral
cytoplasm of the mast cells accompanied by disappearance of granules, whereas
with normal rat serum the granules persisted for at least half an hour.
Although 1t is clear that direct action does occur in yitro, the mast-cell response
was less pronounced than when the histamine-liberators or the anaphylatoxic
serum reached the mast cells through an mtact circulation.

DIsCUSSION

The reasons for the present investigation have already been outlined.
Buefly it may be recalled that in shock states in the dog huistamine and hepann
are released simultaneously from the liver, the heparin being thought to come
from tissue mast cells It was of interest, therefore, to investigate the relation
of mast cells to histamine mn an animal such as the rat, where the mast cells
can be readily observed 1n tissue spreads.

Chemical histantine-liberators

All the histamine-liberators tested were found to produce, on mtravenous
njection in the rat, obvious damage 1o tissue mast cells and particularly to
those perttoneal mast cells, filled with discrete, metachromatic granules, which
lie near capillaries or free 1n the tissue spaces (type-II cells). However, mter-
pretation of this apparently straightforward effect is complicated by the finding
that any tissue oedema, including that produced by the mjectron of histamme
wself, leads to distuption of the mast cells in the area. We have, therefore, to
distinguish between a primary action of the hiberators directly on mast cells
and the indirect or sccondary degranulation of mast cells mediated through
the oedema that follows histamine release,

Direct action on mast cells
Direct action of the histamine-hberators on the mast cells is certainly
suggested by the following observations  First, the rapidly acting and potent
i ine-lib stilbarmdme and 2-hydroxy stilbamidine, can be seen,
In virtue of their fluorescence in ultra-violet light, to be concentrated within
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the peritoneal mast cells prior to their distuption. Second, the fluorescent
histamine-liberators, when applied to fresh spreads of peritoneum from
intravitally stained animals, rapidly discharge the dye from the granules, after
which the mast cells disintegrate. Third, all the histarmine-liberators so far
tested, whether fluorescent or not, lead to the appearance of curious intra-
cytoplasmic vacuoles, and with 2-hydroxy stilbamidine vacuolation may be
extreme. In contrast to this, swelling and degranulation of mast cells are

d by lation when brought about by (a) local oedema,
histamine-induced or otherwise, or (5) the addition of aqueous solutions to
mast cells in fresh tissue spreads. It is evident, therefore, that the histamine-
liberators have a definite effect on both cytoplasm and granules of the mast
cell.

The concentration of the chemical liberators within the mast cells may well
depend on the fact that the basic diamidines precipitate heparn from solution
(MacIntosh and Paton), and one may recall here that the dye, toluidine blue,
can be similarly used for the quantitative titration of heparin  But with the
chemical histamine-liberators the process does not stop there, disintegration
of the mast cell follows Thus the diamidines act on mast cells in a different
way from a basic dye such as tolmdine blue, which, if anything, preserves
rather than destroys the granules which have taken up the dye. If, therefore,
as MacIntosh and Paton suggest, ch i it act by displaci
histamine from 1ts natural depots in the tissues, the present evidence suggests
that these depots are the tissue mast cells,

Effect of anaphylatoxin on mast cells

Agar-activated anaphylatoxin, prepared as described above, 15 a known
histamme-liberator (Rocha e Silva} and in the present experiments its visible
action on mast cells proved similar to that of the chemical liberators, even to
the appearance of vacuolation n the cells during their disruption. Ana-
phylatoxin has also the same power of acting topically when applied directly
to mast cells in fresh tissue spreads Thus we have two apparently different
types of sut capable of releasing hi: both of which produce very
simlar changes in mast cells. It therefore seems probable that these changes
1n the mast cells are significantly related to the liberation of histamine.

‘We now know that these changes do, n fact, occur m true anaphylaxis
(Stuart, 1952). The earlier observations of Jaques and Waters (1941) on the
degranulation and disruption of mast cells i the hver of the shocked dog have
been confirmed for mast cells in the tissues of the hamster (Wegels e af,
1955b), gumea pig (Mota and Vugman, 1956), mouse (Carter et ql, 1957} and
rat (Keller, 1957). This further strengthens the view that the findings m
the experiments described above are relevant not only to the study of the
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anaphylactic process generally, but that the mast cell is the common target
whenever a massive liberation of tissue histamine occurs.*

Effect of antihistamines

Antilistamunes are thought to act either by blocking tissue receptors
agawnst circulating histamine or by preventing the release of histamine (Dale).
Unfortunately, the actual mechanism is not yet known. Nevertheless, it is of
mterest that premedication of rats with an antihistamine effectively protects
the mast cells agamnst the disruptive action of histamine-liberators or ana-
phylatoxin. In ths at least the results support the view, stated in the previous
paragraph, that the changes 1n the mast cells brought about by histamine-
liberators are significantly related to the phenomenon of histamne release.
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Cuarrer IX
HISTAMINE IN TISSUE MAST CELLS: NORMAL TISSUES

RESULTS OBTAINED BY COMBINING HISTOLOGICAL AND
PHARMACOLOGICAL TECHNIQUES

HE evidence cited in the previous section mdicates that the tissue mast

cells of the rat undergo p d morphol 1 changes folk

contact with chemical histamune-hiberators. It 15 now necessary to
ascertain whether the mast cells are i fact the source of the histamine which 15
released durtng this reaction; in other words, are the inmtial vatues for hustamune
in normal t1ssues proportionate to thesr mast-cell contents, and do these values
wary with the morphotogical changes i the mast cells which follow the

drmni of the ¢k ine-hib 7
It will be recailed that Jorpes used the first of the above entensa in seeking

the location of hepann m the tissues, We therefore first confirmed the mast-
cell contents of the tissues used by him, for which the corresponding heparnn
values are also avattable (Jorpes, 1946), and d thewr h
(Riley and West, 1953).

Materials and methods

All matenal was obtaned fresh, either at the slaughter-house or in the
faboratory Tissue blocks for mast celis were fixed, as before, 1 formol
corrosnve and statned with totudime blue.

Representative samples of fresh tissue for histamsne assay were weighed and
placed as soon as possible in & known volyme of 10 per cent trichloracetic acid,
vsually 1 mt acid per § g. uissue, or twice that volume of and if the tissue was
not adequately covered  Thereafter the tissue was chopped with scissors, or
if tough, ground with a little sand in a mortar, 1o ensute complete extraction
of the histamine mto the anid, After a mimmum period of one hour the
extract was centrifuged and the clear supernatant then shaken vigorously four
umes with a fourfold volume of ether {or shaken further s the pH was sl
below 6 0} in order to remove the acd

The assay uself was made agamst a standard solution of histamunz acid
phosphate (10-%) either on the conventional guinea pig ileum preparation or
on the blood pressurz of the atropmwzed cat.  Alf values are expressed as pg
histamune base per pram wet wesght of tissue
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REesuLTs

It will be seen from Table II that there is indeed a striking correspondence
between the histamine values on the one hand and the mast-cell, or heparin,
contents as indicated by Jorpes’ data, on the other. This at once provides
powerful support for the hypothesis that tissue mast cells are exceptionally
rich n lustamine  Much of the remainder of this book 1s concerned with the
description of the further experimental procedures which were devised to test
and consolidate this basic premise.

TasLe 1T

Histanune content (g 'z} of nissues compared with heparmn
content (mg standard hepanin'kg ) and the relatne mast-cell

content
Tissue Histamine [ Heparm®* | Mast cells

Rat hver . 03 o 0
Pig zorta o7 0 43
Ox-liver parenchyma 45 56-75 +
Ox aorta 100 5-65 +
Rat subcutancous

tissue 160 63 ++
Ox inferior vena cava 200 100-120 + -
Ox-liver capsule 400 540-830 | + + +

* Data of Jorpes (1946}

Ox liver capsule

When these preliminary results were reported (Riley and West, J. Physiol.,
117: 712P, 1952) the histamine value for ox liver capsule had been obtatned from
specimens which compnsed the outermost rind of the liver, a layer of tissue
approximately0-5 cm. thick contaning both capsule and parenchyma. However,
paraffin sections show beyond doubt that the mast cells are located almost
exclusively in the serous and immediately subserous tissue of the true capsule
(Fig. 5) Attempts were therefore made to obtain purer samples of the capsule
and to compare their mast-cell and histamine contents.

1t was eventually found that the key 1o the successful removal of the capsule
of ox liver 1s to strip the capsule off the intact liver as soon as possible after
its removal from the animal. An incision is made through the capsule around
the edge of the dome, and once the process of stripping has been started it is
then easy to peel ofl the entire capsule, the remainder of the organ (which weighs
up to 30 Ibs ) acting as a counter-weight. The thin film of parenchyma which
still adheres to the under surface can be removed by spreading the capsule,
serous side down, on a sheet of plate glass and scraping the under surface
y with a razor blade. The final product is a tough, semi-transparent

”
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sheer of tssue up to 2 feet square which is extremely rich in both mast cells
(Fig. 6) and in histamine. As Table 11 indicates, the histamine value fises
with each successtve step in isolating the tissue which contawrs the mast cells

Taecr I

Porgition of Ristamine between parcachyma and capyule of ax lier
The mast cells are abso predominanthy w the capsule (cf €131 S amd 6

Ox Iver 3 Thickness  Histarmune content
! w4 e gl
Parenchyma alone t = 3
Capsute with some parzachyma | e 40
Stnpped capsule, itle parenchyma 0 100
| Capoate alone { os 5 120

Estimation of histamine content per mast cell in ox liser capsule

An estimate of the hustanune content of the indnidual mast cell m ox hver
capsule was arrsved at as folfons  Rectangles of cleaned hiver capsule were
£t oug with a sharp scalpel around a 6 <8 em. reciangle of *Perspex”  These
samples were then weighed, extracted and therr histarmne contenis esumated.
Adjacent sinps from the same capsule were mounted as ussue spreads on
nucroscope shdes, sufficient tissue bemg draped oser the edges of the shde o
present shnnhage of the spread dunng fixation and staimng,

A horrzontal projection microscope was newt set up sn a darkened room to
throw an image of a porton of a prepared spread on to white paper on which,
for conventence, a rectangle had been drawn proportionate to the size of the
rectangles of tissue used for the pharmacotogical assays  The actual size of
the le in the pe field was d by reph the hustol 1
preparahon with 2 stage mictometer, & shde on which a scale 1 absolute unuts
15 engraved for prajection at any selected magadication

Howeser, mast cells are so numerous 11 ox lwer capsule (Fip. 6) that
difficulty was encowntered not only in transmutting sufficient hght through the
specimen fo show up the mdividual cefls on the paper but also m counting
them m the darkened room with any degree of acevracy  This was overcome
by throwing a second beam of ultra-violet light on to the paper and covertng
the image of each mast cell at 1t was counted with & dot of fluorescent paint,
As a check, these dots were agamn counted by serally quenchung thew
fiuorescence with drawing nk, ten fields, chosen at random, bemng counted
twice over for each tissue spread.

In this way the number of mast cells in 2 sheet of tissue of known histamuwe
content was obtamed, calculation then showmg each mast cell in ox hiver
capsule to contain approsimately 25 zpg histamine base. In a tater experiment
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ResuLts

It will be seen from Table IT that there is indeed a striking correspondence
between the histamine values on the one hand and the mast-cell, or heparin,
contents as mdicated by Jorpes’ data, on the other. This at once provides
powerful support for the hypothesis that tissue mast cells are exceptionally
rich 1n histamine. Much of the remainder of this book is concerned with the
description of the further experimental procedures which were devised to test
and consolidate this basic premuse.

Tante I

Histamune content (a2 (g ) of tssues compared with heparin
content (mg standard heparin'kg.) and the relatne mast-cell

content
Thssue Histamine | Heparin* | Mast cells
Rat liver 03 0 [}
Pig 2orta 07 0 0
Oxliver parenchyma 45 56-75 +
Oxaorta wo 5-65 +
Rat subcutaneous
ussue 160 63 ++
Oxnferior vena cava 200 100-120 b
Ox-liver capsule 400 510-830 | -~ + +

* Data of Jorpes (1946)

Ox liver eapsule

When these prelunnary results were reported (Riley and West, J. Physiol,
117+ 72P, 1952) the histamne value for ox hver capsule had been obtamed from
specimens which comprised the outermost rind of the liver, a layer of tissue
approximately 05 em, thick contaiming both capsuleand parenchyma. However,
paraffin sections show beyond doubt that the mast cells are located almost
exclusively in the serous and immediately subserous tissue of the true capsule
(Fig. 5) Attempts were therefore made 1o obtain purer samples of the capsule
and to compare their t-cell and |

It was eventually found that the key to the successful removal of the capsule
of ox liver 1s to strp the capsule off the intact liver as soon as possible after
1ts removal from the animal.  An meiston 1s made through the capsule around
the edge of the dome; and once the process of stripping has been started s
then easy to peel off the entire capsule, the remainder of the organ (which weighs
up to 30 1bs y acting as a counter-weight. The thin film of parenchyma which
still adheres to the under surface can be removed by spreading the capsule,
serous side down, on a sheet of plate glass and scraping the u.nder surface
vigorously with a razor blade. The final product is a tough, semi-transparent
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there is relatively much more histamine in the capsule of the liver than in the
rest of the organ, a paradox hardly to be explained except on the differences in
mast-cell content of the two tissues,

This point was again emphasized when lung was examined in the same way.
Here 1t was necessary to remove the ‘capsule’, the visceral pleura, by the tedious
process of sharp dissection The results show that the histamme content of
ox pleura, separated in this way, may actually exceed that of ox liver capsule
(Riley, 1953¢). This may be due partly to the very thin nature of the pleura
and to the larger size of its numerous mast cells (Figs. 9 and 10 and Table V).

Tane V

Histanune content (ug jg #issue) and the relane mastcell
content of the lung of different spectes

Pleura Parenchyma
Speaies

Histamune | Mast Cells [ Histamtne | Mast Cells
ox 200 4+ 4+ 80 + 4+
Sheep 80 + + + 60 + + +
Pig 40 + 4+ + 20 + +
Cat 38 ++ 32 + +
Dog 35 + + + 20 + +
Cow 25 ++ 28 ++

Interesting as the above findings are in relating the histamne values to the
mast-cell contents of various organs and parts of organs 1n different species,
it might perhaps still be argued that the histamme contents are determuned by

TasLe VI

Histarune content (ug /g tissue) and the relative mast-cell
content of organs of young and adult ammals

Young Adult
Organ Species

Hist- | Mast | Hist- | Mast
amne [ Cells [amine | Celis
Lung Cow 8 | + | 25 [+ 4
Man 6 + 25 |+ +
Cat 4|+ [ 36 [++
Liver capsule Cow s |+ | 2 |++

Liver parenchyma | Cow 1 [ s |+
Kin Cat 1 o [ 2 [++

some cellular not 1y d d in the histol

p P y

preparations. Accordingly comparisons were made between the same tissue
at different periods in the life of the organism, taking advantage of the fact that
the mast-cell contents of many tissues also vary with the age of the individual.
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the thin liver capsule from a two-months™old calf, in which the mast cells are
fewer and smaller (Fig. 7) and the histamine content per gram is less than in
the adult, gave a histamine value of 18 pug. histamine base per cell.

Mast cells and histamine in other species (See Riley and West, 1953)

Once satisfactory evidence had been obtained for the locahzation of tissue
histamine 1n the mast cells of cattle it seemed desirable to see how far this
concept could be apphed to the cellular location of histamine in the mast cells
of other species

Apart from the figures given by Jorpes (1946; and Table 1) there is little
information mn the hiterature about the heparin content of various tissues. A
comparison was therefore made between the histamine and mast-cell contents
of some of the tissues analysed by Holmgren and Wilander (1937) for ester
sulphates, these values being assumed by them to represent heparin if other
sulphate-contaiming mucopolysaccharides are absent, particularly the chon-
droitin sulphate of cartilage. The histamine values and mast-cell contents of
the lver of various species, estimated separately as capsule and parenchyma,
are given below (Table 1V). It shonld be noted that the values for *capsule®
of ox and cow liver in this table are the values originally obtained before the
method of obtaining clean samples had been devised. As mentioned above
(Table 111), an enormous concentration of mast cells and histamine can be
achieved once the difficulties in removing and cleanung the capsule have been
overcome In passing, 1t may be noted that Holmgren and Wilander also
obtaned their highest values for ester sulphates (presumptive heparin content)
in ox lver capsule, a tissue which they described as a ‘pure culture of mast

cells”,
Tante 1V
Histanune content (ug jg  nissue) and the refoine mast-cell
content of the Wiver of different species

Capsule Parenchyma
Species
Histamine | Mast cells | Histamune | Mast cells

Ox 40 - 5 +
Sheep 35 . 6 +
Dog 28 R 2 [
Cow 22 + 5 +
Pig 10 - 3 4
Cat t o 1 0

It wilt be noted from Table 1V that only dog ltver contains much histamine
in 1ts parenchyma: this 15 in line with the rich mast-cell and heparin content of
the organ. Exami of the i spectes discloses that, in general,
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CuapPTIR X

HISTAMINE IN TISSUL MAST CELLS: MAST CELLS, HISTAMINE
AND HEPARIN IN PATHOLOGICAL CONDITIONS

histamine in normal tissues, 1t seemed desirable next to examine certain

pathological tissues in which the mast cells are increased in number. Two
such conditions are known: urticatia pigmentosa in man, and mast-cell tumours
in domestic animals. Both conditions are rare.

IN view of the apparently close association between the mast cells and

Urticaria pigmentosa

Urticaria pigmentosa was first described clinically by Nettleship in 1869
{the Freach still retan the term ‘maladie de Nettleship') and later by Thin
(1877). Typacally 1t occurs in infants 1n whom, after periods of exacerbation
and remussion, the conditton usually clears up spontaneously. Two types of
urticaria pigmentosa ate described: the common one 15 a generalized rash of
copper-coloured spots which when traumatized undergo ‘urtication’, that 1s,
they resemble the stings of the common nettle, ‘urtica urens’. In the other
type, which 1s distinctly rare, the disease shows itsell as a solitary lesion, often _
of derable size  The pathol 1 basts of both types of lesion 1s a smaller
or greater aggregation of tissue mast cells under a thin epidermis, the basal
cells of which are pigmented (Unna, 1896).

Thanks to the kindness of my former co-worker, Dr. J. M. Drennan, four
weighed biopsy sp in trichl tc acid were obtained from children
with urticania pigmentosa’ two were from cases of the common, generalized
type and two from larger solitary lesions. The histological findings 1n these
cases have been described 1n detarl (Drennan, 1951; Drennan and Beare, 1954),
More recently a further specimen from a case of *bullous’ urticaria pigmentosa
{i e. with lesions progressing to blister formation on trauma) has been obtained
from Dr. Girdwood-Ferguson, Glasgow, and another example of the more
typical generalized type, ansing in an adult patient, from Dr. J. C. Ford,
Birmingham (Figs 24-26)

So far as the mast-cell content of these specimens 1s concerned, it suffices to
note that in the first of the two solitary lesions the mast cells extended so deeply
as to occupy the entire thickness of the biopsy specimen; in the second the mast
cells petered out about half way down the tissue block: in contrast, the mast
cells were disposed 1n only a thin layer under the epidermus in the biopsy
speamens from the cases with lized urticartia By way of
controls, histamine was estimated m a sample of skin immediately adjacent
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It has been known since the time of Ehrlich that, in course of development,
mast cells make their appearance late 1 embryonic life or early in infancy.
Comparison was therefore made between the histamine and mast-cell contents
of similar organs from foetal or very young mammals and from fully developed
adults (Table VI). In every case the low values for histamine in the young
organs contrasted with the higher values in adults. Apart from the presence ot
absence of mast cells, no other obvious histological difference was noted between
the pairs of tissues which were examined.

It is therefore concluded from this study of the normal tissues of many
species that there does exist a strong positive correlation between the density
of the mast-cell population in a tissue and its histamine content.

76
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to an active lesion of the generalized type and in a series of samples of normal
skin obtained from patients undergoing operations to breast or abdomen.
These normal values agree closely with the figures published by Nilzén (1947)-
The results of the present investigation are set out 1n Table VIL

TasLE VIE

Mast cells and histamine i normal human skin and in skin lesions of urticaria pigmentosa
of varying extent

Histamine —‘
Case No Type of lesion content | Mast-cell content of specimen
(28/e)
i Solitary 950 | Whole thickness occupied by
mast cells
2 Solitary 355 Approximately half Ihickness
occupied by mast cells
3 Generalized (active) 500 Thir layer of mast cells under
epidermus
Generalized 350 . e wm
(quiescent)
Generalized 564 . R "
{*bullous )
Generalized 390 " " " "
{adult type)
Skin  adjacent to 200 Many scattered mast cells
active lesion (same

pateent as No 3)

Specamens of normal 5-10 Few scattered mast cells in each
skin

The above results thus strongly support the view that the histamine value
m human skin varies directly with 1ts mast-cell content

Mast-cell tumours from domestic animals

Docs (See* Cass et al, 1954) A subcutaneous tumour-like collection of
mast cells, so-called mastocytoma, has for long been recogmzed as a rare
condition which occurs almost exclusively in dogs (Murray, 1908; Bloom, 1942)
though solitary examples have been reported m a horse (Sabrazés and Lafon,
1907), a cat (Sabrazés, Muratet and Antoine, 1908) and a cow (Grerg, 1950)
Olwver, Bloom and Mangier1 (1947) used such a tumour from a dog to prove
that a powerful anticoagulant (heparin) can be extracted from the mast cell.
We, in turn, have employed mastocytomas from dogs, cats and cattle to show
that not only does the mast cell contain heparin; 1t 1s also extraordinanly
nich m histamine.

However, vanious difficultres were found to lie in the way of implementing
this programme of g I in t-cell tumours from animals,
though once the necessary channels for obtaming matertal had been established
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Urticania pigmentosa  Skin biopsy section froma case of-
Nile blue followed by tolwdine biue  Masses of angular mast cells lie tn the corum (> 184)

Fio 25
Under higher magntfication the dermal papilla ts seen
1de,

ficania pigmentosa, another case,
g’!‘:c ﬁues gv‘v‘:xh well granulated mast cells  Here the photograph 1s mounted on its sids
ermus to the night  Eosin tolnidine blue (X 360)
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to an active lesion of the generalized type and in a series of samples of normal
skin obtained from patients undergoing operations to breast or abdomen.
These normal values agree closely with the figures published by Nilzén (1947)-
The results of the present investigation arc set out in Table VIL

Tastr VI

Mast celfs and histamine 1n normal humar shin and in skin leslons of urticarla pigmentosa
of varyung extent

Histamine
Case No Type of lesion content Mast-cell content of specimen
(ug/g)
1 Solitary 950 Whole thickness occupied by
mast cells
2 Solitary 555 Approximately  half thickness
occupied by mast cells
3 Generahzed (active} s00 Thun layer of mast cells under
epidermis
4 Generalized 3590 " » " »
{(quiescent)
5 Generalized S64 “ “ " "
( bullous )
6 Generalized 390 " " » "
(adult type)
7 Skin  adjacent  to 200 Many scattered mast cells
active lesion (same
patient as No 3)
817 Specimens of normal 510 Few scattered mast cells i each
skin

The above results thus strongly support the view that the histamine value
mn human skin varies directly with its mast-cell content,

Mast-cell tumours from domestic animals

Dogs (See: Cass ez al, 1954). A sut ti 1tk 1 of
mast cells, so-called mastocytoma, has for long been recogrized as a rare
condition which oceurs almost exclusively n dogs (Murray, 1908; Bloom, 1942)
though solitary examples have been reported in a horse (Sabrazés and Lafon,
1907), a cat (Sabrazés, Muratet and Antoine, 1908) and a cow (Greig, 1950).
Oliver, Bloom and Mangier1 (1947) used such a tumour from a dog to prove
that a powerful anticoagulant (heparin) can be extracted from the mast cell.
We, 1n turn, have employed mastocytomas from dogs, cats and cattle to show
that not only does the mast cell contain heparin; 1t 1s also extraordinanly
rich 1n histamine.

However, vanious difficulties were found to lie in the way of implementing
this programme of estimating histamine in mast-cell tumours from anmmals,
though once the necessary channels for obtaming material had been established
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Fic 26

Mast cells 1n all stages of development are present in ths section of solitary urticama
pigmentosz, cytoplasmic granules are clearly visible ~ Many cells also show a juxta-nuclear
clear zone, indicative of the cell's immatunty Tofmdme blue (% 800)
Courtesy Dr. ) M. Drennan

the results led us to suspect that mast-cell tumours are perhaps not quite so rare
as was formerly supposed (Nielsen, 1952; Head, 1953, 1958).

Contact was first made with a number of veterinary surgeons m Scotland
and England To those who agreed to co-operate, pairs of bottles were sent
contaimng respectively (a) a measured volume of 10 per cent trichloracetic acid
for a fresh, weighed sample of tissue for histamme assay, and (b) formol-
corrosive fixative for a small piece of tissue for histological confirmation of
the diagnosis. Despite our efforts, nearly two years elapsed before the first
mast-cell tumour was obtamned.

Three factors appear to have contributed to this mitial failure to obtan
suitable matenial in addition to the acknowledged rarity of the tumours. The
first is that many of the specimens which are examuned at veterinary centres
are submutted by outside practitioners: the tissue is often unfixed and there
may be considerable delay in transit. Secondly, by the time that a routine
pathological examination has been made and a diagnosis established, a further
7-10 days may have elapsed, by which time the gross specimen (even if retaned)
is now useless for histamune assay. Thirdly, a histological diagnosis of mast-cell
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Fig 27

Rapid diagnosis of a mast-cell lesion An tmprint 1s made on a shide and 1 stained

at once, as a blood film  This preparation was made by Mr K W Head following

the local excision of a mastocytoma i a dog Lewshman—Gremsa (x 1,500)
(Photograph by Mr R C James )
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tumour will be missed if only the standard haematoxylin-eosin routine 1s
used since the mast granules fail to stain by this method. This must have
happened often in the past. However, as Nielsen {1952) emphasizes, an
immediate diagnosis can be reached by making an imprint of a fresh slice of
tumour on a microscope slide and staining this, as a blood film, either with
the Gremsa stain or merely with a drop of 0-1 per cent toludine blue. This

Rounded d t mast cells set i a coarse
collagenous stroma  Toluidine blue (x416)

Paraffin section of dog

simple method of screening tumours in vetermary practice would no doubt
disclose many mast-cell tumours which would otherwise be overlooked (Fig. 27)

Resuits  The first dog mastocytoma was sent to us tn August 1952 by Mr.
E. Cotchin, M R C.V.S,, of the Royal Veterinary College and Hospital, London,
the specimen being part of a tumour from the nght axilla of a five-year-old
female Boxer dog The tumour had been excised by an outside practitioner,
and there was some delay before a weighed portion of tissue was placed in one
of our containers of trichloracetic acid pending further laboratory exammation,
Histologically the tumour was found to consist of a coarse collagenous frame-
work enclosing islands of cells which stained deeply and metachromatically
with toluidine blue and with the Giemsa method, though individual cytoplasmic
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granules could seldom be distinguished (Fig. 28). Its histamine content was
295 pg.fg.

The second dog mastocytoma arrived barely a month later from Mr. K. W,
Head, M.R.C.V $ , of the Royal (Dick) School of Veterinary Studies, Edinburgh.
This specimen was part of a recurrent tumour from the night hip region of a
nine-year-old male Irish Setter. A diagnosis of ‘mast-cell sarcoma’ was made
from frozen sections cut and stained within twelve hours of operation. There-
upon a weighed portion of the original specimen was placed in trichloracetic
acid. Histologically the tumour contained many cells with granules which
stained } ically with tolwidine blue and briliantly with Gomori's
aldehyde-fuchsin method. Its histamine content was 109 ug./g. Encouraged
by these findings we approached Messrs. Boots, Nottingham, for advice
regarding methods for the extraction and assay of hepaninin tissues. Following
discussions with Mr. S. W. Stroud of their research department, it was agreed
that the actual assays should be carried out at Nottingham. At the suggestion
of Mr. Stroud we therefore sent bottles of chloroform water to each of the
previous recipients with the request that they include a second weighed sample
of tissue for heparin assay. This was fortunate since the next tumour, obtained
locally in Dundee, proved to be a classic case both from the standpoint of
histamine and of heparin 1n mast cells.

*Judy’, a ten-year-old female Golden Cocker Spantel, was first seen by
the veterinary surgeon, Dr. J Spreull, in November 1953, on account of a
swelling on the right flank which had been present for a little over a month
The tumour was removed under anaesthesia and sent to Edinburgh for
diagnosis. On learning from Mr. K. W. Head that a mast-cell tumour had
been located in Dundee, I approached Dr. Spreull and requested hum to let me
know 1f there should be any sign of recurrence or metastasis.

Early n January 1954 the dog was brought back with a 3x2 cm. lobulated
swelling under the skin immediately anterior to the previous exciston scar.
Thus lesion was widely excised under intravenous pentobarbitone sodmm
anaesthesta and was found to consist of a soft vascular tumour lying in a grossly
oedematous subcutis, There was no excessive or prolonged bleeding durmg
the operation and the wound later healed rapidly and without the formation
of 2 haematoma: 1n other words there was nothing to suggest clmically the
presence of a powerful anticorgulant in the wound area, although a prolonged
clotting time has been recorded 1n another series of cases of this type (Bloom
et al, 19585). Fresh weighed samples of tissue were taken for histamime and
heparm assay, and several minute slices were removed aseptically from the
centre of the tumour and placed m Tyrode’s fluid for an attempt at culture of
mast cells 2 vitro by Dr. J D. B, MacDougall of the Department of Anatomy
This was successful, and the results have been published (MacDougall and
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Mast cells i tissue culture  Well-granuiated mast cells are creeping out from the primary

explant, a fragment of dog mastocytoma (botforn R)  Phase contrast photograph, Dr. J B.
MacDougall (x372)

é

Fio 30
olated mast cell from 2 primary explant of dog mastocytoma grown
};r six days n tissue culture  Phase contrast photograph, Dr. J B
MacDougall (X 640)
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Riley, 1954; MacDougall, 1954; Figs 29, 30). Hustologically the tumour
proved to be a recurrence of the cellular mastocytoma previously diagnosed
n Edinburgh. Tts histamine content was no less than 1,290 pg./g.—the highest
we have recorded in such a lesion. Heparin was extracted by Mr. Stroud,
using a modification of the original method of Charles and Scott (1933),
and assayed against a standard solution of heparin on whole blood Clean
ox liver capsule, which has the highest heparin content of all normal tissues,
yeelds up to 50 fu./g. The hepann content of the present tumour was
107 u/g.

Nor does the story end there. Two months later the dog was again brought
to the veterinary surgeon with further signs of local recurrence and with now
a request that the animal be destroyed. Accordimgly *Judy® was given a lethal

Taste VI
Histamune content (ug fg) of wssues compared with heparin
content (Luig) and relatne mast<cell content in a 10 yo
Golden Cocker Spamel with a masi-cell tumour and metastases
(Figures in brackets represent average control values from
4 normal dogs)

Tissug Histamine | Hepann | Mast Cells
Tumour . .| 1,290 110 -+ T+
(1st recurrence)
Tumour 650 357 + o+ +
(and recurrence)
Lymph node - 600 (4) 23 (9 |+ + + +
Spleen 0 5 8 D =t
Liver Q@5 | 50020 ++
Lung 3005 | 2903 ++
Skin . 10 ) 811 +
Kidney 1o | 5® 0

mtravenous dose of barbitone sodum followed by the mnt

injection of potassium cyamde. Post-mortem exammation was carried out
at once,

At autopsy enlarged lymph nodes were found in the axilla of the same side
as the tumour, the liver had a slightly granular appearance and the spleen was
enlarged. These and other organs were taken for microscopic examination
and for estimation of their histamune and heparin contents The results are
set out in Table VIIT; the figures in parenthesis are the average histamine and
heparn values for the corresponding organs from four healthy dogs. It will be
observed that although the histamine value of the recurrent tumour 1s somewhat
lower than before, its heparin value is now even higher and is the highest
recorded value for such lestons.

The data from this case indicate beyond doubt that the factor which
determines the histamineand heparin values inthe tissues of the dog 1s the extent
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Mast cells 1n tissue culture  Well-granulated mast cells are creeping out from the primary
explant, a fragment of dog mastocytoma (bottom R ) Phase contrast photograph, Dr. J. B.

MacDougall (x372)
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Fic 30
Isolated mast cell from a primary explant of dog mastocytorna grown

s Sissue culture. - Phase contrast photograph, Dr. J B.
for six days ¢ ‘MacDougall (X 640)
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to which they contain mast cells. Thus, the enlarged lymph node was virtually
replaced by mast cells; many mast cells were present in the enlarged spleen
and there was some increase in mast cells in the portal tracts of the liver. On
the other hand, very little increase 1n mast-cell content was found in the lung,
and none in kidney or in skin taken from the flank remote from the primary
growth,

Thanks to the continued co-operation of Mr. K. W. Head, ten further
specrmens from dogs with mast-cell tumours have been obtained for study
All support the conclusions previously reached, that the mast cell in the dog
1s as rich 1n hustamine as 1t 1s rich in heparin (Table IX, p. 86) It 1s of interest
to tecord 1 passing that portions of two other subcutaneous tumours from
dogs which were sent to us pending histological diagnosis were found to have
very low histamine values (only 2-1 and 1-1 pg,g tissue respectively) and to
contain no detectable heparin  the first proved to be a fibroma, the second a
squamous carcinoma. This further confirms the view that 1t 1s the mast cell
which contains both the heparin and the histamine

Of the ten dogs with mastocytoma recorded in Table IX no less than five
had ultimately to be destroyed either on account of local recurrence or distant
metastases. The findings are recorded in Table X (p. 86)

Examination of Tables VIII-X (pages 85-86) clearly indrcates that so far
as the dog 15 concerned, a raised mast-cell content 1n a tissue 15 invanably
accompanued by a parallel increase in both tissue histamine and tissue heparin.

Cats. Mast-cell tumours 1n cats are decidedly less common than mast-celt
tumours 1n dogs  In their oniginal descripion of a mast-cell tumour in a cat,
Sabrazés and co-workers (1908) recorded a case 1n which a pigmented tumour
was situated on the eyelid and was thought to be a melanoma However, at
autopsy the spleen was found to be enlarged and studded with masses of mast
cells which appeared to be ansing from large mononuclear cells surrounding
the lymphord follicles ' We have been fortunate in obtaming material from three
mast-cell lesions 1n cats, the first of which almost exactly duplicates the original
case described by the French workers

A nine-year-old female castrated cat had to be destroyed on account of a
tumour which had been present on 1ts lower eyelid for about three months,
Post-mortem examination was carnied out five hours after death. A weighed
portion of the tumour was sent to us in trichloracetic acid and another portion
placed in chloroform water for heparin assay. At autopsy it was also observed
that there was enlargement of some of the retmpharyngeal and Subma“llary

lymph nodes and of the spleen. Biopsy forh

weretaken from these various organs and fromthe liver, although, unfortunately,
no material other than the primary tumour was reserved for histamimne or heparin
assay Histologically the tumour was found to consist almost entirely of
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TabLe IX

Histamine and heparin values in ten further cases of mastocy foma wn dogs

Case Breed Age " Delay Hust-
No ge | Se Sute (hes) Duration amine Hepann
I} Terrier 10 M | Flank 12 6 weeks 765 612
11 | Terrier 7 M | Pertanal 0 6 months | 500 1472
TIL | Golden Labrador 10 F Leg 50 | (uoknown) 1 73*| 1300
1V | Scottie 7 F Leg 3 3 months 520 214
0 2 months | 277 210
(recurrence)
V| Black Labrador 12 M | Thigh 48 2 years 550 1740
VI | Bull Terner Old | M | Grom 36 1 month 212 | (NA
{recurrence)
VII | Staffs Bull Terner 12 M | Thigh 24 ? 179 21
VIII | Terrier Cross 6 F Neck 48 3 months | 661 434
24 2 months | 629 5%
(recurrence)
IX { Bull Masuff Old | M |{ Penneum | 120 1 month 219 368
(recurrence)
X | Staffs Bull Terrier 8 M | Perineum 1 6 months 203 286
(
recurrence)

* This small tumour was sent wrapped in a formalin swab, the histamine content falls rapidly
1m such conditions.
**N A (not available). the container was accidentally broken in the post

Tasre X

Histamune and heparin salues for various tissues obtamed post-mortem from 5 dogs with mast-cell
tumours (numbered as i Table 1X) compared with normal controls

v VI ay, o X Controls
Tissue (Iyo (Old Bull AY 4 (Old Bull | (4 normal
Sc T Stafts. Temer | “frasuft) | dogs)
ottie) ermien | puli Temer)|{  Cross)
Hist Hep | Hist Hep | Hist Hep | Hist Hep | Hist Hep | Hist Hep
‘Tumour- 5
pmary | 520 214 | — — |11 arfést 4| — — | — —
Tumour
recumrence| 277 210 | 212 — [ 210 — [629 s0 [ 219 38| — —
Lymph
ode 1 24 |18 — | — — |2 —| — ~ |4 9
Lung # 19 |1 — |18 — |10 e|— — |2 1B
Liver 2 a3|n — |8 — |4 40|20 3412 20
Spleen ss s |2 —Jla — s om|s 7|5 7
Skin g & lar — [ = Z [~ =lar 39 u
Runey |06 9 oz — | = — 1~ —]e3 41 6

(* Skn adjacent to tumour)
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to which they contain mast cells. Thus, the enlarged lymph node was virtually
replaced by mast cells; many mast cells were present in the enlarged spleen
and there was some increase in mast cells in the portal tracts of the lver. On
the other hand, very little increase in mast-cell content was found in the lung,
and none in kidney or in skin taken from the flank remote from the primary
growth,

Thanks to the continued co-operation of Mr K. W. Head, ten further
specimens from dogs with mast-cell tumours have been obtained for study.
All support the conclusions previously reached, that the mast cell in the dog
15 as nich in hustamune as it is rich 1 hepann (Table IX, p 86). It is of interest
to record 1n passing that portions of two other subcutaneous tumours from
dogs which were sent to us pending histological diagnosis were found to have
very low histamine values (only 2 1 and 1+1 pg./g. tssue respectively) and to
contamn no detectable heparm. the first proved to be a fibroma, the second a
squamous carcinoma. This further confirms the view that 1t 1s the mast cell
which contains both the heparin and the histaminie,

Of the ten dogs with mastocytoma recorded m Table IX no less than five
had ultimately to be destroyed either on account of local recurrence or distant
metastases. The findings are recorded 1n Table X (p 86)

Examination of Tables VIII-X (pages 85-86) clearly mndicates that so far
as the dog 1s concerned, a rawsed mast-cell content 1 a tissue 1s wvariably
accompanied by a parallel increase 1n both tissue histamme and tissue heparm

CaTs. Mast-cell tumours 1n cats are decidedly less than t-cell
tumours in dogs. In their onginal description of a mast-cell tumour in a cat,
Sabrazés and co-workers (1908) recorded a case n which a pigmented tumour
was situated on the eyelid and was thought to be a melanoma However, at
autopsy the spleen was found to be enlarged and studded with masses of mast
cells which appeared 1o be anising from large mononuclear cells surrounding
the lymphoud follicles  We have been fortunate n obtaining materal from three
mast-cell lestons 1n cats, the first of which almost exactly duplicates the original
case described by the French workers

A nine-year-old female castrated cat had to be destroyed on account of a
tumour which had been present on its lower eyelid for about three months
Post-mortem examination was carried out five hours after death A weighed
portion of the tumour was sent to us n trichloracetic acid and another portion
placed tn chloroform water for heparin assay At autopsy 1t was also observed
that there was enlargement of some of the retropharyngeal and submaxnllary
lymph nodes and of the spleen. Biopsy for histol
weretaken from these various organs and from the liver, although, unfortunately,
no material other than the primary tumour was reserved for histamme or heparin
assay Histologically the tumour was found to consist almost entirely of
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well-granulated mast cefls which stained brilliantly with the Leishman-Giemsa
and aldehyde-fuchsin methods. The granules also stained positively with the
periodic acid-Schiff method, indicating perhaps that here the heparin is not
fully sulphated (Jorpes, Werner and Aberg, 1948). Mast cells were numerous
1n the enlarged nodes and spleen and were present as islets of cells in the liver
parenchyma and as extensions along the portal tracts. The histamune content
of the primary tumour was very high indeed—1,250 pg /g. Curiously enough,
the heparin content (measured as anticoagulant) was low—only 8-0 i.u./g.

The second case was that of a five-year-old female cat with numerous small
skin nodules, some of which had undergone ulceration. The condition had
been present for two months and had fatled to respond to a course of strepto-
mycin  Accordingly, three nodules were removed, one for histologicat
examination and the others for pharmacological assay, though two days
elapsed before they were placed m the appropriate fluids. The skin nodule
proved to be a non-encapsulated aggregation of mast cells in the upper dermis:
1ts histamine content (after two days) being 32 pg./g. Again the heparin value
was low, only 6-5iu/g. Later the ammal was destroyed and the carcass sent
for post-mortem examimation, though there was again an inevitable delay of
two days 1n transit, the specimen having been sent from a veterinary practitioner
in Lancashure. At autopsy it was found that many of the lymph nodes drarmung
the skin were enlarged and that there was gross enlargement of the spleen. The
abdominal lymph nodes and bone marrow appeared normal. Microscopically
1t was found that here, as mn the first case, the nodes dramtng the mvolved skin
were nfiltrated with well-granulated, metachromatic mast cells and that m
the skin itself the nodules were very numerous indeed The spleen was very
heavily mnfiltrated and there was widespread periportal infiltration of mast cells
1n the liver. In contrast, the lung contained only a few additional mast cells.
kidney and bone marrow were normal. The histamime and heparm values of
various tissues 1n this case and the extent to which they diverge from normal
values are set out 11 Table XI.

TaBLE XI

Histamne and heparmn values in tissues obtained two days post-
mortem from a cat with multiple mast-cell nodules 1 the skin.
(Figures m brackets indicate relationship to normal values)

Histamine (g /g) | Hepann (tu/g)

Skn nodules 75 (x8 143 (<195
Lymph node . 16 (x4) 150 (x2)
Spleen 150 (x30) 146 (x2)
Liver 7 (x3) 260 (15)
Lung 59 (x2) 95 (x1)
Kidney 06(x1) €0 (x1)
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The third example of a mast-cell tumour in a cat occurred in a three-year-old
castrated male which developed numerous skin nodules over a period of about
two months. At post-mortem examnation it was also discovered that some
of the lymph nodes draining the skin were enlarged and that there was consider-
able enlargement of the spleen, as in the two previous cases. Materral for
histamine assay was placed n trichloracetic acid within two hours of death.
No tissue was obtained for hepann estimation. The lustamine values are shown
m Table XII. Histol \ ion of corresponding material confirmed
the very close parallelism between the mast-cell contents of the various tissues
on the one hand and the histamine values on the other, Here, as in the dog, it
will be noted that the spleen was the chief stte of secondary mvolvement mn all
three cases of mastocytoma 1n cats.

Taste X1I

Histamune values in tissues obtained two hours
post-mortem from a three=year-old male cat
with multiple mastocy tomas of the shin

Histamune (ug 7g)

Skin nodule 30
Spleen 1,230
Liver 56

|
Lymph node 285 I

CatTLE  Having assayed histamine and heparin 1n urticana pigmentosa m
man, and in mastocytomas from dogs and cats, we were exceedingly fortunate
n being able also to examine repeatedly material from a cow with multiple
mastocytomas of the skin (Head et af, 1953; 1958) Such tumours are very
rare 1ndeed (Head, 1953).

In the autumn of 1954 a six-months’-old shorthorn heifer developed multiple
small skin nodules which bled easily on shight trauma, though there was no
impairment of general d A biopsy sent from Leeds to
Edinburgh and examined by Mr. K. W. Head was diagnosed as a mast-cell
tumour and, accordingly, bottles of the appropriate fluds for histamine and
heparin assay were forwarded to the practitioner who kindly removed and
werghed further nodules for which the foll values were ob d |
180 pg /g, heparin 14 1u jg. Through the good offices of the Royal (Dick)
School of Veterinary Studies, the cow (now 1n calf) was purchased and brought
to Edinburgh where it gave birthto a nonnal bull calf in May 1955.

During the ammal mn llent conditton, develop
the usual long winter coat (except around the nodules) and shed
this coat normally 1 the spring. Meanwhile, no fresh nodules had appeared
and the ulceration 1 many of the existing nodules had subsided. Tt will be
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observed from Table XIII that the histamine values of biopsy specimens taken
at mtervals during pregnancy also declmed, only to nise again after the birth
of the calf. This immediately brings to mnd the striking rise in activity of the
enzyme, histaminase, 1 the blood of women during pregnancy. However,
no comparable fluctuation 1s believed to take place in the blood histaminase
of cattle (Kolb, 1956). Presumably, therefore, either the association here 1s
fortuttous or some other factor in pregnancy is responsible. It is hoped that
material may become available durmg another pregnancy and so clanfy the
situation  Histological examination at each stage showed goad correspondence
with the results of the pharmacological assays, the majority of the mast cells
becoming less well granulated as pregnancy progressed.

‘TasLe XIIE

Histammne and heparin values in muitiple masi-cell tumours in a cow  Note
the fall in the histamne content during pregnancy [C=cabed]

Date Oct | Nov | Dec. | Feb May | Dec
1954 | 1954 | 1958 | 1955 (1955[C]| 1955
Histamine 180 160 108 15 23 193
(g fg)
Hepartn 14 24 — — — —
ufg)

Other nvestigations on this case mcluded cytological blood examination,
tissue culture and the attempted autotransplantatton of tumour material
Briefly the results were as follows. No changes were detected erther m the
cellular composition of the blood or m 1ts clotting time throughout the period
of observation, mdeed, only three blood basophils were encountered among the
1,400 whute cells which were examined.

Dr J. D. B. MacDougall who had previously explanted material from a dog
tumour also succeeded in growing bovie mast cells 1 tissue culture from 2
fragment of a biopsy specimen taken in December 1954 and reported Tus
findings at the International Congress of Amatomy 1 Paris in July 1955
However, no growth followed the immediate re-implantation at other sites of
biopsy material removed in February 1955, at which time the histamine value
was at 1ts mummum. It 15 hoped to repeat this experiment in autotransplanta-
tion at a later date.

Mice. The first transplantable mast-cell tumour to be discovered (p. 26)
was the so-called ‘3187 mast-cell sarcoma’ which arose in a mouse undergoing
repeated skim painting with coal tar. Unfortunately this tumour ha:‘i died out
some years before T became interested m the histamine content of tissue mast

cells.
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Recently, however, two fresh mast-cefl tumours in mice have been described.
The first (Dunn and Potter, 1957) has already been shown to be rich 1n histamine
(Sjoerdsma et al, 1957); the second, of which we werefortunate enough to obtain
an example, has been similarly investigated by Furth and his group (Furth
et al, 1957). In our hands (Cass et al, 1958), lyophilized samples of tumour
yielded no less than 1700 ug /g. histamine and 944 1.u./g. heparin. The mouse
mastocytomas are unique 1n that they also contan substantial amounts of a
second amine, 5-hydroxytryptamine,

DiscussioN

The significance of the earlier finding of a striking positive correlation
between the mast-cell and histamine contents of normal uissues 1s greatly
strengthened by the examination of pathological matenial abnormally rich 1n
mast cells, Urticaria pigmentosa 1n man, mast-cefl tumours mn dogs, cats,
cattle and mice, all d ly that an ively hugh t-cell
content in a tissue is d with a correspondingly high value.
In the case of the tumours, histamine assay of an organ proved to be as accurate
a method as histological examination for the detection of distant metastases.

Curiously enough, 1t 1s now the hepanin which, 1n certan species, shows
the poorer correlation with the mast—cell content. Whereas 1n dogs, the heparin
values are 1 general proportionate to the mast-cell content, the cat tumours
yielded surprisingly low values for heparin, despite the brillrant metachromatism
of the granules m tissue sections. This herghtens the suspicion rased mn the
Tntroduction that the estimation of hepann as an anticoagulant, may not truly
reflect the function of hepann in the orgamism. It would be of interest to
confirm the low potency of cat heparin on plasma of the same species

The pattern of spread and metastasts 1n all the above condittons 1s of
interest The majority of the cases with localized tumours showed spread
to the regional lymph nodes* this supports the theory of a focal origin of the
tumour. However, in others there was involvement of distant organs, especially
the spleen. It will be recalled that the spleen 1s very rarely the site of metastasis
in cases of and though 1t 1s mvolved 1n the leuk-
aemuas and reticuloses. Since there was nothing to suggest that these amimals
were suffering from a basophilic leukaemia of myelowd origin the possibility

femains that their ‘tumours” were local tons of a more 1
“mast-cell reticulosis’ (Cazal, 1942). Within the past few years evidence has
accumulated that the underlymmg pathol of urticaria n man

may perhaps rest on a similar basis (cf Ellis, 1949; Nickel, 1957, Marshall
et al, 1957; Remy, 1957; Beare, 1958)
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Irrespective of the precise nature of the pathological process, the present
material settles beyond all reasonable doubt the view that tissue mast cells are
extraordinanly rich in histamine and that, in most tissues at least, the bulk of
the extractable histamne can be accounted for on this basis. It is thus of great
mterest that Graham and her assocrates (1952; 1955) find that much of the
histamune in blood, especially in man, 1s likewise located in the basophils, or
blood mast cells, though this is not necessarily true for all species (Code and
Miutchell, 1957). Tissue mast cells are rich in histamine in all higher organisms
so far examined.
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Cuarrer XI

THE EFFECTS OF A SPECIFIC HISTAMINE-LIBERATOR,
COMPOUND 48/80, ON THE MAST CELLS OF THE RAT

(See Riley and West, 1955a)

described in Chapter VIII, involved the use of rather toxic chemicals,

some of which (e.g stilbamidine, d-tubocurarine) have pharmacological
actions which are unconnected with the release of listamine It was therefore
difficult to be certain that the discuption of the mast cells reflected only thc
release of hustamine. The toxicity of these pounds also precluded prolong:
study of their effects.

However, there 1s now available a more specific and a less toxic hlstamme-
liberator, compound 48/80 (Paton, 1951; Paton and Schachter, 1951, Feldberg
and Miles, 1953; Feldberg and Ta\esmk 1953) ‘This substance, a condensauon
product of p-methoxyph and formaldehyde, was t!
used 1 a further study of the txssue changes m three groups of rats subjected to
intraperitoneal wjection of compound 48/80, (1} for one day only—‘acute
dosage’, (2) for five days—*subacute dosage’, and (3) for thirty-one days—
“chronic dosage’. 1In addiion there was a fourth group in which the drug was
njected intra-arterially to allow study of a localized area of effect For this
the ear was chosen, since the ear 1n the rat has a very high content of mast
cells. At selected times 1n each experiment appropriate tissues were taken for
histamine assay and mucroscopical study of the mast cells,

The present work shows that a tissue depleted of its histamine by this
tistamine-liberator 1s devoid of mast cells and that the recovery or return of
the mast cells 15 accompanied by a reappearance of assayable histamime. The
long-term experiments confirm that compound 48/80 1s toxic to the rat only by
virtue of 1ts ability to release histamine 1t is thus a specific histamine-liberator
for this spectes.

"]:‘HE onginal demonstration that mast cells store and release histamine,

Materials and methods

ANMALS, In all, 170 young male rats (wt. 90110 g.) of the Wistar strain
were used. To obtam representative mtttal values of the histamine content
of tissues, four control groups of six rats were killed by a blow on the head,
and pooled tissues from each group were assayed, The experimental animals
were killed 1n groups of seven, as follows. ‘Acute dosage® expt., at days
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Trrespective of the precise nature of the pathological process, the present
material settles beyond all reasonable doubt the view that tissue mast cells are
extraordmarily rich mn histamine and that, in most tissues at least, the bulk of
the extractable histamine can be accounted for on this basis. It is thus of great
mterest that Graham and her associates (1952; 1955) find that much of the

n blood, especially 1t man, is likewise located i the basophuls, or
blood mast cells, though this is not necessarily true for all species (Code and
Mitchell, 1957) Tissue mast cells are rich in histamine in all hugher organisms
so far exammed.
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CHAPTER X1

THE EFFECTS OF A SPECIFIC HISTAMINE-LIBERATOR,
COMPOUND 48/80, ON THE MAST CELLS OF THE RAT

(See Riley and West, 1955a)

HE onginal demonstration that mast cells store and release histamine,

described 1n Chapter VIII, mvolved the use of rather toxic chemicals,

some of which (e g. stilbamidine, d-tubocurarine) have pharmacological
actions which are unconnected with the release of histamine., It was therefore
difficult to be certain that the disruption of the mast cells reflected only the
release of histamine, The toxicity of these compounds also precluded prolonged
study of their effects.

However, there 1s now available 2 more specific and a less toxic }ustamme-
liberator, compound 48/80 (Paton, 1951; Paton and Schachter, 1951 ; Feldberg
and Miles, 1953; Feldberg and Talcsmk 1953). This substance, a condensa!xon
product of p-methoxypt and formaldehyde, was th
used in a further study of the tissue changes in three groups of rats subjected to
intraperitoneal inyection of compound 48:80, (1) for one day only—‘acute
dosage’, (2) for five days—'subacute dosage’, and (3) for thirty-one days—
“‘chronic dosage’. In addition there was a fourth group i which the drug was
injected intra-arterially to allow study of a localized area of effect. For this
the ear was chosen, since the ear 1n the rat has a very high content of mast
cefls. At selected times 1n each experiment appropriate tissues were taken for

assay and mucr pical study of the mast cells

The present work shows that a tissue depleted of its ustarmine by this
histamine-hberator is devoid of mast cells and that the recovery or return of
the mast cells 1 d by a reappearance of ble I The
long-term experiments confirm that compound 48/80 1s toxic to the rat only by
virtue of its ability to release histarmine 1t 1s thus a specific histamine-liberator
for this species.

Materials and methods

ANmats. In all, 170 young male rats (wt. 90-110 g ) of the Wistar strain
were used To obtain representative mtial values of the histamine content
of tissues, four cantrol groups of six rats were lilled by a blow on the head,
and pooled tissues from each group were assayed The experimental animals
were killed 1 groups of seven, as follows® ‘Acute dosage’ expt, at days
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Irrespective of the precise nature of the pathological process, the present
material settles beyond all reasonable doubt the view that tissue mast cells are
extraordmarily rich in histamine and that, in most tissues at least, the bulk of
the extractable histamine can be accounted for on this basis. It 1s thus of great
interest that Graham and her associates (1952; 1955) find that much of the
hustamine 1 blood, especially in man, is likewsse located in the basophuls, or
blood mast cells, though this is not necessarily true for all species (Code and
Mitchell, 1957). Tissue mast cells are rich in histamine in all higher organisms
so far examined
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CatarTirR XI

THE EFFECTS OF A SPECIFIC HISTAMINC-LIBERATOR,
COMPOUND 48/80, ON THE MAST CELLS OF THE RAT

(See Riley and West, 1955a)

HE original demonstration that mast cells store and release histamine,

described in Chapter VIII, involved the use of rather toxic chemicals,

some of which (¢.g. stilbamidine, d~tubocuranine) have pharmacological
actions which are unconnected with the release of histamine. It was therefore
difficult to be certain that the disruption of the mast cells reflected only the
release of histamine. The toxicity of these compounds also precluded prolonged
study of their effects.

However, there is now available a more speaific and a less toxic hxstammc-
liberator, compound 48;80 (Paton, 1951; Paton and Schachter, 1951; Feldberg
and Miles, 1953; Feldberg and Talesnik, 1953) This substance, a condensation
product of p-methoxyphenethylmethlyamine and formaldehyde, was therefore
used in a further study of the tissue changes 1n three groups of rats subjected to
mtraperitoneal injection of compound 48,80, (1) for one day only—‘acute
dosage’, (2) for five days—‘subacute dosage’, and (3) for thirty-one days—
“chronic dosage”. In addition there was a fourth group i which the drug was
injected intra-arterially to allow study of a localized area of effect. For this
the ear was chosen, since the ear 1n the rat has a very high content of mast
cells At selected times 1n each experiment appropriate tissues were taken for
histarmine assay and microscopical study of the mast cells

The present work shows that a tissue depleted of its histamune by thus
histamine-liberator 15 devoid of mast cells and that the recovery or return of
the mast cells is d by a ance of 1 The
long-term experiments confirm that compound 48/80 1s toxic to the rat only by
vittue of its abihity to release histamine 1t 1s thus a specific histarmine-liberator
for this species

Materials and methods

ANtvALS  In all, 170 young male rats (wt. 90-110 g.} of the Wistar stramn
were used. To obtain representative mitial values of the histamine content
of tissues, four control groups of six rats were killed by a blow on the head,
and pooled tissues from each group were assayed. The experimental animals
were killed m groups of seven, as follows: ‘Acute dosage’ expt., at days
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1, 4,8, 15 and 32. ‘Subacute dosage’ expt., at days 3, 5, 11, 15, 18 and 32.
“Chronic dosage” expt., at days 5, 15, 24 and 32.

On each occasion one animal from each group, chosen at random, was
used for histological purposes, pooled tissues from the remainder being assayed
for histamine. In the ‘chronic dosage' experiment, four further groups of
rats were injected intraperitoneally with a volume of saline equal to that
used as a solvent for compound 48/80 and killed at the times stated. Again
histamme values and the histological picture in each of these control groups
were determined.

HISTAMINE-LIBERATOR.  Compound 48/80, kindly supplied by Messrs.
Burroughs Welicome and Co , was made up fresh in normal saline and injected
intraperitoneally low down on the abdominal wall, the dosage, measured in
micrograms (ug.), being as follows:

‘Acute dosage’ expt. 100 (morning), 200 (afternoon).

‘Subacute dosage’ expt. Injection twice daily, starting at 100 per dose
and increasing the dose by 100 each day to reach a dose of 500 on the fifth
day.

“Chronic dosage’ expt. Dosage as for ‘subacute dosage’ experiment for
the first five days, thereafter single daily injections of 500 with increments
of 100 every other day to reach 1000 per day, and continuing at this level
of dosage once daily up to the thirty-first day of the experiment.

INTRA-ARTERIAL EXPERIMENT. Injections in this group were given into the
artery of the ear. From previous work i which the vascular system of the rat
was mjected with coloured substances (Riley, 19534) 1t was known that the
mam blood supply of the ear comes from the first branch of the external
carotid artery. Accordingly this vessel was exposed in ten rats under ether
anaesthesia by cutting the oblique muscle covering the carotid on the left side
at 1ts tendmnous insertion under the mandible and retracting it posteriorly,
at the same time turning the submaxillary salivary gland forwards to expose
the entire cervical vessels. A hypodermic needle bent to a convenient shape
was then inserted mnto the common carotid to lie in the origin of the external
carotid, After the external carotid had been occluded beyond the branch to
the ear by light pressure with a probe, a single dose of 200 ug. of compound
48/80 was mjected slowly. Of ten rats so treated, eight subsequently developed
erythema or cyanosis of the njected ear and were kilied twenty-four hours later.
The histamine content of pooled left ears from six rats was compared with the
histamine content of pooled right ears (control) and then correlated with the
histological findings in the ears of the remaining two animals.

HISTAMINE ASSAY For the estimation of histamine content mesentery,
omentum and subcutaneous tissue were chosen because they all contain numer-
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ous mast cells, Sufficient subcutancous tissue for this purpose can be obtained
by scraping it off from under the surface of the excised skin. The mast cells
of the rat ear are in the dermis, but for assay, since so hitle deemis is available,
whole ears were employed.

These various tissugs were evtracted as previously deseribed and were
tested for histamine activity on the wolated guinea pig rleum preparation or
on the blood presstire of the atropinized cat,

MicROSCOMIC EXAVINATION.  Freshtissue spreadsof sut
tissue, mesentery and omentum were prepared and fixed as previously described
and stained with ©°1 per cent aqueous tolmdme blue. In studying the ear it
was found that once & narrow rim has been cut from s meargin, the transparent

hehum and hed tissue can be peeled off the outer surface
of the cartilage and giued to a slide, hairy side down, with a drop of B.PS.
mountant, which holds 1t there firmly during fisation 1n aleohol.  On defatung
with xylol, the preparation becomes detached and can be conveniently stained
and differentiated n watch ghisses untit o 1s finally mounted under a weighted
cover ship to keep 1t flat while the BP S hardens

RESULTS

‘ Acute dosage” experiment

Withun o few minutes of the mntrapantoneal mjectton of an appropriate
dose of compound 48 €0, the rat displays the charactenstic signs of histamtng
refease—shock, erythema followed by cyanosts of the zars, and, m extreme
cases, visible oedema of the muzzle and extrermities.  The treated anumals he
sn 1sofation, not huddled tageiher as they normally do.  There is an obvious
lowenng of body temperature dunng the peniod of acute shock, but, gven
abundant drinking water, the ammals soon recover

Mast czris  In as short a ime as three houss after the first intrapenitoneal
injection of compound 48 80, a striking change occurs in the pentoneum,
Whereas m the controls myected with saline, the mast-cell pieture is normat,
the first impression of the stamed spread of mesentery and omentum from the
experimental tats is that the mast cells have completely disappeared  Even
under high power 1t 33 difficult to find an ntact mast cell m the mesentery
at most there reman a few wregular masses of darkly starmng material near
the smaller bloed vessels whose endothehal nuclel now stain with the basie
dye (Fig 31) The mast cells scattered over the perstoneal windows have

d. In the this disapp of mast cells 15 somawhat

slower, but by one hour after the second injection the cells have under~
gone atmost complete disruption. The milk spots are now crowded with
round or amoeboid cells, each of which contams a few peripheral masses of
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darkly-stained material similar to the remnants around the mesenteric vessels;
these cells are more suggestive of macrophages containing debris released from
other cells than of mast cells 1n course of disruption.

One feature common to all regrons n which mast cells are disappearing is
the progressive swelling and increased basophilia of the connective-tissue cells
in the adventitia of the small blood vessels, a process which seems to extend
outwards from the vessels and ultimately to involve all the loose mesenchyme.

As might be expected, the disruptive effects on the mast cells i regions
remote from the injection site are less than m the peritoneal cavity itself In
the subcutaneous connective tissue the changes are often patchy in distribution,
ranging from swelling and *degranulation” of intact mast cells to the complete
disruption of the cells and the scattering around them of pale orthochromatic
granules. The nucler of the swollen cells are themselves swollen and rather
more basophil than normal. This general description of conditions in the
subcutaneous connective tissue applies also to the ears except that more of
the mast cells survive the early stages of the disruptive process. )

By day four, the mam histological feature 1n the ‘a.cute d(_)sagc’ experiment is
the apparently complete restoration of the mast-cell picture in the subcutaneous
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connective tissue and ears  In contrast, the extent of recovery 1n the peritoneal
cavity is limited, Well-stained mast cells are to be found 1n the adventitia of

the main vessels framing the ic windows, but in the windows th 1
the cells are scanty and contain only a few pale and usually orthochromatic
granules. Here the histological picture is domi by the general activation
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and d b hilia of the loose hyme, the entire network of small

blood vessels now standing out clearly 1n virtue of increased statning of the
cells forming their adventitial sheaths. Numerous well-stained pleomorphic
connective-tissue cells are also seen, scattered over the peritoneal windows and
gving a general appearance curiously like that of a tissue culture At this
stage (day four) recovery 18 hat more ad in the where
the milk spots contain many normal and some small and pale mast cells. Many
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darkly-stained material similar to the remnants around the mesenteric vessels;
these cells are more suggestive of macrophages contaming debris released from
other cells than of mast cells 1 course of distuption.

One feature common to all regions in which mast cells are disappearing 1s
the progressive swelling and increased basophilia of the connective-tissue cells
in the adventitta of the small blood vessels, a process which seems to extend
outwards from the vessels and ultimately to mvolve all the loose mesenchyme.

As might be expected, the distuptive effects on the mast cells m regions
remote from the mjection site are less than in the peritoneal cavity atself In
the subcutaneous connective tissue the changes are often patchy 1n distribution,
rangmg from swelling and ‘degranulation’ of intact mast cells to the complete
disruption of the cells and the scattering around them of pale orthochromatic
geanules. The nuclei of the swollen cells are themselves swollen and rather
more basophil than normal. This general description of conditions m the
subcutaneous connective tissue applies also to the ears except that more of
the mast cells survive the early stages of the disruptive process. . .

By day four, the main histological feature in the ‘af:ute dosage’ experiment is
the apparently complete restoration of the mast-cell picture m the subcutaneous
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Recovety 15 sfowest in the mesentery, which, by day cight, contains only 45 per
cent of its inuial histamine, By day fifteen alt the abose-mentioned regions
have achieved an 80 per cent r:covcry or better, and by day thirty-two, the

of tissue h 18

‘Subacute dosage” experiment

In this group, mjected wntraperitoneally twice dady for five days with a
steadily increasing level of dosage, the animals rapudly acquired tolerance and
by the fifth day showed littte evid, of b ine release followh

TRo n
* Subacute dosage ” experunent  Subcutanedus connective tissue on third day of mtra-
pentoneat wnpection of the histamene-hberator  One exceptionally large mast oelt near
the top remains unaffected  The rernaviing mast ceﬂs m 2 :hgm(y dufferent tssue plase,

alt show varymg stages of swelling and. dtﬁ s 33 & severssble
Tolwidme blue (X 350)  (Ridey nnd Weu (!955). J Lotk Bact §9, 269}

Mast cELis.  Histologieal examination began on day three, by which time
the mast celfs n regions remote from the mjection site afready show changes
{ar exceeding anything observed in the *acute dosage’ expeniment. There 1s
an absolute decrease in the number of mast ¢ells 1n the subcutaneons connective
tissue and an the skin of the ears, Such cells as remain are recognizable only
by the presence of a few clumped granules or of smalt paie granvles situated at
the penphery of greatly swollen celts (‘ghost’ cells)  These ‘ghost” cells are
well seen in the interspaces of the sube: o tissue (Fig, 34, the
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incompletely filled mast cells are seen in the delicate connective-tissue framework
of the omentum.

Four days later (day eight) the omentum is virtually back to normal and
there is further recovery in the mesentery, though in some areas the mesenteric
windows are still devoid of mast cells or contain only occasional cells poor in
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granules The pleomorphic fibroblasts scattered over the windows are still
present.

By day fifteen recovery in all areas 1s complete and the histologrcal picture
is normal

Histamine. The changes in the histamine content of the four regions
studied histologically are perhaps best seen 1n Figures 32 and 33, which show
both the absolute and the percentage changes 1n tissue histamme over the pertod
of the experiment. Briefly, the inttial high values for the ears and subcutaneous
connective tissue fall in twenty-four hours to approximately 30 and 20 per cent of
normal, whereas in the case of mesentery and omentum, with lower st?rtlng
values, the histamine at the end of twenty-four hours has ali but vanished.
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Recovery is remarkably rapid once the injections have ceased, despite the
extent to which the mast cells appear to have been damaged by the repeated
injections  In as short a time as four days (day nine of the experiment), there
is substantial restoration of the mast-cell pattern in the skin of the ear and even

more so 1n the subcutaneous connective tissue. It 1s noteworthy that these are
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almost all large cells, though poor m granules
appear ily mn the per

Such large *ghost” mast cells
pecially near vessels of ntermediate
size. Inaddition, however, both in the mesentery and 1n the omentum numerous
very small mast cells, each contaming a few minute granules, are now appearning
m the adventitia among simifar oat-shaped but non-granular cells which lie
with their Jong axes parallel to the vessel wall
By day eleven these small new cells are common throughout the pentoneum
and are seen particularly clearly 1n the delicate connective-tissue framework of
the omentum, where they are not obscured by other structures (Fio. 35)
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THE MAST CELLS

small vessels at the periphery of the area standing out distinctly owing to
swelling, proliferation and increased staining of their adventitial cuffs, Ad-
Jacent fibroblasts also are often well stained and of bizarre shape.

A curious fact was noted in these animals. Both in the subcutaneous
connective tissue and 1n the ears, the mast cells appear to escape entirely the
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effects of the histamine-liberator if they lie 1n the perineurium of the peripheral
nerves. Indeed, these nerves can be readily traced, under the low-power
objective, because of this persistence 1n the nerve sheath of its normal comple-
ment of small, spindle-shaped mast cells.

By day five no mast cells are visible mn the mesentery, such granular cells
as are seen being macrophages contaning basophilic debris. The vascular
network 1s again very obvious, thanks to the adventitial proliferation. In the
omentum, similar adventitial changes are present. The small cells. farming
the centres of the milk spots are deeply stained: in and arou.nd' the milk spots,
macrophages are numerous but there are no mast cells. Slmllarl'y, t}fcre are
1o identifiable mast cells in the ear or in the subcutaneous connective tissue.
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h

whereas the ive tissue is almost back to normal.
By day thirty-two recovery is complete in all four regions studied histologically.

“Chronic dosage’ experiment

It is necessary here to describe only the histological appearances from day
five onwards, since this experiment was m fact an extension of the subacute

(five-day) expeniment, daily doses of hi: ht being ad ed
thereafter for a further twenty-six days It 1s of pharmacological interest that
during this pertod there was no mortality despite the repeated mjectton of
even 1 mg, thus confirming the low intrinsic toxicity claimed for compound
48/80

MAST ceLis. Throughout the period of injection there 1s httle evidence of
recovery of mast cells in either mesentery or omentum In the mesentery no
perivascular mast cells are to be seen, and the only scattered ones are mn relation
to patches of orgamzing exudate; their granules are small and pale In con-
trast, macrophages laden with debris are very common, bemng especially
numerous 1 the omentum  Characteristic of the omentum, too, 1 this group
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the mesentery 2 wave of such cells can sometimes be observed spreading over
a penitoneal window from the fatty fringe which surrounds it; and within the
fatty fringe itself small attenuated mast cells lie closely applied to the septa

of fat cells and apparently arising from them The fat cells in mesentery and
omentum thus come to have a signet-ring

pp (Fig. 35). Graduall
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J Path Bact 69,269)

all these small cells increase in size and fill with granules until, by day eighteen,
the two types of mast cell (refilled ‘ghost” cells and hypertrophied small cells)
can no longer be distinguished Even the accentuated vascular pattern of
the peritoneum has now returned to normal, leaving here and there clumps of
organizing fibroblasts embedded 1n a metachromatic ground substance and
surrounded by small dark mast cells.

HistaMINE. The chuef difference in the histamine pattern between the ‘acute
dosage’ and ‘subacute dosage’ experiments 1s that in the latter the precipitous
fall at the beginning of the expeniment (affecting alike all tissues studtcd! 15
followed by a slower rate of recovery, espectally m the skin of the ear .(Flgs‘
36and 37). Thus at day eighteen the ears show only 50 per cent restoration of
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1

whereas the tissue 18 2imost back to normal,
By day thirty-two recovery is complate in afl four regions studied histologmeatty.

“Chronic dosage’ experiment

1t is necessary here to descnbe only the histol 1 from day
five onwards, since this experiment was in fact an extension of the subagute
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(fneday) experiment, daily doses of h Tib being administered
thereafter for a further twenty-si< days 1115 of pharmacologwal interest that
dunng this pertod there was po morialny despite the repeated njection of
even 1 mg, thus confirmmng the low intnnsic toueity clasmed for compound
48,80,

Masr ceres. Throughout the period of injection there is hitle evidence of
recovery of mast cefls m either Yy or In the Y na
pervascular mast cells are 10 be seen, and thc only seattered ontes are in relation
to patches of organizing exudate; thew granules are smalf and pale. In com
trast, macrophages laden with debris are very comsmon, bewng especially
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THE MAST CELLS

of rats is a hyperplasia of the adventitial tissue and mulk spots, without, however,
any reappearance of typical mast cells. Occasional granular cells are seen but
they are very rare. In the contro! group of rats, the mast-cell picture is normal,
apart from an occasional pale or ‘punctate’ mast cell in the mesenteric windows
and a few additional polymorph leucocytes in the omentum. If anything,
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partial recovery n the histamine content of the subcutaneous connective tissue,
despute the continued dosage of 48/80  (Riley and West (1955), J Path Bact

9, 269.

there 1s an increase rather than a decrease n the number of omental mast cells
in the saline-treated controls.

As the experiment proceeds an interesting difference emerges between the
appearance of the mast cells 1 the two remote tissues, ears and subcutancous
tissue. Mast cells progressively disappear from the ears (with the exception of
the nerve sheaths) and remain absent thereafter. In the subcutaneous connec-
tive tissue, on the other hand, the imital disappearance of the cells is followe.d by
the gradual development of numerous minute mast cells in the adventitia of
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smalf blood vessels with muscle coats uatil, by day thirty-two, many of these

sessels are surounded by severs! layers of small, darkly-staimng mast cells
(Fig 3%

Hiraowae, As Figures 39 and 40 ind: 4 njection of compound
43,80 fargely suppresses the restoration of the nssuc histamsne, with the notable
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tissue, 1t which a recovery of 50-60
per cent of normat 1s achieved by the thirty-second day  The omentum, too,

shows a somewhat lesser recovery of up to 40-30 per cent of normal, and here
we ohserved that when an extract of this omentum was tested on the cat’s
Blood pressure the watial fall due to histamune 1self i the extract was foliowed
after a few seconds by a further fall, indicative of the presence of a hestamine-
hiberator. This may well be some of the compound 48 80 which had been used
in the expeniment,

Yntra-arterial injection

In this group only those animals were examined in which, judging by the

subsequent erythema of the ear on that sude, the mtra-arten;x injection had
been successful,
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of rats is a hyperplasia of the adventitial tissue and milk spots, without, however,
any reappearance of typical mast cells. Occasional granular cells are seen but
they are very rare. In the control group of rats, the mast-cell picture is normal,

apart from an occasional pale or ‘punctate’ mast cell 1n the mesenteric windows
and a few additional polymorph leucocytes in the omentum.

If anything,
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there 1s an increase rather than a decrease 1n the number of omental mast cells
in the saline-treated controls.

As the expenment proceeds an interesting difference emerges between the
appearance of the mast cells in the two remote tissues, ears and subcutanzous
tissue. Mast cells progressively disappear from the ears (with the exception of
the nerve sheaths) and remain absent thereafter. In the subculzu}eous connec-
tive tissue, on the other hand, the inital disappearance of the cells is fo“o\\:'e.d by
the gradual development of numerous mmute mast cells in the adventitia of
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small blood vessels with muscle coats until, by day thirty-two, many of these
vessels are surrounded by several layers of small, darkly-staining mast cells
(Fig 38).

HisTaMiNe. As Figures 39 and 40 indicate, continued injection of compound
48/80 largely suppresses the restoration of the tissue histamine, with the notable
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exception of the subcutaneous connective tissue, 1n which a recovery of 50-60
per cent of normal 15 achicved by the thirty d day The , 100,
shows a somewhat lesser recovery of up to 40-50 per cent of normal, and here
we observed that when an extract of this omentum was tested on the cat’s
blood pressure the mtial fall due to histamine 1tself 1n the extract was followed
after a few seconds by a further fall, sndicative of the presence of a histamine-
Iiberator, This may well be some of the compound 48/80 which had been used
in the experiment

Intra-arterial injection

In this group only those ammals were examined 1n which, judging by the
subsequent erythema of the car on that side, the intra-arterial injection had
been successful
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Mast cetts. In brief, the mast-cell picture of the injected ears twenty-four
hours after operation closely resembles that seen on day three of the *subacute
dosage’ experiment, there being widespread disruption of the mast cells. In
contrast, the ears on the opposite side which had not been directly injected
appear normal. However, it should be mentioned that in one animal there
were also signs of damage to mast cells in the mesenteric windows.

HistaMiNe.  There was a significant difference 1n the histamine content of
the ears on the two sides twenty-four hours after njection, the injected cars
containing only an average of 6 pg./g. histamine as against 27 pg /g for the
opposite cars of the same animals. The latter figure 1s somewhat low, an average
value for the ears of an untreated rat being 44 pg /g. Presumably some of the
injected 48/80 had reached the general circulation.

DiscussioN

The main fact emerging from these experiments on rats treated in various
ways with the powerful histamine-liberator, compound 48/80, is the parallelism
which exists between the histamine value of a particular tissue and its mast-cell
content Thus, 1n the present work, the transitory fall of histamine in the
‘acute dosage” experiment, the more prolonged fall m the ‘subacute dosage’
experiment, and the sustamned reduction in tissue histamine in the ‘chronic
dosage’ experiment, are all reflected in the changes in the t-cell populati
of the four tissues studred

Specificity and low toxicity of compound 48/80

Intense shock follows the imtial injection of compound 48/80 into the
peritoneal cavity of the rat. Soon, however, the animal acquires tolerance to
further daily doses which would once have been fatal  This gradual acqusition
of tolerance corresponds to the progressive loss of tissue histamne; and having
acquired tolerance the rats display no further signs of toxicity for at least thirty
days, the period of the ‘chronic dosage’ experiment,

Thus we see that compound 48/80 produces shock 1n the rat only when there
1s histamtne to be liberated and that once the tissues are free of histamne,
compound 48/80 is no longer toxic Its action in the rat, then, 15 that of a
specific histamine-liberator.

Site of action of compound 4880

It is probable that histamine can be released in various ways, and 1t 15
thought by some that the most common mechamsm 1s through the activation
of a proteolytic enzyme in the blood (Rocha e Silva, 1953). However, the
ability of compound 48/80 to release histamine in the rat would appear to

106



COMPOUND 48/80 ON RAT

depend on a direct interaction between the histamine-liberator and some
component of the tissues themselves. This is evident, since the tissue which
first loses histamine and loses it in greater amount is the tissue with which
the liberator first comes into contact (Feldberg and Talesnik, 1953). After intra-
peritoneal injection of compound 48/80 the y and omentum promptly
release their histamine, followed in due course by the subcutaneous tissue and
ears. But when the experimental conditions are altered and the liberator is
injected direct into an artery leading to another area, the ear, the loss of
histamine is almost entitely confined to that tissue Thus we may infer that
the clue to the action of pound 48/80 as a Iit of hi ine will be
found in the tissues and not i the blood.

The mast cell as the target for compound 48/80

So far as present evidence goes, the mast cell s the first component of a hving
tissue to react to a local concentration of compound 48/80. Topical applica-
tion on to a serous surface by means of mtrapenitoneal injection is followed
by rapid dissolution of the subserous mast cells. Moreover, the mast cells
and the histamine disappear together. Later, as the cells regenerate, the
histamine content of the tissue again increases. This is well shown in the
“chronic dosage” expermment, 1n which there is partial restoration of mast cells
in the subcutis but not in the ear, the histamine values running parallel with the
mast-cell status of each. The distuptive effect of compound 48/80 on the mast
cells has even been observed in tissue spreads in vitro (Mota et al, 1953),
a finding which I have confirmed. Norton (1954) was able to utilize the
phenomenon for assaymg batches of compound 48/80 she also confirmed
the protective action of the antthistamines, as described by me for the
diamidines (Norton and de Beer, 1955)  All the evidence therefore points
to the mast cell as the component of a tissue on which compound 48 80 acts
to release istamine

Dosage effect of compound 48,80 on the mast cells

Intraperitoneal myection of compound 48/80 produces an almost explosive
destruction of the abdominal mast cells, and m the ear subjected to intra-
artenial mjection there 1s agam evidence of direct damage. On the other hand,
examunation of tissues at some distance from the site of injection (the sub-
cutaneous tissues and the ear tissues of rats injected ntraperitoneally) reveals
a slower and lesser effect on the mast cells In these distant sites the cells
become swollen and their granules lose their affinity for basic dyes (‘ghost’
cells) until at length they are no longer recognizable as mast cells.

The phenomena of the recovery phase also differ. Thus the peritoneal mast
cells are slowly restored through the development of new cells from small
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MasT cELLS. In brief, the mast-cell picture of the injected ears twenty-four
hours after operation closely resembles that seen on day three of the ‘subacute
dosage” experiment, there being widespread disruption of the mast cells. In
contrast, the ears on the opposite side which had not been directly injected
appear normal. However, 1t should be mentioned that in one animal there
were also signs of damage to mast cells 1n the mesenteric windows,

HistaMINE.  There was a sigmficant difference 1n the histamine content of
the ears on the two sides twenty-four hours after injection, the injected ears
containing only an average of 6 pg /g histamme as against 27 pg./g. for the
opposite ears of the same ammals,  The latter figure is somewhat low, an average
value for the ears of an untreated rat being 44 ug /g. Presumably some of the
injected 48/80 had reached the general circulation

Discusston

The main fact emerging from these experiments on rats treated in various
ways with the powerful histamine-liberator, compound 48/80, 1s the parallelism
which exists between the histamine value of a particular tissue and its mast-cell
content. Thus, 1 the present work, the transitory fall of histamine in the
‘acute dosage® experiment, the more prolonged fall 1n the ‘subacute dosage’
expeniment, and the sustained reduction in tissue histamine in the ‘chronic
dosage’ experiment, are all reflected 1n the changes in the mast-cell population
of the four tissues studied.

Specificity and low toxicity of compound 48,80

Intense shock follows the initial mjection of compound 48/30 into the
peritoneal cavity of the rat. Soon, however, the animal acquires tolerance to
further daily doses which would once have been fatal  This gradual acquisition
of tolerance corresponds to the progressive loss of tissue histamine; and having
acquired tolerance the rats display no further signs of toxicity for at least thirty
days, the period of the ‘chronic dosage’ expertment.

Thus we see that compound 48/80 produces shack 1t the rat only when there
1s histamune to be liberated and that once the tissues are free of histamine,
compound 48/80 is no longer toxic. Its action in the rat, then, is that of a
specific lustamine-hiberator.

Site of action of compound 48/80

It is probable that histamine can be released in various ways, and 1t is
thought by some that the most common mechamsm is through the activation
of a proteolytic enzyme in the blood (Rocha e Silva, 1953). However, the
ability of compound 48/80 to release histamine in the rat would appear to
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COMPARISON OF THE EFFECTS OF THE SAME HISTAMINE-
LIBERATOR (COMPOUND 48380) ON TWO CLOSELY ALLIED
SPECIES, MOUSE AND RAT

(See Riley and West, 1955b)

HE work described in the previous section indicates clearly that com-

pound 48,80 is a specific and highly effective histamine-liberator for the

rat, releasing histamine from its depots in the tissue mast cells  However,
other workers have shown that compound 48/80 1s less effective as a histamine-
Iiberator in certain other species, notably the guinea pig (Feinberg and
Sternberger, 1955). It was thus of interest to compare its effects on
two closely allied species, the mouse and rat. As before, the action of the
liberator was studied both in short-term and 1n long-term experiments.

Methods

The present study mvolved the use of ninety-four young male rats (weight
90-110 g ) of the Wistar strain, and 126 male albino mice (weight 19-21 g.),
To obtan representative imtial values for the histamine content of ussues, four
groups of six rats and four groups of nine mice were killed by a blow on the
head, and pooled tissues from each group were assayed. The experimental
ammals were killed 1n groups of seven rats and of ten mice, as follows:

Short-term experiment, at days 3, 5, 11, 15, 18, 32 (rats); and 3, 8, 15, 21,
32 (mice).
Long-term experiment, at days 5, 15, 24, 32 (rats), and 3, 8, 15, 21, 32 (mice)

On each occasion one animal chosen at random from each group was used for
histological purposes, pooled ussues from the remainder being assayed for
histamine.

The histamine-liberator, compound 48/80, kindly supplied by Messrs.
Burroughs Wellcome and Co., was made up in fresh normal saline for mjection
mtraperitoneally low down on the abdominal wall, the dosage being as follows:

SHORT-TERM EXPERIMENT: Rats—injections twice daily (9 a.m and 5 p.m.),
starting at 100 pg. per dose and increasing the doses by 100 pg each day to
reach doses of 500 pg. on the fifth day.

Mice—njections twice daily, starting at 50 pg. per dose and mncreasing
the doses by 50 ug each day till the fourth day when doses of 150 g and 200 g
were used. On the fifth day both doses were of 200 pg
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precursors in the adventitia of blood vessels, the septa of fat cells and the milk
spots and connective tissue framework of the omentum. On the other hand,
the mast cells in distant tissues reappear at once as large ‘ghost’ cells which
rapidly regain their basophilic granules. Since a few intermediate forms can
be found m all areas, we believe that these different sequences represent
the response to different doses of compound 48/80. Rather similar con-
clusions were drawn by Fawcett (1954), who studied the peritoneal mast
cells of rats after injecting graded doses of compound 48/80. It seems clear,
therefore, that although high dosage of a histamine-hberator kills mast cells
from which the histamine has been released, a more moderate dose effects a
reversible change, leaving the cells capable of recovery, as evidenced by
re-formation of stainable granules It is probable that this reversible process
represents the normal mechanism of histamine release.

Secondary effects of histamine release

Among the incidental observations made in this work, the activation of
the loose mesenchyme which follows damage to the mast cells may prove to be
of phystological importance. It will be recalled that, as the mast cells disappear,
there 1s progressive swelling, basophilia and evidence of mobility of various
connective tissue cells, first of the adventitia itself and later of cells at increasing
distances from the blood vessels. Indeed, 1n such a tissue as the mesentery,
the histological picture soon comes to be dominated by the deeply stamned and
swollen cells 1n the adventitia of the small blood vessels and by the appearance
of similar well-stained pleomorphic cells scattered over the peritoneal windows
Some of these cells eventually become mast cells, some are evidently macro-
phages, but the majority appear ultimately to return to a state of quescence
as the mast cells refill with granules. One wonders, therefore, whether this
temporary activation of the loose mesenchyme might not result from the flooding
of the tissues with a protein-rich oedema fluid consequent upon the release of
histamune (Drinker and Yoffey, 1941; Feldberg, 1954) If so, it might indicate
a physiol 1 role for k 1 the infl y reaction,
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COMPARISON OF THE EFFECTS OF THE SAME HISTAMINE-
LIBERATOR (COMPOUND 48/80) ON TwO CLOSELY ALLIED
SPECIES, MOUSE AND RAT

(See Riley and West, 1955b)

THE work described in the previous section indicates clearly that com-
pound 48/80 is a specific and highly effective histamine-hberator for the
rat, releasing histamme from its depots in the tissue mast cells However,
other workers have shown that compound 48/80 is less effective as a histamine-
hiberator n certain other species, notably the guinea pig (Feinberg and
Sternberger, 1955). It was thus of interest to compare its effects on
two closely allied species, the mouse and rat. As before, the action of the
liberator was studied both in short-term and in long-term experiments.

Methods

The present study mvolved the use of minety-four young male rats (weight
90-110 g.} of the Wistar stramn, and 126 male albino mrce (wetght 19-21 g ).
To obtam representative 1mitial values for the histamime content of tissues, four
groups of six rats and four groups of nine mice were killed by a blow on the
head, and pooled tissues from each group were assayed The experimental
animals were killed 1n groups of seven rats and of ten mice, as follows

Short-term experiment, at days 3, 5, 11, 15, 18, 32 (rats); and 3, 8, 15, 21,
32 (mce)
Long-term experiment, at days 5, 15, 24, 32 (rats); and 3, 8, 15, 21, 32 (mice)

On each occasion one animal chosen at random from each group was used for
Iistological purposes, pooled tissues from the remamder being assayed for
histamine

The stamine-liberator, compound 48/80, kindly supplied by Messrs,
Burroughs Wellcome and Co , was made up m fresh normal saline for mjection
mtraperitoneally low down on the abdominal wall, the dosage being as follows:

SHORT-TERM EXPERIMENT  Rats—injections twice daily (9 a.m. and § p.m ),
starting at 100 ug per dose and mereasing the doses by 100 pg each day to
reach dases of 500 yg on the fifth day.

Mice—myections twice daily, starting at 50 pg per dose and mcreasing
the doses by 50 ug each day till the fourth day when doses of 150 g and 200 ug.
were used  On the fifth day both doses were of 200 pg.
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LONG-TERM EXPERIMENT: Rafs—dosage as for short-term experiment for
the first five days, thereafter single daily injections of 500 pg. with increments
of 100 g, every other day to reach 1 mg. per day and continuing at this level
of dosage once daily up to the thirty-first day of the experiment.

Mice—dosage as for short-term experiment for the first five days, thereafter
single daily njections of 200 pg. for five days, then 250 yg. for five days, and
finally 300 ug. once daily up to the thirty-first day of the experiment.

The ears and subcutaneous connective tissue (obtained by removing the
skin and scraping off the tissue from the under surface) were selected for estima-
tion of therr hustamine content. This was assayed on the isolated guinea pig
ileum preparation 1n the presence of atropme or on the blood pressure of the
atropinized cat. Representative tissue spreads were prepared, fixed, and
stained with toluidine blue for mast cells as previously described,

REesuLTS

Short-term experiments

SHORT-TERM EXPERIMENT IN RATSs. The first intraperitoneal injection of
100 pg. of compound 48/80 produces in rats shock, erythema followed by
cyanosis of the ears, and visible oedema in certain regions of the skin. This
oedema appears to be dependent on the presence of available histamine, for
the ears and feet are the usual sites of early swelling and these tissues are rich
1n both histamine and mast cells. Severe itching seems to occur in both regions.
The amounts of histamine released by the liberator and circulating subsequently
in the body decrease with each injection of compound 48/80, until at day three
the histamine content of the ear and subcutaneous connective tissue 1s reduced
to some 3-7 per cent of 1ts original value (Table XIV and Fig. 41).

TanLe XIV
Histamine content of nssues of rats following
treatment with 48/80 over 5 days (Short-term
experiment)
Values expressed in ug [g tissue

Day Subeutaneous Ears
connective tissue
a 32 44
3 1 2
5 1 3
1 13 1
15 20 16
t] 3 2
32 3 42




HISTAMINE-LIBERATION IN MOUSE AND RAT

At this stage there is an absolute decrease in the number of mast cells
both ear and subcutis, such cells as remain being recognizable only by the
of a few ct d fes or of small pale granules situated at the
penphcry of greatly swoﬂcn *ghost” cells. At day five there is no further
vistble damage to the mast cells, and signs of itclung, cyanosis and oedema
are no longer provoked.
In as shott a time as six days after the last injection (day eleven of the
experiment} there 1s substantial restoration of the mast-cell pattern in the skin
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Sh Effect of d 48/80, gven Ovtt five days, on the
of d hines) and ears {salid

o ind Ta0 S shout v s atime e 20 ﬁ.‘in‘i"m‘cﬁie"‘”éiiﬂ.
speeses recover rapdly
of the ear and especially in the subcutss, and 1t is noteworthy that these are
almost alf large, adult cells though poor 1n granules.  This stological recovery
15 also matched by a nise m the tissue histamine, the ear showing a restoration
10 about 24 per cent of its normal value, whereas the subcutss 1s restared to about
39 per cent of normal. By day eighteen the two tissues are refilling with mast
cells of normat adult size though again the ears tend to show a slower rate of
recovery than the subcutaneous connective issue. At this stage the histamne
content of the ears is 50 per cent of normal, whereas the histamme in the sube-

cutrs 1 almost fully restored. By day thurty-two recovery 15 complete 1n both
regions studied (Fig, 41}
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THE MAST CELLS

LONG-TERM EXPERIMENT: Rars—dosage as for short-term experiment for
the first five days, thereafter single daily mjections of 500 pg. with increments
of 100 pg. every other day to reach 1 mg. per day and continuing at this level
of dosage once daily up to the thirty-first day of the experiment.

Mice—dosage as for short-term experiment for the first five days, thereafter
single daily injections of 200 pg. for five days, then 250 pg. for five days, and
finally 300 pg. once daily up to the thirty-first day of the experiment.

The ears and sub ve tissue {obtained by ing the
skin and scraping off the tissue from the under surface) were selected for estima-
tion of their histamine content. This was assayed on the 1solated guinea pig
ileum preparation in the presence of atropine or on the blood pressure of the
atropinized cat. Representative tissue spreads were prepared, fixed, and
stained with tolurdine blue for mast cells as previously described.

RESULTS

Short-term experiments

SHORT-TERM EXPERIMENT IN RATS. The first intraperitoneal injection of
100 ug of compound 48/80 produces in rats shock, erythema followed by
cyanosis of the ears, and visible oedema 1n certain regions of the skm. This
oedema appears to be dependent on the p of available hi for
the ears and feet are the usual sites of early swelling and these tissues are rich
in both histamine and mast cells. Severe 1tching seems to occur in both regions.
The amounts of histamine released by the liberator and circulating subsequently
in the body decrease with each injection of compound 48/80, until at day three
the histamine content of the ear and subcutaneous connective tissue s reduced
to some 3-7 per cent of 1ts origmnal value (Table XIV and Fig. 41).

TasLe XIV
Histamme content of nssues of rats follonmng
treatment with 4880 over 5 davs (Short-term
experiment)
Values expressed in ug [g. fissue

Day Subcutancous Ears
connective tissue
0 32 “
3 1 2
5 1 3
11 13 n
15 20 16
18 30 22
2 3 42




HISTAMINE-LIBERATION IN MOUSE AND RAT

small, darkly staining cells. These changes are again reflected 1n the histamine
values (Table XVI and Fig. 42), the initial depletion in the subcutaneous
connective tissues (to 6 per cent of normal) being followed by a recovery to
about 60 per cent of normal

Taste XVI

Histamine content of ussves of rats following
treatment with 48/80 over 31 days {Long-term
experiment)

Values expressed in g g tissue

Day Subeutancous Ears
connective tissue
1] 32 4“4
s 2 3
15 8 3
24 20 7
32 16 7

LONG-TERM EXPERIMENT IN MICE. Continued dosage brings out a significant
difference between the rat and the mouse 1n response to injections of a histamine-
liberator. The mutial decrease m the histamme content of the tissues (to 50
per cent of normal) seen 1n both species is not progressively continued in the
mouse despite the relatively large daily doses of the hberator (Table XVII and
Fig.42) By day thirty-two, groups of mast cells are still present in the ears and
subcutaneous connective uissue of mice. They appear to be resistant to these
doses of the liberator, which are the maximum tolerated

TABLE XVII

Histamine content of tissues of muce following
treatment with 48'80 over 31 davy (Long-term
xpersment)

Values expressed in pg lg tssue

l Day Subcutancous Ears
connective tissue
0 28 50
3 24 30
8 25 28
15 15 25
21 14 25
32 18 25
Discussion

The above experiments indicate that the same chemtcal substance, com-
pound 48/80, acts differently on two closely allied species, the mouse and rat,
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THE MAST CELLS

SHORT-TERM EXPERIMENT IN MICE. The first intraperitoneal injection of
50 pg. of compound 48/80 produces weakness and cyanosis in mice but there is
httle evidence of severe itching. The ears display erythema but oedema is
shight. A second injection of the same dose of the liberator eight hours later
produces a similar result. Even when the dose is raised considerably (to
200 pg.), redness of the ears and general weakness are still observed but there
1s no scratching. Biological assays indicate that the loss of tissue histamine
does not exceed 50 per cent 1n the skin of the ears or 30 per cent in the sub-
cutaneous connective tissue (Table XV and Fig. 41). Distuption of mast cells
has occurred in these regions but it is patchy in distribution, and many mast
cells in the ear seem to survive.

TABLE XV

Histarmine content of tissues of muce followng
treatment with 43/80 over 5 days (Short-term
experiment)

Values expressed inpg g tissue

Day Subcutaneous Ears
connective tissue

0 28 50
3 20 25
H 28 45
15 30 45
21 30 50
32 29 50

At day eight (three days after cessation of injections) biological assays
indicate that raprd recovery of tissue histamine has occurred; correspondingly
the histological prcture shows a complete restoration of the mast cells m both
areas Thus it seems that tissue mast cells in the mouse are more resistant to
the disruptive action of compound 48/80 than they are in the rat.

Long-term experiments

L.ONG-TERM EXPERIMENT IN RATS. This experiment is, in effect, an extension
of the short-term expertment. Despite the continued daily injections of even
1 mg. of the liberator there is no mortality and the chimeal signs of histamme
release at this dose level are virtually absent. Nevertheless, regional differences
are seen 1n the mast cells, as described earlter 1n this book. The celis progres-
sively disappear from the ears (except i the nerve sheaths) and remain abse.nt
thereafter. However, in the subcutaneous connective tissue, the initial dis-
appearance of the cells 1 followed by the gradual re-development of numerous
mast cells in the adventitia of the small blood vessels with muscle coats, until
by day thirty-two many of these vessels are surrounded by several layers of
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HISTAMINE-LIBERATION IN MOUSF AND RAT

in the tissues has been liberated. Further injections are toxic for reasons which
are not yet clear.

It is evident, therefore, that no simple hypoihes1s is adequate to cxplmn
the action of pound 48/80 as a Iit of hi C i
has been presented earlier that the chief repository of the nssue hnstamme is
the mast cell: this would appear to be true for all species On the other hand,
compound 48/80, which is so effective in the rat, 1s only a moderately successful
liberator of histamine in the mouse, and can hardly be described as a histamine-
Iiberator for the guinea pig in which other toxic symptoms predomimate
(Feinberg and Sternberger, 1955)

The solution of one problem only brings others to light It would seem
that the next step 1s to enquire more closely into the structure and composition
of the mast granule in various species and the means whereby histamine 1s
bound in the cell. Thts may suggest a basis for the mechanism of its release,
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THE MAST CELLS

Histanune-liberation and disruption of mast cells play a comparatively small
part in the overall action of the Itberator in the mouse, other toxic factors being
more prominent. In the rat, on the other hand, compound 48/80 appears to
exert a selective action on the mast cells, There are no other toxic side-effects,
oedema from the action of the locally released histamine and local irritation
of the skin being the prominent features. In the mouse, oedema and scratching

1004

followed by some recovery n the subcutaneous connective tissue but not in the ears

are never more than shght and may sometimes be absent. Brological assay
confirms that proportionately less histamne 1s released in the mouse despite
maximum tolerated doses of the liberator (amounting to 15 mg /kg) being
administered.

In the long-term expermments a state 1s reached t which most tissues of
the rat are completely devod of both mast cells and histamine; further injections
now fail to elicit the chinical signs of histamme release.  With continued dosage
some recovery of histamme and mast cells occurs in the subcutaneous connective
tissue of the rat but not in the ears. In the mouse under prolonged d'osage_ of
compound 48,80, a steady state is reached when only about half of the histamine
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THE MAST-CELL GRANULE

of cover ship 1s lowered on to the field which is to be observed, the microscope
re-focused and the switch closed.

For a moment nothing happens. Then, one after another the mast cells
“tense*, round up and, literally, explodi most & and ishi
sight. However, it was quickly evident that this is not an ‘clectrophoretic’
separation: the ‘explosions” begin at the cathode, spread 1o the centre of the

4+

Fic 43
Snmplc apparatus for resnng the effect of an electrrcal
on mast cells in rat mesentery  The preparanon

5 Bathed 1 PhysoTopcal St soiution

field and stop (Fig 44) By replacing the tissue with a prece of filter paper
soaked in 2 dilute solution of an indicator flnd {* Universal Indicator’, BD.H )
it 15 evident that the ongin and extent of the distuption of the mast cells
correspond exactly to the wave of sodwm hydroxide which is released
electrolyucally from the salt solution in which the preparation s bathed; thus
also begmns at the cathode and stops at the centre of the ficld. The mast cells near
the positive pole, the acrdrc (HCI) half of the field, rematn intact  If the current
is reversed they, too, undergo disruptton. The whole phenomenon can be
reproduced by running a drep of N/10 sodmm hydroxide under the cover shp
of a fresh preparation (Fig. 45)

117



CuapTer XII

BINDING OF HISTAMINE IN THE MAST CELL:
THE NATURE OF THE MAST-CELL GRANULE

salt-like compound, a “heparinate of histamine®? The simple explanation

is attractive (Mota er al, 1953; Smuth, 1958); yet if the two substances
can combine in the cell, why do they remain apart in the blood, as they appear
to do 1n the dog’s blood during peptone shock? And how can we explain the
different effects of the same histamrmne-liberator on the mast cells of different
species (Femnberg and Sternberger, 1955), or at different sites in the same
individual (Nishtyama ez al, 1957)?

It was formerly beheved—and until very recently was still believed by
Rocha e Silva (1955)—that histamine 1s firmly bound to some tissue component
as the amimno-acid histidine, which 1s split off and decarboxylated when histamine
1s released into the blood  The exact binding site was never precisely defined,
though 1t was suggested that the histidine might occupy a terminal position
m a protem or polypeptide chamn. In this view, histamne-release mvolves
both a proteolysis and a decarboxylation

Now that we have tracked down the histamine to its depots in the tissue
mast cells, we are better placed for examining both the mode of its binding and
the mechanism of its release  Indeed, I believe that the experiments, previously
described, on the visible effects of the fluorescent diamidines on the tissue mast
cells of the rat represent the first real evidence for the intracellular location of
tissue lmstamine and 1ts release by a chemical agent.

l lEPARIN is an acid, histamine a base: 1s the mast-cell granule then a

Effect of pH

However, 1t may be argued that 1f histamine and heparin do co-exist m
loose 1onic linkage by virtue of their opposite electrical charges, 1t should be
possible to separate them by subjecting the combination to a greater potential
difference—an electrophoresis i vivo. The following experiment was therefore
devised (Fig 43)

A fresh loop of rat small intestine with 1ts attached mesentery is spread on
a warm microscope shde and one of the avascular interspaces (a peritoneal
swindow") is cavered with a drop of normal sahne at body temperature Two
platinum wire electrodes, bent as shown, are placed about 1 ¢m. apart on erther
side of a suitable microscope field containing numerous mast cells; the electrodes
are 1n turn connected through a switch to a 12-volt accumulator. A fragment
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THE MAST-CELL GRANULE

of cover slip 1s lowered on to the field which is to be observed, the microscope
re-focused and the switch closed.

For a moment nothing happens Then, one after another the mast cells
‘tense’, round up and, literally, explode—a most dramatic and astonishing
sight,  However, 1t was quickly evident that ths is not an ‘electrophoretic’
separation: the ‘explosions’ begin at the cathode, spread to the centre of the

Fig. 43
s"".fle apparatus for tesng the effect of an electrical
on

fiel mast cells in rat mesentery The preparation

1s bathed in physiological salt solutron

field and stop (Fig. 44). By replacing the tissue with a prece of filter paper
soaked 1 a dilute solution of an indrcator fluid (* Umversal Indicator’, B D.H )
1t 1s evident that the ongn and extent of the disruption of the mast cells
correspond exactly to the wave of sodium hydroxide which 15 released
electrolytically from the salt solution in which the preparation is bathed; this
also begins at the cathode and stops at the centre of the field. The mast cells near
the posttive pole, the acidic (HC) half of the field, remain intact. If the current
18 reversed they, too, undergo disruption The whole phenomenon can be
reproduced by running a drop of N/10 sodium hydroxide under the cover ship
of a fresh preparation (Fig. 45).
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THE MAST CELLS

This experiment led naturally to a consideration of the effects of bases in
general on mast cells, from which the general conclusion was drawn that any
change in the pH of the surrounding medium from neutrality towards the
alkaline side favours the swelling and disruption of the tissue mast cells.
Ammonia, the simplest of amines, is at least as effective (though less specific)
than the complex organic bases studied by MacIntosh and Paton (Schild, 1949).

Fic 44
On closing the circutt a wave of * exploding * mast cells spreads from the negative pole to the

If the current s reversed the remawnng half of the field 1s
similarly affected

centre of the field, and stops
The violent distuptive effect of ammonia on the mast cells was demonstrated
in vivo by exteriorizing a loop of small imntestine from a rat under Nembutal
anaesthesia and spraying the peritoneal window with warm ammoma vapour.
Here the distuption of the living mast cells can be seen under the microscope
(Fig 46). Such a preparation can be used for examining the eflects of the less
toxic liberators, applied topically or mnyected intravenously into the rat.

Two small series of amimals were given intraperitoneal injections of sodium
hydroxide, or ammomum hydroxide (West, 1956) and estimations were subse-
quently made of the tissue histamine, as in the previous work in which compound
48,80 was used. The results are recorded in Tables XVIIT and XIX.
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TasLe XV

Effect of 4 intraperutoneal ingections of M NH,OH on the histamine
content g 'g ) and mast-cell content of nissues of rats (4 per group)
ot yarlous fimey after imection

O e | Omentum Mesentery
Day
Histe } Mast | Histe | Mast | Histe |} Mast
amune { Cells | amine { Cells | amwe { Cells
o 32 - 8 - 12 < -
3 28 + t o 4 -
it 30 R i - 6 T
22 32 4o 6 - - 12 - -
Tasur XIX

Lffect of 4 intraperitoneal infections of N't0 NaGH on the histarmine
content {ug (g } and mast-cell content of tivsues of rats (4 per group)
ar varions times dafter imecton

Subcutanequs
connective tissue Omentum Mesentery
Day
Histe | Mast | Hwe | Mat | fhst- { Masc
amine | Celis { amune { Cefts | amune | Cells
ol 28 t -1 16 i -
34 28 | o4+ t 4 -
u 4~ 10 - 5
2| 32 |-~ 12 - 16 -
However, hustol 1 firmed that in addition to the

destruction of the mast cells there was alse a gross mflammatory reaction in
the neighbourmg tissues There were no changes m mast cells or m the
histamine contents of tissues remote from the p As with pound
48,80, the histamine values fell and were restored 1n parallel with the dis-
appearance and reappearance of the mast cells, but there was nothing specific
in the effect. While these experiments thus show that a binding between
fustamine and hepann can occur at fow pH (Werle, 1955; Keller, 1958), it 15
unthkely that a speaific histamine-liberator acts merely by neutralizing the
charge on the hepatin motety A more complex mechanism 1s to be anticipated.

Effect of water

Of greater interest pethaps 1s the effect of water, without the addiion of
any chemical lib m rel tissue hi {Hagen, 1954; Grossberg
and Gareia-Arocha, 1954),
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Fia. 45

‘The * explosions ™ are due to the action on the mast cells of sodwm hydroude,
liberated at the cathode Here a weak solution of sodium hydroxide (arrow)

13 betng run under the covership of a fresh preparation, Note swelling and

disruption of the mast cells, as before { x 950)
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Fic 46

T emaent though nopspecific tustarnine-
i N amtery have

. The swelling
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THE MAST CELLS

It has been known since the time of Ehrlich and Westphal that the mast
cells n certain species are extremely susceptible to the action of water; hence
water 1s a histamine-liberator for these species. When the tissues are stored
under more phystological conditions, as in balanced salt solution, the mast
cells survive longer and the histamine value of the tissue is sustained. This is
illustrated 1n Table XX 1n which histamine values were recorded for strips of
fresh sheep liver capsule, taken from the same animal, and immersed for one
hour in water, normal saline or a dilute solution of the histamine-liberator
D-tubocurarine.

TasLE XX

Effect of water, sodum chloride solution (0 9 per cent

wiv), and solution of D-tubocurarine (0 | per cent w/v)

on the histanune content (4g fg tissue) and mast-cell

content of sheep-liver capsule, Immersion time, 1 hr
at room lemperature

Liberator Histamine | Mast Cells '
None 40 T+
Normal saline 35 + +
‘Water 25 +
D-tubocurarine 14 '

The mast granules in excised tissues of the rat are comparatively resistant
to osmotic disruption by water (Paff and Mergenthaler, 1955). Nevertheless,
as Fawcett (1954) has shown, the repeated intraperitoneal mjection of
comparatively large volumes of water into the living rat removes, almost
selectively, the mast cells from the peritoneum; meanwhile the histamine is
released nto the water and can be assayed. The corollary experiment can then
be performed. a subsequent 1njection of compound 48/80 fails to release more
histamine, 1ts target, the mast cells, having already been destroyed

The effects of water on the mast ¢ells can be conveniently followed under
the microscope. If a fresh tissue spread contaimng mast cells, such as a piece
of ox peritoneum, 15 placed on a warm slide and covered with a drop of water

a little dilute tolwdine blue, the whole mteraction of water with the
mast cell can be observed. At first the dye is concentrated exclusively in the
granules, though not all the granules stan sumultaneously, even in the same
cell  As staiming takes place the colour of the dye changes from blue to purple
or even to red {metachromasia). It is a little difficult to reconcile this observa-
tion with the view still held by Sylvén (1957) that the metachromatic matenal
15 normally located mn the intergranular cytoplasm and that its presence 1n, ot
on, the granules 1s an artefact (Julen e/ al, 1949) It has long been known that
scattered granules still stamn metachromatically, Next, both cell and granules
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THE MAST CELLS

It has been known since the time of Ehrlich and Westphal that the mast
cells in certain species are extremely susceptible to the action of water; hence
water 15 a histamme-liberator for these species, When the tissues are stored
under more physiological conditions, as in balanced salt solution, the mast
cells survive longer and the histamine value of the tissue is sustained. This is
illustrated in Table XX in which histamine values were recorded for strips of
fresh sheep liver capsule, taken from the same animal, and immersed for one
hour in water, normal saline or a dilute solution of the histamine-liberator
D-tubocurarine

TasLE XX

Effect of water, sodwim chloride solution (0 9 per cent

wiv), and solution of D-tubocurarine (0 1 per cent wiv}

on the histamne content (g /g. tissue) and mast-cell

content of sheep-liver capsule  Immerston time, 1 br
at room temperature

Liberator Histamune | Mast Cells
None 40 + +
Normal saline 35 +
Water 25 +
D-tubecuranne 14 +

The mast granules 1n excised tissues of the rat are comparatively resistant
to osmotic disruption by water (Paff and Mergenthaler, 1955) Nevertheless,
as Fawcett (1954) has shown, the repeated intraperitoneal injection of
comparatively large volumes of water mto the lving rat removes, almost
selectively, the mast cells from the peritoneum; meanwhile the histamme is
released into the water and can be assayed  The corollary experiment can then
be performed- a subsequent injection of compound 48/80 fails to release more
histamrne, 1ts target, the mast cells, having already been destroyed.

The effects of water on the mast cells can be conveniently followed under
the microscope  If a fresh tissue spread containing mast cells, such as a prece
of ox peritoneum, 1s placed on a warm shde and covered with a drop of water
contaming a little dilute tolutdine blue, the whole interaction of water with the
mast cell can be observed At first the dye 1s concentrated exclusively n the
granules, though not all the granules stain simultaneously, even in the same
cell As staining takes place the colour of the dye changes from biue to purple
or even to red (metachromasia) It s a hittle difficult to reconcile this observa-
tion with the view still held by Sylvén (1957) that the metachromatic matenal
1s normally located in the intergranular cytoplasm and that its presence m, of
on, the granules is an artefact (Julen ez al, 1949) It has long been known that
scattered granules still stain metachromatically. Next, both cell and granules
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THE MAST-CELL GRANULE

in the skin of both rat and mouse can convert 5-hydroxytryptophan into
5-hydroxytryptamine. The work of Ritey and Drennan (1949), Friberg et al
(1951), Wislocki and Fawcett (1951), Compton (1952), Montagna et al (1946,
1948, 1954), Montagna (1957) and others have extended the histochemical
observations of Noback and Montagna (1946) on the complex structure and
enzyme content of the granules  Zollinger (1950), for example, has likened the
granules to ‘giant mitochondria’, However, recent studies with the electron
microscope (Bloom and Frberg, 1953; Bloom et al, 1955; Smith and Lewis,
1955 Stoeckenius, 1956; Rogers, 1956) confirm that the mast cell usually
contains a few typical mi dria in add to its vast pl of large
granules (Nakajima, 1928), Indeed, recent biochemical evidence supports the
view that it 15 the large granule which contains the histamine (West, 1955),
heparin (Kéksal, 1953) and 5-hydroxytryptamine (Barenett ef af, 1958) The
inter-relationship, if any, of the two types of cytoplasmic inclusion has yet to
be deterrmned.  Hence it is clear that the mast-cell granule is more than a mere
chemical polymerization of hepatin, ot even of heparin and histamine: it is a
metabolieally active organelle which responds to changes in its environment
as an intracellufar osmometer, and, acting in this way, 1s capable of hiberating
its contents,

Effect of trichloracetic acid (See West and Riley, 1954)

Trichloracetic acid is 50 efficient, and acts so rapidly, in extracting histamine
from a tissue sich in mast cells that it seemed worth while to examine more
closely its mode of action. In the first place, the very fact that trichloracetic
acid is so efficient in withdrawing histamine from its depots, seriously impairs
any hypothesis that histamine must first be formed enzymatically from histidine
m protemn before it can be released into the body fluids. Trichloracetic acid
precipitates protein and thus inhibits enzymic action; and the fact that water is
itself an efficient ustamine-liberator adds further to the present belief that the
histamine already exists, preformed, 1 the mast cell, held only by loose ionic
linkages.

In order to obtain information about the action of trichloracetic acid,
suitable tissue extracts were subjected to chromatographic analysis,

Extracts of tissues exceptionally rich 1n Justamune, such as ox pleura, ot
Twver capsule, and mast-cell tumours from dogs, were prepared for ascending

h b of h by simple ion or by grinding
the tissues with 10 per cent aqueous tnchloracetic acid and centrifuging. Using
as solvent mixture n-butanol : acetic acid : water (4 : 1 . 5), it was observed that
after spraying with the Pavly or the paranitraniline diazo-reagent not one, but
two, sharply defined spots appeared on the chromategram of R,=0-11 and
0:65 Both spots contained material which when eluted with water or 0-01
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begin to swell and metachromatic material can now be seen to diffuse from
the granules into the cytoplasm and, ultimately, through the cell wall to form
a pericellular metachromatic halo. The exceedingly thin cell wall may rupture,
leaving behind only a few swollen and usually basophilic granules and a nucleus
now also swollen and stained. These findings were, in fact, known to Ehrlich
(1878), as we can very well appreciate now that huis own thesis is available for
consultation (1956). Ehrlich believed the nuclear staining to be due to the
formation of a double salt. It seems likely that the heparin penetrates the
nucleus of a dead cell and there combines with its basic protein, forming a
stainable complex (Figs. 47-50). Sometimes the diffuse pericellular meta-
chromasia can be seen to concentrate around, and become attached to, adjacent
connective tissue fibnls (Riley, 1954, 1956, p. 400; and see Figs. 47 and 48).

However, 1if the dye 15 applied to the mast cell, not in water but in normal
saline or Ringer-Locke solution, the granules stain successively as before but
now appear to be preserved rather than destroyed by the dye. Following this
lead, I tested the effects of adding the dye toluidine blue to an intraperitoneal
injection of saline in the rat. To all outward appearances the mast cells and
their granules seemed well preserved when fresh tissue spreads were examined
at the end of the experiments. There was nerther degranulation nor disruption.
Yet, as in Fawcett’s experiment, histamine had been released into the surround-
ing flud. Presumably one amine (the dye) had replaced the other (histamine).
This process may perhaps occur under yet more physiological circumstances:
thus Feldberg and Smith (1953) showed that tryptamine and 5-hydroxy-
tryptamine can act as I Iiberators mn vivo. One mught speculate that
the traces of 5-HT which are normally found in the mast cells of the mouse
and rat (Benditt et al, 1955; West and Parratt, 1957) have reached the cells
1n this way.

The above findings thus draw attention to the complexity of the mast-cell
granule. Heparin, 1 common with other electro-negative colloids, can be
stored as droplets n cells of the reticulo-endothelial system (Asplund et al,
1939); but these are not mast cells (Isidor, 1954), The granules in young mast
cells in the rat tend to be basophilic with toluidine blue and stam positively
with the peniodic acid-Schiff method (Jorpes ef al, 1948), whereas the more
mature granule 1s metachromatic and PAS-negative (Ruley, 1953a) Mast cells
also rapidly mcorporate and store labelled sulphate (Jorpes ef al, 1953). These
findings certamly suggest that at least a final rearrangement and sulphation
of the heparin molecule occurs inside the mast cell Somewhat similar con-
siderations apply to the h and S-hydroxytryptamine in mast cells.
Thus, Schayer (1956) has shown that a suspension of rat mast cells can take up
labelted histidine from the medium and convert it into labelled histamine.
According to LagunofT er al (1957) and Hagen and Lee (1958) the mast cells
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in the skin of both rat and mouse can convert 5-hydroxytryptophan into
S-hydroxytryptamine The work of Riley and Drennan (1949), Friberg et al
(1951), Wislocki and Fawcett (1951), Compton (1952), Montagna et al (1946,
1948, 1954), Montagna (1957) and others have extended the histochemical
observations of Noback and Montagna (1946) on the complex structure and
enzyme content of the granules. Zollmger (1950), for example, has likened the

les to ‘giant hondria’. However, recent studies with the electron
microscope (Bloom and Friberg, 1953; Bloom et al, 1955; Smith and Lewis,
1955, Stoeckensus, 1956; Rogers, 1956) confirm that the mast cell wsually
contains a few typical mitochondria in addition to its vast complement of large
granules (Nakajima, 1928). Indeed, recent biochemical evidence supports the
view that it 1s the large granule which contains the histamine (West, 1955),
heparin (Koksal, 1953) and 5-hydroxytryptamine (Barrnett ef af, 1958). The
mter-relationship, if any, of the two types of cytoplasmic inclusion has yet to
be determinad, Hence 1t is clear that the mast-cell granule is more than a mere
chemical polymerization of heparin, or even of heparin and histamine: 1t is a
metabolically active organelle which responds to changes in its environment
as an intracellular osmometer, and, acting in this way, is capable of Iiberating
1ts contents.

Effect of trichloracetic acid (See West and Riley, 1954)

Tuchloracetic acd is so efficient, and acts so rapidly, in extracting histamine
from a tissue rich m mast cells that 1t seemed worth while to examine more
closely its mode of action In the first place, the very fact that trichloracetic
acid 1s so efficient in withdrawing histamine from its depots, seriously impairs
any hypothesis that histamine must first be formed enzymatically from histidme
m protem before 1t can be released into the body fluds. Trichloracetic acid
precipitates protem and thus inhtbits enzymic action; and the fact that water is
1tself an efficient histamune-liberator adds further to the present belief that the
histamme already exists, preformed, in the mast cell, held only by loose ionic
linkages.

In order to obtain information about the action of trichloracetic acid,
suitable tissue extracts were subjected to chromatographic analysss,

Extracts of tissues exceptionally rich in histamine, such as ox pleura, ox
liver capsule, and mast-cell tumours from dogs, were prepared for ascending
chromatographic estimation of histamine by simple extraction or by grinding
the tissues with 10 per cent aqueous trichloracetic acid and centrifugmg  Using
as solvent mixture n-butanol - acetic actd : water (4 : 1 : 5), 1t was observed that
after spraying with the Pauly or the parantraniline diazo-reagent not one, but
two, sharply defined spots appeared on the chromatogram of R,=0-11 and
065 Both spots contained material which when eluted with water or 0-01
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N hydrochloric acid showed histamine actwvity on the isolated guinea pig ileum
and on the blood pressure of the atropinized cat. Prior removal of the excess
trichloracetic acid from the solution by ether extraction merely reduced the
intensity of the fast-runming spot. When an efuate of this fast-running spot
(R,=0-65) was re-run in the same solvent as before, the histamine now
remained entirely in 1ts lower location (R,=0-11).

Further experiments showed that at least three factors are involved in the
migration of histamine to the fast-running spot, namely: (1) the concentration
of trichloracetic acid, (2) the concentration of histamine; (3) the presence of a
basic amino-acid. First, pureistamine acid phosphate mwater formsacompact
spot at R,=0-11, but with ncreasing concentration of trichloracetic acid
a ‘trail’ of histamine moves up the paper as far as the R,=0-65 area. This is
not a mere pH effect, for histamuine m 0-33 N hydrochloric acid or in 10 per
cent agueous acetic acid does not mugrate in this way. Trifluor-acetic acid
resembles trichloracetic acid mn its mobilizing effect on histamine, recalling the
similar effect of these acids on the chromatographic behaviour of adrenaline
(Shepherd and West, 1952). Removal of the excess acid from these solutions
by ether extraction concentrates the histarmne mto a single compact spot at
R,=0-11 Secondly, when the strength of the trichloracetic acid 1s kept
constant, any increase 1 concentration of histamme tn the mixture is followed
by increased upward trailing from the slow-runmmng spot. Thrdly, for complete
separation of the two spots, the presence of at least one basic ammo-acid 1s
necessary. Thus, whenanartificial mixtureis made np contaming pure histamine,
trichloracetic acid and argmune, lysine or ornithine, the chromatographic
pattern now exactly resembles that seen with tissue extracts, the histamine
being divided between the two spots, R,=0-11 and R,=0-65; ether extraction
of this mixture simply reduces the ntensity of the fast-runming spot. When ail
three ammo-acids are present m the mixture, the chromatogram shows inversion,
only the upper (fast-running) spot now appearing on the paper.

It 1s thus possible that the remarkable ability of trchloracetic acid to
extract histamine from tissues 1s related not only to its coagulative effect on
protein but also to its participation 1n a loose complex contaming histamine
(probably as the trichloracetate) and basic amino-acids. Detailed analyss of
the original tissue chromatogram shows that arginine and lysme are in fact
present and trail behind the fast-running spot of histamine.

Phospholipid content

The hydration of the mast granule by water, and especially by water con-
tamning alkall, mvites comparison with other biological systems which react
in similar fashion. Among these, the curious formation of ‘myelin figurcs’
by the fatty matenal of nerve sheaths or by the lipoidal walls of plant cells and
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plastids (Gicklt 1932) is di There is now abundant evidence
(cf. Frey Wysshing, 1948) that such structures are composed mainly of bimolecular
leaflets of phospholipid, often cross-linked by divalent calcium ions, and that
mild saponification by alkali is sufficient to admit water between the leaflets
and so produce visible sweling and the emergence of strange, worm-like tubes
as the process of hydration travels through the system. Nils Berg (1951) using
flein as a ‘stain’ followed by ination of the preparation in
ullra-vmlel tight for the detection of fiuorescent lipoids has shcwn that both
nerve sheaths and mast-celt granules *stain® positively for phospholipids which,
1n the natural state of the tissues are either so finely dispersed or so tightly
bound to protein that they fail to stain with conventional methods. Hedbom
and Snellman (1955) isolated the mast granules from the cells in ox liver capsule
and subjected them to various analytical procedures. They state that the lipid
fraction compnsed no less than 239 per cent of the total dry weight and that
(p 154) ‘the main part of the hipid fraction was not soluble in acetone, which
indicated a high percentage of lecithin®, It is, of course, the lecithin which 15
behieved to provide the physical basis for the hydration of the myelin in nerve
sheaths and plant cells  On the other hand, as we have observed earlier in
a study of the effects of compound 48/80 on the rat, the nerve sheaths appear to
be among the tissues in the skin which are not affected by compound 48/80: even
the mast ceffs within the nerve sheaths remain intact. A more subtle mechanism
1s required to explain how histamine-release 15 *triggered’ sn the mast cell.
Seeking another component of the mast granule which mght respond
either to the effects of a histamine-liberator, or even to the released histamine
itself, my attention was caught by a report of some physico-chenncal experi-
ments on artifictal surface films, carried out by Dr. R. Hitt in Bern. Briefly,
Hurt and Jus colleagues (1952) were able to show by a tensiometric techmque,
o]

i
that a primary (but not a secondary), phosphatide of the type R"—O—P—OH
J

OCH
reacts specifically with histarmine, as is shown by a sudden and decisive drop
i the surface tension of the film at a liquid-hqwid mterface when histamine
is applied. Further, the film can be protected by pre-treatment with an
antihsstamune drug It will be recalled that 1 found that the injection of
mepyramine into a rat shielded 1ts mast cells against the disruptive action of
sttbamidine, despite the fact that the diamidine sull reached the cells, as
shown by their vivid fluorescence in ultra-violet light.

A y investigation has therefore been started in co-operation with
Dr. R. M. C Dawson of Cambridge who has made a detailed study of the
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phosphatidic acids and their identification in biological material. Various
tissues, rich 1n mast cells, have been sent to Dr. Dawson, either in 1:1 chloro-
form/methanol or after preliminary hydrolysis, and he has chromatographed
them against known standards (Dawson, 1957). A special effort was made to
obtain a reasonably pure sample of isolated mast-cell granules from the rat
by taking advantage of the fact that the granules in this species are remarkably
resistant to the Iytic action of water (Paff and Mergenthaler, 1955).

Ten adult Wistar rats were killed by a blow on the head, skinned, and the
subcutaneous connective tissue was vigorously scraped off with a scalpel.
Representative samples of this were made 1nto tissue spreads and stained with
tolwidine blue and the remainder was then immersed 1n a stoppered bottle of
water and agitated at maximum speed for one hour i a mechanical shaker.
Tissue spreads prepared from the residue showed that a high proportion of the
mast cells had been disrupted and their granules scattered (Figs. 49 and 50).
The rest of the tissue pulp was strained through glass wool and the turbid
filtrate centrifuged. Examination of a smear of this deposit stained with
toluidine blue on a microscope slide, disclosed that it consisted mainly of mast
granules with a few nucler. Chromatography of a hydrolyzed sample indicated
that the mast granules of the rat contain lecithin (phosphatidyl choline) and
phosphatidyl ethanolamine and are curiously rich in phosphatidy! serine, a
phosphatide which Kirschner (1957) has recently suggested may participate
tn active sodium transport across the erythrocyte membrane. Other mast celi-
rich tissues which we have so far exammed for phospholipids include portions
of a mouse mastocytoma (obtamed through the kindness of Dr. Jacob Furth,
n Boston) and a sp believed to be a tomna, from a cow. All
were found to contan phosphatidyl choline and appreciable amounts of phos-
phatidyl serine, though in somewhat lower concentration than in mast granules
1solated from the connective tissue of rats.

CONCLUSIONS REGARDING THE BINDING OF HISTAMINE IN THEC MAST CELL

All the above observations are compatible with the belief, previously
expressed 1n this book, that the older views on ‘bound’ and ‘free’ histamine
are no longer tenable now that the intra-cellular location of tissue histamine
m the mast cell 15 known, and the site of its binding can be more critically
examined. The present work suggests strongly that much of the histamine
in a tissue is present in its mast cells, preformed and ready for release by any
agent which will disrupt the mast cell (water, alkali, trauma) or, more subtly, by
the s hat heterog group of *hi ine-liberators®, Very recently
Archer (1958) has described an endogenous histamine-hberator which may play
a vital role in the release of histamine in the inflammatory process. Knowledge
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Fic 49
Control tissue spread, rat subcutaneous connective tissue  Toluidine blue { « 320)

Fic 30

Tissve spread, rat subcutancous connective tissue following vigorous shaking in 25 per cent
sucrose for two hours  Only a few scattered granules remain at the Site of the mast cells
Note also that the endothehal nucler now stam with tolurdime blue { « 320)
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phosphatidic acids and their identification in biological material. Various
tissues, rich in mast cells, have been sent to Dr. Dawson, either in 1:1 chloro-
form/methanol or after preliminary hydrolysis, and he has chromatographed
them against known standards (Dawson, 1957). A special effort was made to
obtain a reasonably pure sample of isolated mast-cell granules from the rat
by taking advantage of the fact that the granules in this species are remarkably
resistant to the Iytic action of water (Paff and Mergenthaler, 1955).

Ten adult Wistar rats were killed by a blow on the head, skinned, and the
subcutaneous connective tissue was vigorously scraped off with a scalpel.
Representative samples of this were made into tissue spreads and stained with
toluidine blue and the remainder was then immersed in a stoppered bottle of
water and agitated at maxmmum speed for one hour in a mechanical shaker.
Tissue spreads prepared from the restdue showed that a high proportion of the
mast cells had been disrupted and thetr granules scattered (Figs. 49 and 50).
The rest of the tissue pulp was strained through glass wool and the turbid
filtrate centrifuged. Examnation of a smear of this deposit stained with
toluidine blue on a microscope slide, disclosed that 1t consisted mainly of mast
granules with a few nucler. Chromatography of a hydrolyzed sample indicated
that the mast granules of the rat contamn lecithin (phosphatidyl choline) and
phosphatidyl ethanolamine and are curiously rich in phosphatidyl serine, a
phosphatide which Kirschner (1957) has recently suggested may participate
1n active sodium transport across the erythrocyte membrane. Other mast cell-
rich tissues which we have so far examined for phospholipids include portions
of a mouse mastocytoma (obtained through the kindness of Dr. Jacob Furth,
in Boston) and a specimen, believed to be a mastocytoma, from a cow. All
were found to contam phosphatidyl choline and appreciable amounts of phos-
phatidyl serine, though in somewhat lower concentration than in mast granules
1solated from the connective tissue of rats.

CONCLUSIONS REGARDING THE BINDING OF HISTAMINE IN THE MAST CELL

All the above observations are compatible with the belief, previously
expressed 1n this book, that the older views on ‘bound’ and ‘free’ histamine
are no longer tenable now that the intra-cellular location of tissue histamine
1n the mast cell is known, and the site of 1ts binding can be more critically
examined. The present work suggests strongly that much of the histamine
1n a tissuc is present 1n its mast cells, preformed and ready for release by any
agent which will distupt the mast cell (water, alkali, trauma) or, more subtly, by
the hat heter group of ‘lustamine-lit s’ Very recently
Archer (1958) has described an end hi ine-lib which may play
a vital role in the release of histamine n the nflammatory process. Knowledge
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COMPOUND 48/80 ON RAT

Tt is as yet too soon to judge the merit of this new approach to the problem
of the release of histamine from mast cells by the chemical histamine-liberators;
its value is rather that it opens up the way to fresh experimentation As
mentioned earlier, 1t is certainly not necessary that cither degranulation or
disruption occur for histamine to escape from the mast cell. The chemical
liberators are associated with pathological events,

Important as the mast cell may be in accounting for the bulk of tissue
histamine, it is desirable that we should next enquire whether there might not
exist binding sites for hustamine other than mast cells and whether such binding
sites also release their histamine in response to the ‘histamne-liberators’.
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of the mast cell and the structure of the mast granule suggests a multrpheity
of mechanisms whereby histamine may be released These range from the
total disruption of the mast cell to the quiet replacement of the histamine
molecule by another amine (as, for example, toluidine blue) without accom-
panying morphological change. The reader is referred to the excellent reviews
by Paton (1955, 1957, 1958) on the structure-action relationships of the many
histamine-liberators which are now known. Finally, there is evidence, admttedly
as yet fragmentary, that the granule or cell membrane may contain in its
structure a phospholipid capable of yielding a primary phosphatide selectively
sensitive to histamine, which, freed from its 1onic linkage in the cell, procures
1ts own release by its surface activity on the film which surrounds it. This may
prove to be the point of attack of the chemical histamine-liberators.

This last-mentioned hypothesis has recently received considerable experi-
mental support from the work of Uvnas (Hogberg and Uvnds, 1957; Uvnas,
1958a and ) in Stockholm who suggests that a basic histamine-liberator such
as compound 48/80 releases histamme from the mast cell, not by a mere
neutralization of acidic heparin in a histamine-heparin complex, but by
removing an inhibitor from a lecithinase situated at the mast-cell membrane.
The activated enzyme then brings about a lysis of the cell envelope, so permit-
ing the intraceliular histamune to escape (Hogberg and Uvniis, 1958).

1 had myself considered the possible role of a lecithunase in the process of
histamine-release from mast cells (Riley, 1958a) but had failed to envisage the
necessary mechanism whereby a chemucal histamme-liberator might influence an
enzymic process. However, 1f we not only accept Uvnas® hypothesis but make
the additional assumption that the enzyme 1s a Type-C lecithinase (Deuel, 1951),
attacking the ester link between the phosphoric acid and the alcohol, we mfer
that 1ts action on the various phospholipids demonstrated by Dr. Dawson m
mast cells would be as follows*

Phosphatidyl choline yields a primary phosphatide and choltne
Phosphatidy] serine yields a primary phosphatide and serine
Phosphatidy! ethanolamine yields a primary phosphatide and eth

From each, therefore, there is formed first, a primary phosphatide selectively
permeable to histamine (Hirt and Berchtold, 1952) and second, an alcohol
(choline, serine, ethanolamine) differing quantitatively and qualitatively from
one type of mast cell to another When the effects of the threc alcohols are
tested on mast cells in fresh tissue spreads of rat mesentery, it is immeduately
apparent that ethanolamine 1s the most effective distupter of mast cells and,
in fact, produces a frothy, *honeycomb’ appearance of the cytoplasm very
similar to that which is observed in vivo (Riley, 19535; Hill, 1957)
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1t is as yet oo soon to judge the merit of this new approach to the problem
of the release of histamine from mast cells by the chemical histamine-liberators;
s value 15 rather that it opens up the way to fresh experimentation. As
mentioned eatler, it is cerfamly not necessary that either degranulation or
d(srupnon oceur for histamne to csc:lpc from the mast cell. The chemical

are i with patholoegical events

Important as the mast ccn may be m accounting for the bulk of tissue
histamine, 1t 1s desirable that we should next enquire whether there might not
exist binding sites for hrslamme other than mast cells and whether such bmdmg
sites also release their b 10 Tesp to the * 1ib
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CHAPTER XIV

NON-MAST CELL HISTAMINE: THE HIGH HISTAMINE
CONTENT OF THE PYLORIC MUCOSA

and I felt that it would be of interest to test some of the views which

had been expressed on the possible origins of the histamine in mast
cells  Instead we discovered a ‘compartment’ of tissue histamine which is
neither contained within the mast cells, nor is it greatly susceptible to the action
of the chemical histamine-liberators.

The experiment which disclosed this information was as follows. Three
groups, each of twelve rats, were given a five-day course of compound 48/80
to reduce their mast-cell histamine to a low level. Thereafter, for six days, the
first group received a daily intraperitoneal injection of 1 mg. histamine dihydro-
chlonde, the second group received 1 mg. histidine daily, and the third group
were given appropriate injections of saline. The histamine and histidine were
themselves dissolved 1n saline; the volume of each injection was 1 ml. The
diet consisted of *Rat cubes” (North-Eastern Agricultural Co., Aberdeen) and
abundant drinking water. Histamine was estimated in four animals from each
group (a) before starting the course of compound 48/80, (b) at day five, at the
end of the course of compound 48/80, and (c) at day eleven during the recovery
period when the various groups had received histamine, histidine or saline
for six days following their initial depletion. Since 1t is generally believed that
the main source of tissue histamine is the histidine in the diet, we anticipated
that esther, or both, groups recewving supplements would show a more rapid
restoration of tissue histamune than the controls. For the same reason we

luded tongue, pt h (fundus and pylorus separately),
duodenum, ileum, caecum and Tiver for histamune assay at each stage of the
expeniment.  The results are expressed in Table XXI.

Examination of the findings shows, 1n the first place, that neither the intra-
pentoneal injection of histamine nor histidine has greatly affected the recovery
rate of histamine n the tissues (a posmble cxcepuon lS the subcutaneous tissue
of the group receiving suppl Yy dly, the pattern of
depletton and recovery permits the various tissues to be grouped mto three
categories. In the first group are the tissues rich i mast cells which we have
often examuned in past experi] s, feet, sub connective tissue,
mesentery and omentum, to which may now be added tongue, oesophagus and

the fundus of the stomach: these all show a pronounced fall 1n histamime
content, followed by a partial rccovery by day eleven of the expeniment. In

132

ON our return from the Histamine Symposium in London, Dr. West




NON-MAST CELL HISTAMINE

the second category are duodenum, ileum, caectm and liver in which the
histamine values show little change throughout, However, there is a thied
category containing but one tissue, the pyloric half of the stomach, in which
a slight fall in histamine content from an initial high value is followed, not
merely by restoration of the initial level by day eleven, but by a considerable

TapLe XXI

Histamne values for a wide variety of tssues from rats, given compound 4880 and allowed to recover
(@) on normal diet, (8) with added Fistamine, and (¢) with added hisudine  The only outstanding
feature 13 the rapid over-compensation of the loss of histanune from the pyloric haif of the stomach
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Day 1,
starting value{ 44 52 2 11 18 40 15 15 25 18 10 9 2
Day 5, full
depletion 5 7 1 4 9 10 9 10 15 12 14 9 2
Day 11,
parual 10 10 12 s 10 14 5 12 55 12 16 16 2
TECOVEry
Day 11,
— Histamene | 15 12 10 5 14 16 5 12 50 16 14 14 2
Day 11,
—Huistidme | 10 | 16 [ 20 stz |16 7 (16|60 |16 | 16| 14 |25

sise above its starting value  Thus conclusion is not altered by the findings in
later work that the imtial value for pylorus m this experiment was somewhat
Jower than normal.

We therefore d the | ine and mast-cell of the pyloric
portion of the stomach in more detail, scraping off the mucosa and estrmating
fistamine separately in mucosa and ‘muscle’ (7 e. the rest of the stomach wall).
The results of three such experiments are shown below 1n Table XXII,

Taere XXH

Histamine values (ug fg nssue) of the pyloric portion of rat stomach
estymated (a} i intact tissue, and (8) after Separation of the puicosa
Jrom the rest of the stomach wall (* muscle )

Tissue (2) Whole thickness | (b) Separately —l

Rat stomach Mucasa, 70, 60, 60
38,48,35
pylorus  Muscle, 25,12, 18
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NON-MAST CELL HISTAMINE: THE HIGH HISTAMINE
CONTENT OF THE PYLORIC MUCOSA

and I felt that it would be of nterest to test some of the views which

had been expressed on the possible origins of the histamine in mast
cells. Instead we discovered a ‘compartment” of tissue histanune which 15
neither contained within the mast cells, nor 1s it greatly susceptible to the action
of the chemical histamme-hberators.

The experiment which disclosed this information was as follows. Three

groups, cach of twelve rats, were given a five-day course of compound 48/80
to reduce their mast-cell histamine to a low level Thereafter, for six days, the
first group received a daily intraperitoneal injection of 1 mg histamne dikydro-
chloride, the second group received 1 mg hustidine daily, and the third grovp
were given approprate mjections of saline. The histamine and histidine were
themselves dissolved 1n saline, the volume of each injection was 1 ml. The
diet consisted of ‘Rat cubes’ (North-Eastern Agricultural Co., Aberdeen) and
abundant drinking water. Histamine was estimated i four animals from each
group {a) before starting the course of compound 48/80, (b) at day five, at the
end of the course of compound 48/80, and (¢) at day eleven during the recovery
period when the various groups had recerved histamine, histidine or saline
for six days following their imtial depletion. Since it is generally believed that
the mam source of tissue histamine 1s the hustidine in the diet, we anticipated
that either, or both, groups recewving supplements would show a more rapd
restoration of tissue histamine than the controls, For the same reason we
mcluded tongue, oesophagus, stomach (fundus and pylorus separately),
duodenum, ileum, caecum and liver for histamine assay at each stage of the
experiment  The results are expressed 1n Table XXI.

Examination of the findings shows, 11 the first place, that neithier the intra-
pentoneal mjection of histamine nor histidine has greatly affected the recovery
rate of histamine 1n the tissues (a possible exception 1s the subcutaneous tissue
of the group recetving supplementary histidine). Secondly, the pattern of
depletion and recovery permts the various tissues to be grouped into three
categories  In the first group are the tissues rich in mast cells which webhave
often examined 1n past experil s, feet, sut connective tissue,
mesentery and omentum, to which may now be added tongue, oesophagus a.nd
the fundus of the stomach: these all show a pronounced fall in histamine
content, followed by 2 partial recovery by day eleven of the experiment. In
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NON-MAST CELL HISTAMINE

the largest cells being related to the vessels which traverse the middle of the
submucosa A few similar, though smaller, mast cells accompany the loose
connective tissue upwards between the tubular pyloric glands. In view of the
obvious differences 1n mast-cell content of mucosa and submucosa, it was of
interest to determine the relative values for histamine in these two layers.
Mast cells were counted in the paraffin sections, using a binocular Watson
microscope of standard tube length, eye-piece X8, and ebjective x50, giving
a final magnification of 600 diameters  Figure 53 records the average number
of mast cells per twenty fields at each of eleven levels, from the surface of the
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mucosa to the base of the submucosa. The underlying muscle was not examined
1n detail since preliminary observations had shown it to contain very few mast
cells and very little histamine,

Histamine was estimated n frozen sections at eight levels n depth of
the combined mucosa and submucosa (Fig 52) Fresh tissue, stripped of its
muscle, was cut, parallel to the surface, on the freezing microtome after the
manner of Feldberg and Harns (1953), each tissue shice being then rapidly
weighed and placed in 10 per cent trichloracetic actd for the extraction of 1ts
luistamune  The subsequent assays were carried out either on the standard
guinea pig ileum preparation or on the blood pressure of the atropinized cat

Resutts  If we consider first the findings for the submucosa, we see that
the high mast-cell content (average, eghteen cells per field) has its counterpart
m a correspondmgly high value for histamine (average, 97 ug/g) This 15 1n
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Histological examination showed that the pyloric portion of the stomach
of the rat is not especially rich in mast cells. A few are present 1n the submucosa,
about the level at which the mucosa can be scraped off, but the mucosa itself
1s almost devoid of mast cells

Further attempts to divide the wall of the rat’s stomach into multiple shices
parallel to the surface were not very successful. However, the pyloric portion of
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the stomach of the pig 15 not only thick; 1t also contains very mamy mast cehis
in the loose connective tissue on which the mucosa rests We therefore pre-
pared histamine- and mast-cell ‘profiles’ of the pyloric wall of hog stomach
(Riley and West, 1956a)

Figure 51 shows, at low magmfication, a vertical section through the
mucosa and submucosa of the pyloric portion of hog stomach, fixed n the flud
recommended for mast cells by Constantinides (1953) and stained with 0-1 per
cent aqueous toluidme blue. Even at this ion the dense lation
of mast cells in the submucosa is clearly visible. Under high power these cells
are seen to contain granules which stain metachromatically (purple to red),
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the largest cells being related to the vessels which traverse the middle of the
submucosa. A few similar, though smaller, mast cells accompany the loose
connective tissue upwards between the tubular pylocic glands. In view of the
obvious differences in mast-cell content of mucosa and submucosa, 1t was of
1nterest to determine the relative values for histamine in these two layers

Mast cells were counted in the paraffin sections, using a binocular Watson
microscope of standard tube length, eye-piece X8, and objective x50, giving
a final magnification of 600 diameters. Figure 53 records the average number
of mast cells per twenty fields at each of eleven levels, from the surface of the
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mucosa to the base of the submucosa. The underlying muscle was not examined
m detail since prelmunary observations had shown it to contan very few mast
cells and very little ustamne,

Histamine was estimated in frozen sections at eight levels i depth of
the combined mucosa and submucosa (Fig 52) Fresh tissue, stripped of its
muscle, was cut, parallel to the surface, on the freezing microtome after the
manner of Feldberg and Harris (1953), each tissue shce bemng then rapidly
weighed and placed in 10 per cent tuchloracetic acid for the extraction of its
hustamine  The subsequent assays were carried out either on the standard
guinea pig ileum preparation or on the blood pressure of the atropinized cat

ResuLts  If we consider first the findings for the submucosa, we see that
the high mast-cell content (average, eighteen cells per field) has its counterpart
n a correspondingly high value for histamine (average, 97 g /g ). This isin
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Histological examination showed that the pyloric portion of the stomach
of the rat 1s not especially rich in mast cells. A few are present in the submucosa,
about the level at which the mucosa can be scraped off; but the mucosa itself
1s almost devoid of mast cells,

Further attempts to divide the wall of the rat’s stomach into multiple shces
parallel to the surface were not very successful. However, the pyloric portion of
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the stomach of the pig is not only thick, it also contamns very many mast cells
in the loose connective tissue on which the mucosa rests. We therefore pre-
pared histamine- and mast-cell ‘profiles’ of the pyloric wall of hog stomach
(Riley and West, 1956a)

Figure 51 shows, at low magmification, a vertical section through the
mucosa and submucosa of the pyloric portion of hog stomach, fixed n the fluid
recommended for mast cells by Constantinides (1953) and stained with 01 per
cent aqueous toluidine blue. Even at this magnification the dense accumulatton
of mast cells in the submucosa is clearly visible Under high power these cells
are seen to contain granules which stain metachromatically (purple to red),
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THE FUNCTION OF HEPARIN

Peptone shock in the dog
HE feeling of uneasiness regacding the alleged function of heparin in
the body, d 1 the introducti became even more acite

as the present work progressed.

The togical ns on the d ion of the mast cells in various
spectes and on the relationship of the mast cells to the small blood vessels,
studied 1 detail m the ox and rat, Jeft litle doubt that tissue mast cells seerete
ther metachromatie substance not directly into the blood, but into the tissuc
spaces and thence by the fymphatics to reach the blood, if at all, by a circustous
route Heparin {or heparmn combinied with its albumun ce-factor) is too big
a motlecule to re-enter the venous capiffary crrculation; applied direct to the
capsttary wall, heparn fodges m the dothelal cement (Macintosh
Ciba Symp 1956, p. 407). It was clear, even at this pomt, that the earlier
hypothesss coutd hardly be correct,  There 15 no easy entry for hepanin into the
blood 1n most spectes. The function of hepann must he 1n the tissues.

However, there stll remain unexplained the phenomena of peptone and
anaphylactic shock i the dog, 1n which 1tis certam that hepann and histaminedo
veach the general circulation, and that the massine release of both occurs mamnly
1n the liver (Walander, 1938, Rocha e Sitva er af, 1947; Jaques er af, 1954)

In earhter (unpublished) work I was impressed by the consistent, though
shight, diff n me seq of the hi and hepana peaks in the
blood in peptone shock  this step-wise release, first of lustamine which causes
the “shock’ and, second, of heparin which causes the incoagulabiinty, at first
sight appears 10 weigh serously aganst a common angin for the two substances
Yet togicat extension of the knowledge which we have gamed of tissue mast cells
1 general, to the special ease of the shocked dog, suggests an interesting and
plausible exp why hi and hepanin miust be ‘out of phase’ in
their entry nto the peripheral blood- for if hepanin in the tissues 1s draned
(if 1t is drained at ail) by way of the tymphatics, then heparin from the hver wilt
be drained in similar fashion; and the mamn efferent tymphatic pathway from
the liver to the blood 1 the thoracic duct.  Here the pathway 1s duect.

Thus we may picture the peptone acting on the mast cells in the liver of the
dog: this explans the few seconds’ delay between the moment of injection of
the peptone and the onset of the shock. It is the characteristic delay of a
istamine-liberator seeking us target. the mast cells, However, at this pont
the routes of the two components of the mast cells diverge: histamine enters
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line with what we have found elsewhere. On the other hand, when conditions
in the overlymng mucosa are examined, 1t is evident that here the rapid fall off
in the mast-cell content (average, five cells per field) is not accompanied by
a proportionate reduction in tissue histamine (average, 76 pg./g.) until a region
close to the surface of the mucosa is reached. There s, in fact, almost a fourfold
differenice between the histamine-mast cell ratios in the submucosa and in the
deeper mucosa. As stated above, there is good reason for believing that the
histamine 1 the submucosa 1s due to its high content of mast cells; hence it is
clear that something other than mast cells must be binding the histamine in
the mucosa.

The most obvious choice for this second component which binds histamine
in hog pyloric mucosa 15 the mucin of the goblet cells lining the lower two-thirds
of the pyloric glands Indeed, there is direct evidence that gastric mucin can
bind histamine (Neugebauer and Schmid, 1949). Like the mast granules this
deeper mucin also stains metachromatically with toluidine blue, as does an
occasional strand of mucus lying free in the lumen of the stomach, whereas the
mucin of the surface cells and most of the secreted mucus stamn orthochromatic-
ally (blue) with toluidme blue. It is unfortunate that we have as yet no method
for fixing the histamme m situ to demonstrate its presence directly by histo-
chemucal techniques The association of histamine with the metachromatrcally-
staming mucus 1s thus at present a matter of mnference rather than proof.
Nevertheless, 1t 15 of interest that here is a site, rich in histamine and yet
comparatively poor in mast cells. At present we are at a loss to explain the
functional sigmificance of this high concentration of histamme and its regional
distribution m the mucosa of the pyloric half of the stomach.
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THE FUNCTION OF HEPARIN

Peptone shoch in the dog
HE feeling of i di the alfeged function of heparin in
the body, d m the became even more acute

as the present work progressed.

The histological investigations on the distribution of the mast cells in various
species and on the refationsfup of the mast cefls to the small blood vessels,
stuched in detaid in the ox and rat, left little doubt that tissue mast cells secrete
their metachromatic substance not directly into the blood, but into the tissue
spaces and thence by the lymphatics to reach the blood, if at all, by a circuitous
route. Heparin {or heparin combmed with its albumin co-factor) is too big
2 molecule to re-enter the venous capillary cwrculation; applied direct to the
capillary wall, hepann lodges in the interendothelial cement (Maclntosh,
Ciba Symp. 1956, p. 407). It was clear, &ven at thas point, that the earlier
hypothesis could hardly be correct  There is no easy entry for heparin into the
blood m most species  The function of hepatin must hie in the tissues.

However, there sull remain unexplained the phenomena of peptone and
ansphylactic shack tn thedog, in which 1t 1s certan that hepann and histamine do
reach the general areulation, and that the massne release of both eceurs mainly
sn the hver (Wilander, 1938; Rocha ¢ Silva et al, 1947; Jaques et of, 1934).

fn earher (unpublished} work I was impressed by the consistent, though
shght, diffe wn tmz of the t ine and heparin peaks in the
blood in peptone shock . this step-wise release, first of histamine which causes
the *shock’ and, second, of hepanin which causes the mcoagulability, at first
sight appears to wegh seriously against a common ongin for the two substances.
Yet logical extension of the knowledge which we have gained of tissue mast cells
m gencml to the special Gase of the shocked dog, suggests an interesting and

why t and hepann st be *out of phase’ mn
thear entry mlo the perpheral blood- for if heparin in the ussues 15 dramed
{f 15 drained at all) by way of the lymphatics, then hepann from the Iner wilt
be drained sn simular fashion; and the mam efferent lymphatic pathway from
the hver to the blood is the thorscic duct.  Here the pathway is direcy,

Thus we may picture the peptone acting on the muast cells 1n the liver of the
dog- this explains the few seconds’ delay between the moment of injection of
the peptone and the onset of the shock. It 1s the characteristic detay of a
hustanune-liberator seeking its target, the mast cells, However, at this point
the routes of the two components of the mast cells diverge: histamine enters
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line with what we have found elsewhere. On the other hand, when conditions
in the overlying mucosa are examined, it 1s evident that here the rapid fall off
mn the mast-cell content (average, five cells per field) is not accompanied by
a proportionate reduction in tissue histamine (average, 76 pg /g.) until a region
close to the surface of the mucosa is reached. There 15, 1n fact, almost a fourfold
difference between the histamine-mast cell ratios mn the submucosa and in the
deeper mucosa  As stated above, there 1s good reason for believing that the
histamine in the submucosa is due to its high content of mast cells; hence it is
clear that something other than mast cells must be binding the histamine in
the mucosa.

The most obvious choice for this second component which binds histamine
1n hog pyloric mucosa is the mucin of the goblet cells lining the lower two-thirds
of the pyloric glands. Indeed, there 1s direct evidence that gastric mucin can
bind histamine (Neugebauer and Schmid, 1949). Like the mast granules this
deeper mucin also stains metachromatically with toluidine blue, as does an
occasional strand of mucus lying free in the lumen of the stomach, whereas the
mucin of the surface cells and most of the secreted mucus stamn orthochromatic-
ally (blue) with toluidine blue. It 1s unfortunate that we have as yet no method
for fixing the L m situ to d rate its presence directly by histo-
chemical techniques. The assocation of histamine with the metachromatically-
staining mucus 1s thus at present a maiter of inference rather than proof.
Nevertheless, it 1s of interest that here is a site, rich in histamine and yet
comparatively poor in mast cells At present we are at a loss to explain the
functional significance of this high concentration of histamne and its regronal
distribution 1 the mucosa of the pyloric half of the stomach.
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CHAPTER XV

THE FUNCTION OF HEPARIN

Peptone shock in the dop

THE fechng of wneasmess regarding the alleged function of heparin in
the body, mentioned 1n the sntroduction, became even more acute
as the present work progressed.

The histological investigations on the distnibution of the mast celis i vanous
spectes and on the relationship of the mast cells to the small blood vessels,
studted 1 detail in the ox and rat, left httle doubt that tissue mast cells secrete
their metachromatie substance not directly inte the blood, but inte the tissue
spaces and thence by the tymphatics to reach the blood, if at all, by a circuitous
route, Heparin (or hepann combined with its albumin co-factor) 15 too big
a molecule to re-enter the venous capillary curcufation; applied direct to the
capillary wall, hepann lodges m the fothelial cement {(Macl
Ciba Symp 1936, p. 407) It was clear, even at this pomt, that the eather
hypothesis could hatdly be correct  There 15 no easy entry for heparin mto the
blood in most species  The functon of hepann must lie 1 the tissues,

However, there still semain unexpluned the phenomena of peptone and
anaphylactic shock 1n the dog, i which it 1s certain that hepann and histasune do
reach the general circulation, and that the massive refease of both occurs mainly
1 the hver (Wilander, 1938; Rocha ¢ Silva o ol, 1947; Jagues er al, 1954).

in earher {unpublished) work I was impressed by the conststent, though
shght, d m time of the hi: and heparin peaks w the
blood in peptone shock - this step-wise release, first of histamine which causes
the ‘shock” and, second, of hepann which causes the mcoagualability, at first
sight appears to wesgh senously agamst a common onigin for the two substances
Yet logical extension of the knowledge which we have gained of tissue mast cells
m genmﬂ lo the speesal case of the shocked dog, suggests an interesting and

P why and hepann amst be ‘out of phase’
then entry snto the peripheral blood. for if hepann 1 the tissues 15 drined
Gff 1 3s drauned at alt) by way of the lymphatics, then hepann from the liver wilt
be drasned i sumlar fashion; and the mawm efferent lymphate pathway from
the liver to the blood 15 the thoracic duct  Here the pathway is direct.

Thus we may picture the peptone acting on the mast cells i the fiver of the
dog- this explains the few seconds” delay between the moment of anjection of
the peptone and the onset of the shock. It 15 the characterstic delay of a
histarune-hibsrator seeking ifs target, the mast cells, However, at this pont
the routes of the two components of the mast cells diverge. histamine enters
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the blood by the suprahepatic veins and soon causes spasm of their sphincters.
The hver swells and its lymph drainage is enormously increased, flushing the
heparin into the general circulation by way of the thoracic duct, Once the
normal route for histamme is closed by spasm of the suprahepatic sphincters
the inder of the hi ine will acc y the heparin in the lymph.

I suggested this hypothesis of peptone shock at the Histamine Symposum
(p. 407). Later, Dr. West and I sought the expersmental data to test its validity.
We cannulated the thoracic duct in the thorax of three dogs (after resecting
some of the lower left ribs to gam access to the postertor susface of the pleura)
and took repeated samples of blood and lymph both before and after injecting
peptone into the portal, or nto a femoral, vein. Unfortunately, we had no
facilities for keeping dogs beyond the stage of the acute experiment, and we
felt that the results obtained with such preparations were open to objection
from several points of view. It is also difficult to find and cannulate the thoracic
duct without first giving the dog a fatty meal; but if this 1s done, the induction
of peptone shock becomes more difficult since dogs do not give a well-marked
response to peptone unless they have been starved for some hours beforehand
Nevertheless, we found that the first histamine does enter the blood durectly
very early in the shock and that the heparin lags behind and reaches the blood
almost exclusively through the thoracic duct. Normal lymph clots, as does
blood plasma. In peptone shock the thoracic duct Iymph soon becomes
incoagulable. It 1s of interest that White and Woodard (1957) have sice shown
that our unpublished data were sound.

Fate of heparin in the rat treated with a histamine-liberator

Further evidence agamst the view that heparin from the tissue mast cells
1s a natural anticoagulant was obtained by comparing conditions n the dog
and rat. There are very few mast cells 1n the Inver of the rat, though they are
common 1n the peritoneum and are extremely numerous in the connective
tissue.  One might therefore expect this connective tissue to be the *shock
organ’ of the rat and to release both histamine and hepann snto the blood if
the older views on heparin are correct

The following experiment was carried out to test this pomt (Riley ef af,
1955) Two groups of eight female Wistar rats, of 200-250 g., were used  The
first received intraperitoneally over a period of five days progressively increasing
doses of compound 48,80 in saline, by which time 1 mg per 100 g. body-
weight could be given without eliciting signs of shock. The second group was
given equivalent volumes of saline intraperitoneally as a control.  Whole
blood clotting times were measured repeatedly by the capillary tube meth‘od,
and samples of urine, collected on filter paper, were tested for metachromatism
with a weak solution of toluidine blue. At the end of five days the two groups
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were killed and skinned, and as much subcutaneous connective tissue as possible
was scraped off. Representative tissue spreads were examined histologically
for mast cells, the Temaining subcutaneous tissue (about 60 g.) in each group
being then pooled and assayed for histamune and heparin as previously de-
scribed (Cass et al, 1954) except that on this ion we used the thi

method (Snellman et al, 1948) for the mitial extraction before finally purifying
the heparin by the method of Charles and Scott (1933).

Compound 48/80 in the dosage used produced widespread degranulation
and disruption of the mast cells 1n the dermus of rats, and almost complete loss
of 1ts tissue histamine—a drop from 26 to 15 pg /g tissue (94 per cent loss).
On the other hand, the total hepann content fell only from 100 to 4-7iu /g.
(53 per cent loss) Thus the almost complete release of histarmne from the
subcutaneous connective tissue of the rat by compound 48/80 was p d
by a loss of only half the associated heparin, and even then there was no sign
of the release of heparin nto the circulating blood; the clotting time remained
normal and no metachromatic material appeared in the urme.  That the heparin
extracted from the control series did in fact possess anticoagulant activity was
ccnﬁnned by s acum\ on normal rat blood in ¥ivo and in virro  Another

d has been found to act i similar fashion

(Braunsteiner et al, 1957)

So far as present evidence goes, both the rabbit and the guinea pig resemble
the rat in their farlure to show changes in blood coagulability during anaphy-
lactic shock (Adams, 1953). The time has surely come for us to acknowledge
the slenderness of the argument which links the dramatic events of peptone and
anaphylactic shock in one particular species, the dog, to the function of heparin,
and hence, of the mast cells in general,

Mast cells and the connective tissues

The problem thus remains: what becomes of the “heparin’ which 1s released
from the tissue mast cells 1n species other than the dog? We have noted earlier
that some of the metachromatic material from disrupted mast cells may be
disposed of locally by macrophages and fibroblasts, some may adhere to
adjacent connective tissue fibrils or cells, while some may be bound by the basic
histamine-liberator atself  Pure heparin can be shown to interact with soluble
collagen proterm in vitro, but the resulting fibrils do not closely resemble the
fibnils of natural collagen (Morrione, 1952) However, Higginbotham and
Dougherty (1956) have recently confirmed, by an elegant technique, that
metachromatic granules released into the tissues from mast cells are quickly
phagocytosed and digested by nearby fibroblasts (Maximow, 1904; Brodersen,
1928). These workers have thus supplied an important piece of evidence for
the hypothetical scheme of the ‘dynamics of the connective tissnes” which I
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the blood by the suprahepatic veins and soon causes spasm of their sphincters
The liver swells and its Iymph drainage is enormously increased, flushing the
heparin into the general circulation by way of the thoracic duct. Once the
normal route for histamine is closed by spasm of the suprahepatic sphincters
the remainder of the histamine will accompany the heparin in the lymph

1 suggested this hypothesis of peptone shock at the Histamine Symposium
(p.407) Later, Dr West and I sought the experimental data to test its validty.
We cannulated the thoracic duct in the thorax of three dogs (after resecting
some of the lower left ribs to gain access to the postertor surface of the pleura)
and took repeated samples of blood and lymph both before and after injecting
peptone 1nto the portal, or into a femoral, vein  Unfortunately, we had no
facilities for keeping dogs beyond the stage of the acute experiment, and we
felt that the results obtamed with such preparations were open to objection
from several pomts of view. It is also difficult to find and cannulate the tharacic
duct without first giving the dog a fatty meal, but if this is done, the induction
of peptone shock becomes more difficult since dogs do not give a well-marked
response to peptone unless they have been starved for some hours beforehand.
Nevertheless, we found that the first histamine does enter the blood drrectly
very early in the shock and that the hepann lags behind and reaches the blood
almost exclusively through the thoracic duct Normal lymph clots, as does
blood plasma In peptone shock the thoracic duct lymph soon becomes
incoagulable. It is of interest that White and Woodard (1957) have since shown
that our unpublished data were sound,

Fate of heparin in the rat treated with a histamine-liberator

Further evidence aganst the view that hepann from the tissue mast cells
is a natural anticoagulant was obtained by comparing conditions in the dog
and rat. There are very few mast cells 1n the liver of the rat, though they are
common in the pentoneum and are extremely numerous in the connective
tissue  One mught therefore expect this connective tissue to be the *shock
organ’ of the rat and to release both histamine and heparin into the blood if
the older views on heparn are correct

The following experiment was carried out to test this point (Riley er al,
1955). Two groups of eight female Wistar rats, of 200-250 g., were used. The
first recewved intraperitoneally over a pertod of five days progressively increasing
doses of compound 48,80 in saline, by which time 1 mg. per 100 g. body-
weight could be given without eliciting signs of shock. The second group was
given equivalent volumes of saline intraperitoneally as a control. Whole
blood clotting times were measured repeatedly by the capillary tube mcth.od,
and samples of urine, collected on filter paper, were tested for metachromatism
with a weak solution of toluidine blue. At the end of five days the two groups
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were kitled and skinned, and as much subcuteneaus connrective tissue as possible
was scraped off  Representative tissue spreads were examuned hustologically
for mast cells, the remaming subcutaneous tissue (about 60 g ) in each group
being then pooled and assayed for tustamine and hepanm as previously de-
seribed {Cass ef of, 1954) except that on this we used the thiocy
wmethod (Sneliman cf af, 1948) for the mial extraction before finally purifymg
the heparin by the method of Charles and Scott (1933},

Compound 48/80 m the dosage vsed produced widespread degranulation
and distuption of the mast cells i the derms of rats, and almost complete loss
of its tissue histamine—a drop from 26 to 1-5 g ‘g ussue (94 per cent lossy
On the other hand, the total hepann content fell only from 6 0t -7 Lu.g
{53 per cant loss). Thus the afmost compfete velease of histamine from the
subcutaneous connective tissue of the rat by compound 48 80 was accompanied
by a loss of only half the associated heparin, and even then there was no sign
of the release of heparin mto the cirevlating blood; the clotung ume remawed
normal and no hromatic matenial appeared m the unine  That the hepann
extracted from the control senes did an fact possess anticoagulant achvity was
conﬁrmed by its acuou on normal rat blood m wre and m vire Asnother

Y d has been found to act m sumdar fashion
{Braunstewer ef al, l957)

So far as present evsdence goes, both the rabbit and the gumnea pig resemble
the 7at 1n thewr failure to show changes in blood coagulabiity during anaphy-
lactic shock (Adams, 3953} The time has surely come for us 1o acknowledge
the slenderness of the argument which hinks the dramatic events of peptone and
phylactic shock in one p tar spectes, the dog, to the function of hepatin,
and hence, of the mast cells 1 general

Mast cells and the connectise tissues

The problem thus rematas - what becomnes of the *hepartn® which 15 released
from the tissue mast cells in specres ather than the dog?  We have noted eatter
that some of the metachromatic matenal from disrupted mast cells may be
disposed of lfocally by macrophages and fibroblasts, some may adhere to
adjacent connectrve tissue fibnls or cells, while some may be bound by the basic
hstamine-hiberator itself. Pure heparin can be shown 1o interact with soluble
collagen protem i vitro, but the resulting fibnls o not closely resemble the
fibrits of natural collagen (Morrone, 1952)  However, Higginbotham and
Dougherty (1956) have recently confirmed, by an elegant techmigue, that
metachromatic gramules released into the tissues from mast cells are quickly
phagocytosed and digested by nearby fbrobl f1:5¢ , 1904; B ,
1928)  These workers have thus supphed an mportant prece of evidence for
the hypothetical scheme of the *‘dynamics of the connective tissues® which T
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put forward in the Ehrlich Centenary Lecture on the Mast Cells (Riley, 1954)
by directly relating the release of metachromatic material from the mast cells
to the fresh formation of ground substance by the connective tissue cells.

acute [waterrich]
oedema
= .@:&;

i o= Y
trauma’ T,

embryo adult

round ccll spindle cefl tibrifs
o o +

chronic [protein rich]  chronle lymphatlc
ocdema obstruction
+

healed scar
(o}

Fic 53

Diagram to show the participation of the mast cells in the dynamics of
the conneiuve ussucs LMasw:ell can:em 15 indicated by the signs O to
the

ound substance
(Scc Rulcy(l954) Lancet, p 84])

The proposed scheme for the participation of the mast cell in the dynamics
of the connective tissues, mentioned above, is illustrated in the sequence of
events shown diagrammatically in Figures 53 and 54, Mast cells are not present
1 the, early embryo; they appear in their characteristic locations only towards
the end of embryonic life when they rapidly fill with granules (Laguessc, 1919;
Hjelmman, 1954; Kitanishi, 1956) This is the sequence epitomized in the
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umbilical cord and described earlier (p. 15) If, however, the connective
tissue is later subjected to trauma—mechanical, ch 1, thermal, bacterial—
whereby an *acute watery oedema’ is produced (Drennan, 1951), the mast
cells promptly release their metachromatic substance into the tissues (Sylvén,
1941; and see Figs. 47 and 48). The appearance of nssues thus mobulized for
rcgencmuon and repair closely bles the histol 1 conditions of embry-
onic connective tissue (Holmgren, 1939, 1940). Flbmplasla of shorter or
longer duration follows, and, as recognizable collagen begins to take its shape,

7 // Fbrlls
/// Precursors

prgcursors / YV 27 ////% st celt /

Fibroblast F’bnls

mast cells once more appear m the reactive zone (Staemmler, 1921). Should
fibroplasta be unduly protracted, as in chronic inflammation, the mast-cell
population further increases (Janes and MacDonald, 1948); and 1n conditions
of chromc lymphatic obstruction, m which the tissue spaces remain loaded
with protein-rich oedema fluid, both connective tissue hyperplasia and mast-
cell hyperplasia become extreme (Baumer, 1896). The end-pont ts reached
with the formation of avascular scar tissue in which neither fibroblasts nor
mast cells are now present (Neumann, 1890).

Such 1s the observed sequence, the difficulty lies 1n the interpretation The
cyche changes in the mast-cell population of loose connective tissue certainly
suggest that the mast cells are concerned i some way with the function of that

141



THE MAST CELLS

tissue, and the clue may lie 1n the distribution of the metachromatic material.
The two types of metachromatxsm——the diffuse metachromatism of ground

b and the p hromatism of mast cells—are present
alternately in the series of changes outlined above, suggesting that whatever
thewr chemical relationship may be they bear an inverse functional relation to
one another. The precursor of the metachromatic ground substance present
in the embryo would seem to stem from the connective-tissue cells themselves
and may undergo further elaboration 1n the tissue spaces (Schoenberg and
Moore, 1958). The major component of the ground substance is generally

COOH © CHOM O

H
4 NHOC CH,

HYALURONIC ACID

cCOOH O CHOK ©
H_H H
-0 OH H
H NHSOH
o O asom d
BEPARIN

Fic 55

Sujgested formulae for heparin and hyaluronic acad  (Redrawn from Burk!,
1952) (See Riley (1954), Lancet, p 841, fig 1)

believed to be hyaluronic acid. As cellular differentiation advances and the
ground substance shrinks, metachromatic 1 harides are seen to
concentrate as granules in the tissue mast cells. Yet this 1s more than a simple
phagocytosis of mucopolysaccharides by the mast cells. In addition to the
esterification of the molecule by sulphate, its internal structure 1s radically
changed. Indeed, complete hydrolytic breakdown of hyaluronic actd must first
occur before a re-synthesis to heparin 15 possible (Fig. §5). Yet in this way
the burlding blocks of a strongly hydrophilic colloid (hyaluronic acid) can be
stored in compact, dehydrated form (heparin), as foodstufls were concentrated
and stored during the past war. Speculating thus, a hundred years after the
birth of Ehrlich, we come back to his origmal view of the mast cell as a *well-
fed c211’ of the connective tissue,

Within recent years a number of workers have come to favour some form
of this general hypothesis relating the mast cell to the connective tissue. Sylvén
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(1941, 1957), following the lead of Staemmler (1921), befieves that the mast celf
produces the metachromate ground sut {ree ch ope sut ¥
of granplation tissue  Asboe-Hansen (1951, £954) states even more emphatic-
ally that the mast cell, under horrmonal control, secretes the hyaluronic acid of
the ground substance, perhaps by way of 3 heparin-lke precursor, But the facts
{1} that 1 normal development in the embryo and in chronic inflammation
1n the adult, the metachromatic ground substance is faid Eown before the mast
cells appezr, and (2} that fibroblasts and synovial cells in sitro are capable of
{orming hyaluronic acud in the medium without the participation of mast ceils,
both tend to shift the mitiation of the production of ground substance 1o the
connectve tissue cefls themselves {(Campani, 1951; Grossfield e af, 1955;
“Taylor and Saunders, 1956; Castor, 1957). Accerding to Meyer (1950, p. 32):
*fibroblasts secrete farge amounts of acid mucopolysacchandes together with
a globular natve protein, the precollagen. . . . The regularly spaced acidic
groups of the polysacchande chain would form a template, so to speak, on
which the fibrous protemns are butdt. The mucopolysacchzndes '«hxch ﬁrst
form a sheath on the fibrils would then be d by

It 15 at thos stage that the mast cells appear: the mastocytos:s is a secondary
event (Riley, 19523,

Endothehal cells, mesothelial cells, synoviat cells and fibroblasts have much
in common (Grossfeld er ¢, 1955) Synovial joints develop as clefts w the
embryome mesenchyme; adveatitious bursae readily form in the connective
tissue of the adult. Erven the vascular endothehal cell Is now beheved to
furnssh 3ts own coat of sulphated mucopolysaccharide {Curzan, 1957} A
surface secretion of a cell 1n one situation 1s an intercelfular sscretion in another,
And i every ctsc s poss\bie to envisage a final concentration and storage of
altered P hansde i the g les of tissue mast cells  Under suitable

the granular polysaccharide can agam be released and find
s way back mto the fibroblast (Fig 54) At the same time, it 15 clear that the
metachromatic substance of the mast cell 18 but one source of fuel for the
conpective tissue cell and that the mast cell, 1 turn, can flounsh in the absence
of fbrogl as i the tcell Neverthetess, there are grounds
for the bc\:ef that a Tocat mast-cell cycle may operate in the tissues and that this,
m turn, 1s geared to the major cycle of Iymph and Blood, In any event, the
emergent route for hepann from the mast cell must surely be by way of the
lymphatics

More facts are needed for a final evaluation of the role of the mast cell 1n
the connective hissues.  For the moment we must leave it that a Joca) *mast-
cell cycle® may play its part s the depositron, absorption and redeposstion of
fibrils m connective tissue and that there 15 growing evidence that this 15 5o
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tissue, and the clue may lie in the distribution of the metachromatic material.
The two types of metachromatism—the diffuse metachromatism of ground
substance and the compact granular metachromatism of mast cells—are present
alternately 1n the series of changes outlined above, suggesting that whatever
their chemical relationship may be they bear an inverse fimetional relation to
one another The precursor of the metachromatic ground substance present
1 the embryo would seem to stem from the connective-tissue cells themselves
and may undergo further elaboration in the tissue spaces (Schoenberg and
Moore, 1958). The major component of the ground substance is generally

COOH © CHOH ©

H H O~
° n
_o i
\- oH T3 NHOC CH,

HYALURONIC ACID

COOH ©

H H
-0 o
H oM 250,H NH50,H
HEPARIN

Fic 55

Suzgested formulae for heparin and hyaluromc acid  (Redrawn from Burkl,
1952) (See Riley (1954), Lancet, p 841, fig 1)

believed to be hyaluronic acid  As cellular differentiation advances and the
ground substance shrinks, metachromatic mucopolysaccharides are seen to
concentrate as granules in the tissue mast cells. Yet this is more than a simple
phagocytosis of mucopolysaccharides by the mast cells. In addition to the
esterification of the molecule by sulphate, 1ts internal structure 1s radically
changed. Indeed, complete hydrolytic breakdown of hyaluronic acid must first
occur before a re-synthesis to hepann 1s possible (Fig 55). Yet in this way
the building blocks of a strongly hydrophilic colloid (hyaluronic acid) can be
stored 1n compact, dehydrated form (heparin), as foodstufls were concentrated
and stored during the past war, Speculating thus, a hundred years after the
birth of Ehrlich, we come back to hus eriginal view of the mast cell as a *well-
fed cell” of the connective tissue.

Within recent years a number of workers have come to favot{r some forfn
of this general hypothesis relating the mast cell to the connective tissue  Sylvén
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(1941, 1957}, following the lead of Staemmier (1921), behieves that the mast cell
produces the 4 ic ground sut (*free chromotrope substance”)
of granulation tissue,  Asboe-Hansen (1951, 1934) states even more emphatic~
ally that the mast celf, under hormonal control, secretes the hyalurone acid of
the ground substance, perhaps by way of a heparin-bke precursor. Butthefacts
¢1) that in normal development n the embryo and in chronic mflammation
n the adult, the 3 ic ground sut is laid down before the mast
<cells appear, and (2) that fibroblasts and synovial cells 21 1itro are tapable of
forrung hyaluronic acid in the medium without the participation of mast cells,
both tend to shift the i of the production of ground suk 1o the
connective tissue cells themselves {Campani, 195); Girossfield e al, 1955;
Taylor and Saunders, 1956; Castor, 1957) Accordmg to Mey¢r {1950, p 32).
*fibroblasts secrete large of acid harides together with
a globular natwve protem, the precolfagen. . . . The regularly spaced acidic
groups of the polysaccharide chiamn would form a template, so to speak, on
which the fibrous proteins are built  The mucopolysaccharides which first
form a sheath on the fibrils would then be removed by enzymatic digestion.”
3t 55 at this stage that the mast cells appear. the mastocytosis is a secondary
event {Ruley, 1954)

Endothelal cells, mesotheliaf cells, synovial celis and fibrobiasts have much
1n common {Grossfeld ef af, 1955). Synovial joints develop as clefis w the
embryonic mesenchyme, adsentiious bursae readily form in the connective
tissue of the adult  Even the vascular endothelial celt 15 now believed to
furmish is own coat of suiphated mucopolysacchanide {(Curran, 1957) A

sutface secretion of a cell 1 one san fular tion m another
And tn every case it 1s possihle to envisage a final concentration and storage of
altered pot hande in the fes of tissne mast cells.  Under sustable

the granular 1 haride can again be released and find

s way back mto the fibroblast (Fxg 54} At the same tune, 1t 15 clear that the
metachromatic substance of the mast cell 15 but one source of fuel for the
connective tssue celt and that the mast cell, in turn, can founsh in the absence
of fibroplasia, as 1n the mast-celf tumours. Nevertheless, thete are grounds
{or the belief that a locaf mast-cell cycle may operate tn the tissues and that this,
i turn, 15 geared to the major cycle of lymph and blood  In any event, the
emergent route for heparmn from the mast cell must surely be by way of the
lymphatics.

More facts are needed for a final evaluauon of the role of the mast celt in
the connective tissues. For the moment we must lease it that a Jocal “masi~
cell cycle’ may play us part 1 the deposttion, absorption and redeposition of
fibnls m connective hssue and that there 15 growing evidence that this 1s s0.
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CHAPTER XVI
MAST CELLS AND HISTAMINE IN THE SKIN
(See Riley and West, A M.A.Arch. dermatol., 19565)
MAST CELL-HISTAMINE ‘ PROFILES’ IN NORMAL SKIN

HE classical studies of Lewis (1927) and Dale (19292 and &) clearly
established the role of histamune 1n the reactions of the skin to mjury.
It was thus of interest to examine the skin of various species and to deter-
mine the extent to which the distribution of the histamme 1n each is related to
the distnibution of 1ts mast cells.
This study shows that at least so far as the skin of man, mouse, rat, cat, dog.
0X, pig, gumnea pig, and rabbit is concerned, the bulk of the extractable histammne
is situated 1n that part of the skin which contains most mast cells.

Histamine and mast cells in ears

In the course of a survey of the development of mast cells in the skin of the
embryo, it was noted that the cells often appear first and are later extraordinarily
numerous 1n the ear. This finding was of particular interest in view of con-
temporary work by Feldberg and Miles (1953), who showed that the ear of
the guinea pig 1s comparatively rich in histamme. Histological studies con-
firmed that mast cells, though sparse m the skin of the guinea pig, are most
numerous 1n those regions in which Feldberg and Miles had obtained their
highest values for histamine—mnipples, perivagmal skin, and the skin of the ear.
1t was therefore decided to examine the ears of some of the larger domestic
animals in which a simple dissection of the tissues might suffice to indicate
which part of the ear the maximal ations of mast cells and of
histamine.

MATERIALS AND METHODS Whole ears of cattle and pigs obtained fresh
at the slaughter-house were sphit vertically down the midhine, and representative
whole-thickness blocks for histology were removed from the base, centre and
tip. Next, the upper and lower skin coverings were freed from the intervening
cartilage by sharp dissection, and further samples of the various parts were
removed for histological exammation. All tissue blocks were placed at once
in the fixative recommended for mast cells by Constantintdes (1953) and were
later embedded 1n paraffin, cut at 8 and stained for mast celis with a 0°1 per
cent aqueous solution of toluidine blue. Other sections were staincd by the
haematoxylin-eosin method for general histological detail. Mast cells were then
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counted in the idine blue p 1on at a ton of 120 di

using & bmocular Watson microscope of standard tube length, eye-piece X8
and objective X 16. Ten fields, chosen at random, were counted for each tissue
fayer, the results being expressed as *mast cells per microscope field”. For the
pharmacological assays, weighed portions of tissue adjacent to those selected

TasLE XXIII

Regional variations in hustanune and mast-cell
contents in hog ear

Uppee Susface
36y | dam
Base Central  2(0) Cartinge Tip
10 (44) ( 1858
Lower Susface
Tastz XXIV
Histamne contents and mast-cell values for ox ear
Upper Surface
1
15 (26) I
S 24 (45) H
28(50)
Base Central 55 (0) Cartilage 32 (63) Tp
15(28) 20D

Lower Surface

As 1n hog ear, the values both for histamine and for mast cells (in parentheses) are higher m the
upper than m the lower skin and increase towards the tip of the ear where maximal concentrations
are found  The few mast cells in the perichondnium have not been recorded

for tustol 100 were d a5 soon as possible 1n 10 per cent
solution of trichloracetic acid and were later extracted and assayed for histarne,
as m previous work (Ruley and West, 1953), using either the guinea pig ileum
preparation or the blood pressure of the atropinized cat  Histamune values
are expressed as micrograms of histamine base per gram of fresh tissue
REsyLTs, Tables XXIII and XXIV 1llustrate the findings for histamme
and mast cells i the ear of hog and ox. In both species there 15 a close
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parallelism between the hi: ine values and mast-cell contents of the various
topographical regions of the ear. Thus, there is more histamine in the upper
than in the lower skin, and more at the tip than at the base. The central
cartilage, though displaying as strong a metachromatism as the mast granules,
contains little histamine, and even this may perhaps be due to the few mast cells
in the perichondrium. A high content of mast cells has been previously noted

‘Whole mount, upper skin mouse ear  Fixed alcohol, stained toluidine blue (x64) Enormous
numbers of mast cells are present, many of them sutround the hair follicles. The skin of the
ear contains proportionately more histamine than any other tissue.

in the ears of mice and rats (Figs. 18 and 56). However, the ears of these
smaller ammals are less suited to a regional survey of mast cells and histamine
than are the ears of larger animals. Only the upper skin of the ear of the mouse
and rat can readily be stupped off the cartilage, though it has the advantage
of being so thin that 1t can be examined histologically as a whole-mount
preparation (Fig. 56). This upper skin in mouse and rat contains about three
times as much histamine as the remainder of the ear, cartilage and lower skin
together.

Thus, these preliminary findings using the ears of various species support
the 1dea that there 1s a close association between the histamine content of a
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given tissue and the density of its mast-cell population This becomes more
apparent when the skin elsewhere is examined.

Histamine and mast cells in abdominal skin

As Table XXIV indicates, 1t was found posstble to subdwide whole skin
from the base of the upper surface of ox ear into two parts, an wnner and an
outer layer. Here it was observed that both mast cells and histamine are

-
BTN
Fic 57

Verucal section cat skin Toluxhine blue { # 144)  The majonty

of the mast cells are small and Jie close under the epidermis th

they and the histamine remain behind when the dermus 1s scraped off
at the Jevel of the arrows

concentrated mainly in the inner, or dermal, layer  This suggested that it might
be feasible to exammne the skin of other species 1n this way, scraping off as
much as possible of the dermis and examuiming 1t and the rematning upper layer
separately for mast cells and histamune. Since the method 1s essentially
comparative, each portion serves as a control for the other.

MATERIALS AND METHODS, Samples of fresh abdorminal skin from guinea pig,
rabbit, dog, cat, mouse, and rat were pimned out on a board, fur side down,
and as much as possible of the dermus was scraped off with a scalpel. Human
skin, obtamed fresh at operation from was subdivided
m the same way  Tissue spreads were made from the inner, or dermal, layer,
and paraffin sections from the remaming outer layer, which consists of epidermis
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and its appendages together with a layer of dermis whose thickness varies from
one species to another. These preparations were then compared with paraffin
sections of whole-thickness skin to determine the level at which the separation
had been made. Mast cells were counted as before in the inner and outer zones

Fic 58
Mouse skin ~ Statmng and magnification as in Fig 57  The mast

of the sections of intact skin, corresponding values for histamine being obtained
from samples of the separated inner and outer layers. The results are sct out
n Table XXV.

REsULTs. Again there 1s a striking parallelism between the mas.l-ccll content
and the hustamine value in the various layers of skin i_n every sp.cclcs.cxnrr.uncl.i.
This is particularly evident in thosc animals in which the skin histamine is
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igh—cat, mouse, and rat. The histological appearances in these (hre.e species
are shown in Figures 57, 58 and 59 which are all of the same magnification;
the arrows indicate the levet at which the dermis can be scraped off.  When the

\! are pared with the values for histamme in Table
XXV we see (l;m the mouse, with the highest total skin hstamine, has two
tayers of mast cefis and two jons of | in the inner and
a second in the outer zone of shin  The cat and rat each have only one mam

Ratskin  Staning and magmification as in Figs 57 and 583 Here

the mast cells ke mamnly beiow the arrows and are removed, along

with most of the histsmine, wien the dermis1g scraped off — Contrast
cat sk, Fog 57

concentration of mast cells and histarunie; yet the two species differ 1 that the
mast cells and histamine in the cat’s skin are chiefly 1 the outer layer, close to
the epidermus, whereas the mast cells and histamine in the rat are mainly in
the wner layer, which can be removed by the techmque described above. Not
only do the vanous histamme values for the two layers reflect the number of
mast ceils m each, they also reflect to some extent the size of the cells comprisig
the layer, Thus 1t will be seen from Figures 57, 58 and 59 that the subepidermal
mast ceffs in cat sk, though numerous, are smalt compared with the mast
cells i the mouse and rat, and that the mast cells m the supetficial layer in the
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skin of the rat are themselves smaller than the more deeply situated cells. It is
curious that the smallest animal, the mouse, has the biggest mast cells and a
double Jayer of them 1n its skin. Simple enumeration of the mast cells fails to
record these qualitative differences.

TasLe XXV
Comparison of mast-cell contents and hstamne values wn the outer and wner zones af various species

Species G Pig | Rabbyt | Man Dog Cat Mouse Rat

o 1|0 1|0 I o I o I o1 o 1
Mastcellsperfield | 4 2| 2 2|12 3 63 34| 46 5| 45 30 15 30
Standard deviauon | — — [ — — | — —{ £17410 | £8 +3 [ 49 £17 | £6 27

Histamine

value pg /g 2 22 2(10 3 10 3120 6| 45 28 8 35

O=outer zone, I=1nner zone When the mast-cell count 15 high, the standard deviation 1s also
given  The cells m the guinea pig are very small, and n the rabbit are so few that no accurate
figure can be supphied In the remaining specses there is a close correlation between the number
and size of the mast cells and the local concentration of tissue histamime

Histamine and mast-cell profiles in the skin of the cat

The success which attended the above procedure of splitting skin into an
mner and an outer layer suggested that it might be worthwhile to attempt a
more thorough division of skin from vartous species into several layers, using
the ‘histamme profile’ method of Feldberg and Harris (1953) and combimng
1t with a histological assessment of the mast cells at the various levels, Com-
parattvely thick skin is required for this purpose. Data for dog skin have
recently been submutted by Graham and associates (1955), hence, by way of
illustration, only the results with cat skin are recorded here

MATERIALS AND METHODS  Freshly excised abdominal skin of the cat was
chpped short,and portions of suitable size were placed on the freezing microtome
and sliced, parallel to the surface, at an average thickness of 40 . Alternate
shices were either weighed separately and extracted for histamine, or were
stamned as frozen sections with tolwdmne blue and examined for mast cells.
A further sample of the original spectmen was fixed and embedded for paraffin
sections These were cut vertical to the surface 1n the conventional manner and
were stamed by the methods previously described.

ResuLts. There was no doubt as to the relative location of the mast cells
in the frozen sections, though many of the cells displayed the dissolution of
granules and diffusion of metachromatic material which follow the use of a
watery techmque (Michels, 1938). By far the greater number of mast C?US
were encountered in the first three slices below the epidermis, in which situation
small granular mast cells of normal appearance were seen in the paraffin
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sections cut perpendicular to the surface of the skin. Two factors prevented
accurate counts being made of the mast cells 1n the frozen sections; first, the
actual thickness of the slices themselves (40 ¢}, and secondly, the loss of meta-~
chromatic material, referred to above, which made it difficult to identsfy the
smaller mast cells. Accordingly, the requisite counts were made from the
paraffin sections (of which Fig 57 1s an example) by projecting a series of

A7, HISTAMINE »g/q
MAST CELL [ MAST CELLS
ser Tissve Sver, banosivos
HISTAMINE

* PROFILE” 7

2 A/

SLICE NO 2 34 5 6 7 8 9101 121314 151187 18 19302

nissve

SECTIaN G

HISTAMINE
MASY CELLS

Crmbwnad mactiell and bootam ma booafiat oF —aa g = T e 1 -

microscope fields on to paper previously subdivided at that magnification mto
straps 80 ¢ wide by means of a stage micrometer  Once the first hine had been
adjusted to lie along the edge of the epidernus, the remamning pairs of lines
enclosed zones of tissue corresponding to those from which the histamine
samples had been taken in the frozen material For conventence, mast cells
were counted m staps 2000 p 1n length, 1e 1 a block of ussue which, after
fixation and sectioning at 8 p, occupies a volume of 8 X 80 2000 cu w. Cal-
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skin of the rat are themselves smaller than the more deeply situated cells. It is
curious that the smallest animal, the mouse, has the biggest mast cells and a
double layer of them in its skin. Simple enumeration of the mast cells fails to
record these qualitative differences

TasLe XXV

Comparison of mast-cell contents and histamine values n the outer and inner zones of various species

! Species G Pig [ Rabbit | Man | Dog Cat | Mouse | Rat
i o ffot|lor|ot1|o1|loT]|o ¢
Mastcellsperfield | 4 2| » 212 3| 63 34| 46 5| 45 30| 15 30
Standard deviation | — — | — — | — {17210 ( £8 +3 | +£9 +17 | x6 £7
Histamine

value g g 2 22 2|0 3 10 3[ 20 &[4 ;| 8 35

O=outer zone, I- inner zone  When the mast-cell count 1s high, the standard deviatron 1s also
given  The cells 1n the guinea pig are very small, and in the rabbit are so few that no accurate
figure can be supplied In the remaining species there 55 a close correlation between the number
and size of the mast cells and the local concentration of tissue histamme,

Histamine and mast-cell profiles in the skin of the cat

The success which attended the above procedure of splitting skin nto an
inner and an outer layer suggested that 1t might be worthwhile to attempt a
more thorough division of skin from various species into several layers, ustng
the ‘histamine profile’ method of Feldberg and Harns (1953) and combining
1t with a histological assessment of the mast cells at the various levels. Com-
paratively thick skin 1s required for this purpose. Data for dog skin have
recently been submitted by Graham and assoctates (1955), hence, by way of
ilustration, only the results with cat skin are recorded here

MATERIALS AND METHODS  Freshly excised abdomunal skin of the cat was
clipped short, and portions of suitable stze were placed on the freezing microtome
and shiced, parallel to the surface, at an average thickness of 40 ¢ Alternate
shces were either weighed separately and extracted for histamune, or were
stained as frozen sections with toluidme blue and examined for mast cells
A further sample of the original specimen was fixed and embedded for paraffin
sections. These were cut vertical to the surface in the conventional manner and
were stained by the methods previously described.

ResuLts There was no doubt as to the relative location of the mast cells
in the frozen sections, though many of the cells displayed the dissolution of
granules and diffuston of metachromatic material which follow the use of a
watery technique (Michels, 1938). By far the greater number of mast cells
were encountered in the first three slices below the epidermus, in which situation
small granular mast cells of normal appearance were scen an the paraffin
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2

showed me a paraffin section of precancerous mouse shin which he had star~
with eosin-tolurdine blue. This simple alternatne method of stuning b
immediately revealed a dense collection of dermal mast cells, not oz of w
could be gnized in a correspond section stamned by the ro:
haematovytin-cosin method. However, it was only when [ heard that © -
was then known of the mast cell's function that my currosity was sufficiently
stimulated to make me pause and read any subsequent reference to mast cells
inthe medical literature.

121938 I noticed an abstract of the paper by Holmgren and Wilsnder (1937
on the combined histological and biochemical work of Jorpes and tus colleagues
in Stockholm which appeared to show, beyond all reasonable doubt, that the
mast cell is the site of formation, or storage, of the anucoagulant. hepann
Recalling my introduction to the mast cell, I obtamed a sample of hepann
{Vitrum’) from Stockholm in order 10 test its cffect on mouse shin undergotng
carcinogenesis by 1, 2, 5, 6-dibenzanthracene. Heparin was repeatedly injected
under the precancerous skin in small doses in one group, and was paiated on
¢xised wounds in the epilated areas of skin m a sccond group  However,
the results were disappointing. There was neither a definte promotion nor
a definite retardation of tumour formation n either group when comparison
was made with suitable controls

In 1944 Cramer and Simpson published thetr careful study of the mast-cell
Teaction in precancerous mouse shin and reviewed the literature.  These wotkers
brought forward one additional piece of esidence which at least seemed to show
that many of the mast cells in precancerous mouse shin do differ qualitatively
fromnormal mast cells  They noticed that the more superficial mast cells tend to
lose their metachromatism rather easily 1n a watery fixatne and that many of
them, in frozen sections, exhibit a golden-brown fluorescence in ultra-violet kight.

During the present study I hase returned repeatedly to this puzzling
phenomenon and have re<ut, stained and reviewed many of my old sections of
mouse skin in various stages of carcmogenests and have examned the topical
effect of stjll other hydrocarbons dissolved 1n a non-irntant solvent, acetone.
The results are A polycyche hyd bon capable of mducing
epilation, epithelial hyperplasia and the development of a mast-cell reaction in
the underlymg dermis 1s carcinogenic. As Orr (1938) has pomted out, the
dermal changes spread gradually deeper and include the breaking up of the
refractile collagen bundles, changes mn the elastica, fibroplasia and the accurmula-
tion of tissue mast cells (Figs. 61-63) Orr, however, states that the mast-cell
reaction is not specific for carcinogenests and in his later papers seldom
mentions 1t again.

For a time I was content to belicve that this local mastocytosis merely
reflects the j d and i brob!. actwity in the dermis, as in
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together (Fig 60) an excellent correlation between mast cells and histamine
15 seen to exist throughout the entire thickness of the skin,

Discussion

It 1s clear from the data which have been presented that in every species
exarmned the quantity and distribution of the histamine in skin is paralleled
by the relative density and distribution of the tissue mast cells. Taken n
conjunction with previous work on mast cells and histamine in normal tissues,
and especially in view of the very high histamine contents of mast-cell tumours
from dogs, it would seem highly probable that histamine in general is concen-
trated in the mast cells, This conclusion 1s supported by a recent account by
Graham and assoctates (1955) on the relationstup of histamine to mast cells
in the skin of the normal dog.

In the present work we see, first, that the curiously high mast-cell content
in the skin of the ear has its counterpart in a high histarine content of similar
regional distribution.  Secondly, when samples of abdominal skin from various
species are split into an inner and an outer layer, both the histamine and the
mast cells become subdivided and partitioned in the same way. This is well
seen 1n those three species in which the skin histamine 1s high—cat, mouse, and
rat. The cat and rat differ i that the histamine and mast cells lic mamly in
the outer and mner layers of the skin respectively. The mouse shows a com-
bination of both patterns 1n having a double layer of mast cells, outer and
mnner, and a correspondingly high histamine value 1n each. Thirdly, when the
skin of the cat 1s split into multiple layers and their mast cells are counted, a
‘histammine profile’ can be constructed which corresponds closely with the mast-
cell values at the various levels

In companson with the findings in cat, mouse, and rat, the mast-cell and
histamine contents of human skin are not unduly high, though high values have
been recorded earlier in this work for certain pathological tissues rich in mast
cells, as in urticarta pigmentosa  Thus 1t would appear that the cytological
Jocatton of tissue histamine is the mast cell, and that the gross values for
histamine which have for long been recorded are, 1n the marn, a reflection of the
extent to which the tissue or organ contains mast cells. The present results
indicate that this concept of the location of histamine in mast cells 1s applicable
to the skin, the organ on which much of the classical work on histamine 1s based.

THE MAST-CELL REACTION IN PRECANCEROUS SKIN
OF MICE

As stated in the introduction to this book, my interest in the mast cell was
first aroused many years ago by a chance remark of one of my teachers who
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chronic inflammation elsewhere. Yet when I came to implant some of the
carcinogens directly into the dermis the mast-cell reaction was distinctly less
than when the carcinogen reached the dermis by way of the overlying epidermis.
The inference 15 that something 1n the epidermis 1s responsible for the dermal
changes, including the mast-cell reaction. Cortisone can largely suppress the
dermal reaction to a surface carcinogen, though intra-epithelial tumours may
still arise (Gillman et al, 1955). However, should a papilloma develop despite
the adminustration of cortisone, it is accompanied by the usual mast-cell
reaction 1n the dermis (Engelbreth-Holm and Zachariae, 1953).

Recently we have uncovered fresh facts which go some way towards
explaining both the mast-cell reaction and the golden-brown fluorescence.

At the Histamme Symposium (April 1954) I stated in discussion that I
thought it unlikely that mast cells, in general, contain substances other than
histamine which act on plain muscle; thus, the published data concerning the
topographical distribution of 5-hydroxytryptamine (5-HT) did not then seem
to fit the pattern shared in common by the mast cells and histamine. Shortly
afterwards we ourselves exammed several of the types of specimen which had
proved so useful in clinching the mast cell-histamine hypothesis, e.g. ox liver
capsule, mast-cell tumours from dogs and cattle, urticaria pigmentosa from man
All were negative for S-HT or contained only the merest traces.

However, as Benditt (1955) and others have shown, 5-HT is present in the
mast cells of two species, the mouse and rat. Moreover, it seems that 5-HT 1s
also present n the epidermis of these two species (West and Parratt, 1957).

In order to demonstrate 5-HT 1n the mast cells, Miss Cass, Dr. Marshall
and I examined selected tissues from both rat and mouse. Our point was to
use tissues remote from etther gut or eprdermis, lest the mast cells be con-
taminated by 5-HT from some other source (Cass ez af, 1958)

For the rat, we chose the metaphyses of the long bones which normally
have no mast cells, but which acquire them n great numbers in parallel with
the development of a triple syndrome of decalcification-rickets-osteitis fibrosa,
induced by dietetic means {Unst and McLean, 1957; and see Figs 64, 65)
Briefly, our results were in agreement with the claims of Benditt® 5-HT and
mast cells appeared together 1n the bones, as of course did histamine and the
mast cells.

For the mouse, we first used dermal scrapings from skin treated with a
carcinogenic hydrocarbon, despite the legitimate objection that such a tissue
is close to epidermus which may itself contain 5-HT. Any doubts regarding
the sigmficance of the result were settled when we obtained from Dr. Jacob
Furth of Boston, a sample of a transplantable mouse mast-cell tumour, recently
isolated by him from a group of mice which had been subjected to jonizing
radiation. So high were the values for histamine, heparin and 5-HT tn the
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Section through metaphyseal region of the tibia of a normal rat, stained toluidine
blue (7 175) Dark metachromatic columns of cartitage but no mast cells
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High power view of the intense mast-cell reaction which has developed around a focus

of precancerous epithelial cells sttuated near the edge of 2 large papilloma three

months after painting the mouse skin with a potent carctnogen  Following fixation

of the tissue 1n formaldchyde, such mast cells may show a golden-brown flucrescence
1n ultra-violet hight, Tolwdine blue { ~ $50)
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Section through metaphyseal region of the tibia of a normal rat, stained tolurdine
blue (175} Dark metachromatic columns of cartil2ge but no mast cells
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tumour that my attention was distracted for the time being from our previous
finding of an unusually high 5-HT content in the dermis of precancerous
mouse shin. Biological assay for 5-HT in all the material was confirmed by
chromatography of tissue extracts. On carrying out one of the routine tests
for 5-HT on paper (examination 1n ultra-violet Iight following treatment of
the spot with formaldehyde) I was confronted with the same kind of golden-
brown fluorescence that I had seen, years before, in the mast cells of precancerous
mouse skin. At that time I had followed the method recommended by Cramer
and Simpson (1944) which includes a preliminary fixation of the skin in 10 per
cent formaldehyde prior to cutting frozen sections If no formaldehyde is
used no fluorescence develops. Moreover, much of the precursor substance
responsible for the fluorescence in the skin can be extracted from the mast cells
by a prolonged immersion of the tissue in acetone {Riley, 19585). This is the
method used for the extraction of 5-HT According to Barter and Pearse
(1955) the fluorescent substance stself (which 1s normally demonstrable only in
the cells of the enterochromaffin system) 1s a B-carboline dervative of 5-HT,
in which a third ring is formed through cyclization of the stde chamn.

The histological appearances suggest that the abnormally high concentra-
tion of 5-HT in the dermal mast cells of precancerous mouse skin may be
derived, directly or indirectly, from the hyperplastic epidermus itself, and more
especially from the epithelial cells of the abnormal hair follicles which have
borne the brunt of the initial application of the carcinogen  Further, I believe
1t1s from such cells that many of the mal epithel arise
The full significance of this nteresting react:on n the skin of mice has yet to
be determined (Riley, 1959).
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tryptamine.
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Uittle evidence that heparin is a normal constituent of blood. Even a study of
the histological relationship of mast cells to blood vessels 1n the rat led me to
conclude that the mast cells fulfil their cycle in the connective tissues and do not
secrete their contents directly into the blood stream.

It was thus the more fortunate that I first encountered the tissue mast cell,
not in relation to the effects of heparin on the blood, but in a connective tissue
reaction in the skin of mice treated with a carctnogen. This led to a search
for a tissue function of the mast cell and to the study of the few cond:tions
then known in which the mast cell appears to be mnvolved Such conditions
seemed to have little enough 1n common, except, perhaps, the participation of
histamine: it was this that led to the present enquiry and to the discovery that
the tissue histamine resides in the same cell as the tissue *heparin’, a finding
which has since been abundantly confirmed elsewhere (Mota et af, 1954, Benditt
et al, 1955; Graham et al, 1955; Wegelius et al, 1955, Arvy et al, 1956; Asboe-
Hansen and Wegels, 1956; Keller and Burkard, 1956; Werle and Amman,
1956; Hll, 1958). Other workers have shown that much of the histamune in
blood, at least in man, is ikewsse contained in the blood mast cells, or basophils
{Graham et al, 1955; Code and Mutchell, 1954, 1957) The eosinophil, once
thought to be the main carrier of histamine, appears to be more concerned with
the detoxification and disposal of tissue histamine than with its elaboration
(Ehrich, 1953; Samter, 1953; Vaughn, 1953; Vercauteren, 1953; Archer, 1956).
We have ofien seen eosinophils in our materral, but generally 1n sttuations m
which histamine 1s being released from mast ceils.

It may be useful in summng up the present work to comment briefly on
the ground that has been covered, using the same numercal division of the
matter as in the text:—

In Part 1, a preliminary survey of the tissue mast cells in orgamsms of
increasing complexity confirms Ehrlich’s view that the cells with basophilic,
metachromatic granules (his ‘Mastzellen’) are healthy, functioning cells of
the connective tissues. In certain primitive species mast cells are present before
lhe n:cessnty fora bluod vascular system has ansen. Fibroplasia, normal or

logical, 15 ly followed by the | of tissue mast cells.

In Part II, a brief introduction (1) sets out the reasons for my own growing
belief that the mast cell is more concerned with events in the tissues than n the
blood, and that the mast cells may play a part i the release of histamne.

2. Detailed examunation of the distribution of mast cells 1n the ox and rat,
using the method of tissue spreads, emphasizes the enormous numbers of mast
cellf in the serous membranes, as well as around small blood vessels; even the
pertvascular mast cells seem to move away from the vessels as the cells mature.
Mast cells are always to be found in young vascular connective tissue under-
going fibnllogenesis,

L 161




CHAPTER XVII

GENERAL DISCUSSION: FUNCTIONS OF THE
TISSUE MAST CELLS

IGHTY years have now passed since Ehrlich first clearly described and

named the tissue mast cells, and we are still far from understanding

their biological significance mn the organi Ehrlich himself believed
that the mast cells are concerned 1n some way with the nutrition of the connective
tissues. None of the twenty-five hypotheses listed sixty years later by Michels
(1938) entirely supplanted this first attempt to endow the mast cell with a
specific function.

However, n that same year (1937) Scandinavian workers succeeded n
tracing heparin to the mast cells, a discovery which was widely accepted as the
final answer to Ehrlich’s ‘riddle’.

Briefly, the Scandinavians based their new hypothesis on two main premises,
both of which deserve the most careful scrutiny. These are first, the assumption
that the hepann which they succeeded 1n extracting chemically from dog liver
(hence Howell’s choice of the name, ‘heparin’) or from other tissues rich 1
mast cells is the natural anticoagulant of the circulating blood; second, that
the perwvascular distribution, so characteristic of the mast cells, likewise indi-
cates a haermie function, 1n this case, the prevention of mtravascular thrombosts
by the secretion of anticoagulant through the vessel wall.

Certainly, the first premise seemed to derive formidable support from the
finding that heparin does escape from the dog's liver into its blood 1n peptone
and 1n anaphylactuc shock. This led to the further assumptions, (a) that the
conditions of peptone shock merely exaggerate 2 normal state of affairs (s c.
that a pathological process 1s an extension of a physiological process) and (6}
that the dog 1s charactenstic of other animal species with respect to the function
of its mast cells. 1t was unfortunate that the original mvestigation did not
compare condttions in the dog with those in the cat, guinea pig or rat. Instead
there came to be constructed an mnverted pyramid of reasoning, founded on
the findings 1n a single species and upon a pathological condition which has
no known counterpart elsewhere. It will be recalled that we found very low
heparin values in cat mastocytomas in which the granules are brilhantly
metachromatic and 1 which the histamine values are ofien very high deed;
and we could obtain no evidence of a release of heparin into the blood of rats.
Other workers have likewise failed to detect changes in blood coagulation
cither 1n expenimental animals or in patients with widespread urticaria pig-
mentosa. Whereas heparin is present in many tissues and organs, there is
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constitute a *trigger” which enables histamime to escape from the ntact granule
or cell. According to Uvnds, a chemical af an
inhibitor from a lecithinase at the mast-cell membrane. It is suggested that if
this should prove to be a Typc-C lecnhmase there would be formed a primary
phosphatide permeable to | and alcohols varying ively and
qualitatively from one species of mast cell to another. At the same time 1t 15
emphasized that the classical histamune-liberators produce pathological effects
and that under normal circumstances it may be possible to release histamine
without accompanying morphologtcal changes in the mast cell.

9. Not all histamine is held in mast cefls and responds to the action of the
chemical histamine-lberators. The pyloric mucosa has a mgh histamme
content, though it is poor n mast cells The histarmmne value of rat pyloric
mucosa actually rises as histamine is released from mast cells elsewhere

10. The function of hepanin, the second major component of the mast
granule, is next ined and an hypott 15 suggested to account for the
rapid release of heparin into the blood of the dog during peptone shock The
shock organ of the dog is the liver, and the hepanin which can be extracted from
it is an exceptionally efficient anticoagulant, The dog 1s unique 1n that 1t has
a direct pathway leading from shock organ to blood, the thoracic duct, which
by-passes the connective tissues. Thoracic duct lymph quickly becomes
incoagulable during peptone shock.

1. When comparable conditions in the rat are examuned, no evidence can
be found that active anticoagulant reaches the rat’s blood as the mast cells are
destroyed. In fact, much of the hepann remains trapped locally in the connec-
tive tissues It is suggesled that the natural function of the mast cell is to store

and release p harides for the tissues.  The carbohydrate
precursor substance is formed mainly by fibroblasts (since fibroblastic activity
11 des the app of mast cells) and becomes a temporary

of the i 1l ground ‘With the onset of fibrillo-

genesis, excess ground substance is broken down, rebuilt and stored 1n altered,
sulphated form (heparin) in the granules of the tissue mast cells, whence 1t can
Iater be released and be again ingested by cells of the connective tissues  This
cyclic process begins and 1s widespread n the embryo, and recurs locally 1n the
ussues in adult life 1n response to ‘trauma’ or an acute watery oedema A
massive release of the stored lysaccharide, still sulpt 4, may result
in its overflow into the blood and the consequent manifestatron of its anti-
coagulant properties.

12. Much of the experimental work on histamine in the past concerned 1is
effects on the skin. Mast cell-histamine ‘profiles’ of skin from man, cattle,
cat, mouse and rat show a close relationship between their mast-cell and
histamine contents,
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3. Next, the effect on the mast cells of a group of substances, whose common
property is an ability to release histamine, 1s examined. All cause swelling,
degranulation and even disruption of the mast cells. The action of some of
these substances (e g. stilbamidine) can be followed under the microscope by
takmg ad ge of their fluc in ultra-violet light.

4 The hypothesis that the mast cells themselves contain the histamine
which 1s released is put to direct test by measuring histamme values in a series
of normal tissues of widely differing mast-cell content. A strongly positive
correlation is observed throughout. Ox liver capsule and ox visceral pleura
are especially rich in mast cells and histamine. A method for determining the
histamine content of the individual mast cell 1 ox Jiver capsule is described

5. Exceptionally high values for histamine are found in certain pathological
tissues rich in mast cells. Urticaria pigmentosa 1n man and mast-cell tumours
from domestic ammals all yield exceedingly high values, sometimes measurable
in mifligrams of lstamine per gram of tissue examined. It is now the heparin
(measured as anti lant) which ionally fails to show a correspondingly
high value, as, for example, in mast-cell tumours from cats.

6. At this pomnt 1n the present investigatton a more specific histamine-
liberator became available, Compound 48.80 Its effects were therefore
studied on the mast-cell and histamine contents of a variety of tissues in the rat.
Once the histamine has been completely released, Compound 48/80 is no longer
toxic to the rat. long-term study of its effects is thus possible.

7. However, when Compound 4880 15 given to mice, not more than about
half the avarlable histamine can be Iiberated, higher doses are toxic and kill
the muice from cavses unconnected with the release of histamine Ewidently
there are differences in the structure and composition of the mast cells, exen
among closely allied species.

8. This raises the question of the means whereby histamine 1s bound 11 the
mast cell. Attention 1s drawn to the similarity of the reactions of the mast cell
and of the myelinof nervesheaths: bothswell inwaterand it hypotonicsolutions,
¢specially in the presence of alkal. The chemical histamine-liberatars are also
bases and cause swelling of the mast cells. An enquiry into the efficiency with
which trichloracetic actd extracts histamine from tissue samples adds further
to the belief that histamine exists in the mast cells, preformed and ready for
release, held only by loose ionic forces within a phospholipid membrane.
Normally the histamine in the granule 15 part of a loose complex contamning
also heparin and proteins rich in basic amino-acids. When tissues of high mast-
cell content, or the isolated mast granules from rats, are analysed by paper
chromatography it is found that they contain phosphatidy! choline (lecithin)

and comparatively large amounts of phosphatidyl serine. The granules from
rats also contain phosphatidyl eth fami These phosphatides may
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constitute a ‘trigger” which enables histamine to escape from the mntact granule
or cell. According to Uvnas, a chemical histamine-liberator removes an
inhibitor from a lecithinase at the mast-cell membrane. It is suggested that if
ths should prove to be a Type-C lecithinase there would be formed a primary
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emphasized that the classical t -liberators produce pathol 1 effects
and that under normal circumstances it may be possible to release histamune
without accompanying morphological changes 1n the mast cefl

9. Not all histamine is held in mast cells and responds to the action of the
chemical histamine-liberators. The pyloric mucosa has a high histamne
content, though it 1s poor in mast cells. The histamme value of rat pyloric
mucosa actually rises as histamine is released from mast cells elsewhere.

10. The function of heparin, the second major component of the mast
granule, is next examined and an hypothesis 1s suggested to account for the
rapid release of heparin into the blood of the dog during peptone shock. The
shock organ of the dog is the liver, and the heparin which can be extracted from
1t is an exceptionally efficient anticoagulant  The dog 1s umique 1n that 1t has
a direct pathway leading from shock organ to blood, the thoracic duct, which
by-passes the connective tissues Thoracic duct lymph quickly becomes
incoagulable during peptone shock.

11. When comparable conditions in the rat are examined, no evidence can
be found that active anticoagulant reaches the rat’s blood as the mast cells are
destroyed In fact, much of the heparin remarns trapped locally 1n the connec-
tive tissues. It 1s suggested that the natural function of the mast cell 1s to store
and release mucopolysaccharides for the connective tissues  The carbohydrate
precursor substance 1s formed mainly by fibroblasts (since fibroblastic activity
normally precedes the appearance of mast cells) and becomes a temporary
component of the intercellular ground substance. With the onset of fibrillo-
genesis, excess ground substance 1s broken down, rebuilt and stored 1n altered,
sulphated form (heparin) in the granules of the tissue mast cells, whence 1t can
later be released and be again mgested by cells of the connective tissues  This
cyclic process begins and is widespread mn the embryo, and recurs locally 1n the
tissues 1n adult hfe in response to trauma or an acute watery oedema. A
massive release of the stored p haride, still sulphated, may result
in 1ts overflow nto the blood and the consequent mamfestation of its anti-
coagulant properties

12. Much of the experimental work on histamine m the past concerned its
effects on the skin. Mast cell-histamine “profiles’ of skin from man, cattle,
cat, mouse and rat show a close relationship between their mastcell and
histamune contents
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3. Next, the effect on the mast cells of a group of substances, whose common
property is an ability to release histamine, 1s examined, All cause swelling,
degranulation and even disruption of the mast cells. The action of some of
these substances {e.g. stilbamidine) can be followed under the microscope by
taking advantage of their flyorescence in ultra-violet light.

4. The hypothesis that the mast cells themselves contain the histamme
which is released is put to direct test by measuring histamne values in a sertes
of normal tissues of widely differing mast-cell content. A strongly posttive
correlation is observed throughout. Ox liver capsule and ox visceral pleura
are especially rich in mast cells and histammne. A method for determining the
histamune content of the mdividual mast cell i ox liver capsule is described.

5. Exceptionally high values for histamine are found in certain pathological
tissues rich in mast cells. Urticaria pigmentosa in man and mast-cell tumours
from domestic animals all yicld exceedingly high values, sometimes measurable
m mithgrams of histamine per gram of tissue examined. It is now the heparin
{measured as anticoagulant) which ionally fails to show a correspondingly
high value, as, for example, in mast-cell tumours from cats.

6 At this pomt 1n the present mvestigation a more specific histamme-
Iiberator became available, Compound 48/80. Its effects were therefore
studied on the mast-cell and histamine contents of a variety of tissues in the rat.
Once the | ine has been completely released, Compound 48/80 is no longer
toxic to the rat: long-term study of ts effects is thus possible.

7. However, when Compound 48/80 1s given to mice, not more than about
half the available lustamine can be liberated; higher doses are toxic and kill
the mice from causes unconnected with the release of histamine. Evidently
there are differences 1n the structure and composition of the mast cells, even
among closely allied species.

8§ This raises the question of the means whereby histamine is bound n the
mast cell  Attention 1s drawn to the similarity of the reactions of the mast cell
and of the myelinof nervesheaths- both swell in waterand i hypotontcsolutions,
especially mn the presence of alkali. The chemucal histamine-Iiberators are also
bases and cause swelling of the mast cells. An enquiry into the efficiency with
which trichloracetic acid extracts histamine from tissue samples adds further
to the belief that histamtne exists i the mast cells, preformed and ready for
release, held only by loose ronic forces within a phospholiprd membrane.
Normally the histamine in the granule is part of a loose complex containing
also heparin and proteins rich in basic amino-acids. When tissues of high mast-
cell content, or the isolated mast granules from rats, arc analysed by paper
chromatography 1t 1s found that they contain phosphahdyl choline (lecithin)
and comparatively large amounts of phosphatidyl serine. Thc granules from
rats also contain phosphaudyl ethanolami These phatides may
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13. Finally, an enquiry is made into the mast-cell reaction in mouse skin
undergoing carcinogenesis from repeated surface applications of a polycyclic
hydrocarbon. Many of the mast cells under the painted skin show a golden-
brown fluorescence in ultra-violet light. This seems to be associated with a
high content of S~hydroxytryptamine, a normal constituent of the mast cells
of the mouse and rat, though present in no other species. Work is in progress
to trace the sources of this high content of 5-hydroxytryptamine and to deter-
mine 1ts significance  Now that somethung is known of the structure and com-
positton of the normal mast cell 1t may be possible to arrive at an understanding
of the significance of the mastocytosis in precancerous mouse skin. It will be
recalled that 1t was for this reason that the present work was begun.
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Carcinogenesis, mast cells 1n, 26.27,152-159, 164
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cattiagenous, blood formation in, 7
gut, granular cells in, 12
mast cells 1n, 7, 9
Fluorescence, 60, 62, 66, 68, 127,153-9, 162, 164
Formaldehyde, 159
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rat, mist cells in, lJ 14
salamandet, mast cel]s m, 10

o0 urod: t cell

A e

Lymphauu. 8 137.

Lymphoid tissue, mast «Ih in, 20, 45
M

Macrophage, 96, I(X) 123, 124, 139
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profiles, skan, 144-152
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1n blood,
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Hustamune—continued
1n normal tissues, 71-76
1 pathological conditions, 77—91
1n peptone shock, 34, 137-138
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Myelin ﬁgurcs, 126-127
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