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INTRODUCTION

AFTER AGES OF RELATIVE INCONSPICUQUSNESS the connective tissue has been
attracting increasing attention dunng the past 25 years, an attention that
m the last decade has approached enthusiasm.

In 1928, Duran-Reynals discovered that a testicular extract was cap-
able of increasing the permeability of connective tissue It was soon real-
1zed that this was due to an effect on the ground substance In the thirties,
Karl Meyer and assocates solated a high-molecular, viscous polysacchande
from the vitreous body of the eye, a mucopolysacchanide which they named
hyal acd Sub o this polysaccharide was found to be
present 1n all connective tissue In combination with protems it constrtutes
the mucinous component of the connective-tissue ground substance, of the
articular flud, of the ocular humours, of the jelly of the umbilical cord,
and of the mucinous matrix of the granulosa cells of the ovum It was
Mever’s laboratory too that the enzyme hyaluromdase was discovered, an
enzyme that was able to break down hyaluronic acid Shortly after, Duran-
Rc)nals testicular sprcndmg factor was found to be identical with Mever’s
h d H Jase was di d 1n the testes of Is ;

it proved to be formed by invasve bacteria and by certatn malignant
| tumours, to occur mn the senom of snakes, lecches, sprders, and bees Blood
and tisucs contam substances capable of nactivating or inhibiting hyal-
uronidase, and the organism 15 able to produce a specific antibodv agaimst
the antigenic enzyme
Another mucopolysacchanide contained in the connectis e-tisue ground
substance, chondroitin sulphuric acid, possesses no particular viscostty and,
unltke hyaluronic acid, only a shght capaaty to bind water It 15 the most
important component of the ground <ubstance of cartifage
The fibrils are embedded 0 the ground substance During the past
10-12 years, the mvestigations into the structure of the fibriks have passed
from the magnifications of the bight microscope, by that of the electron
micrawcope, to the moleculac level Collagen and elastin are polypeptides,
cach with ats characenstic content of ammo acids. Electron microscopy,
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X-ray diffraction, and chemical analysis have enabled us to distinguish
between collagenous, reticular, and elastic"fibres as regards structure, mole-
cular orientatton, and ammno acid content. And we are able to observe
changes caused by physiological factors, aging, etc.

Procollagen-carbohydrate complexes evidently precede the formation
of fibrous collagen In some way or other glycoprotens appear to be
essential to fibril formation.

It 1s now an established fact that connective-tissue cells are concerned
with the formation of the intercellular substance. Fibroblasts appear to
contribute to the formation of collagen fibrils, and the mast cells s evidently
produce components of the ground substance. All these facts lend parti-
cular importance to the recent studies performed on the morphology,
chemustry, and phystology of the cells, perhaps mamly those concerning
hormonal influence on the ntercellular substance of the connective tissue

In the course of ime, morphologists have learned that they need the
aid of chemistry m wdentifying the constituents of the tissues Recent ad-
vances within histochemistry are utilized to the advantage of morphology
as well as chemistry, Tinctorial hesto-chemustry has its significant sources
of error, but no chemical analy be it ever so —is satisfactory, if
structural detarls have to be Jocated. Chemists are not very tolerant of in-
accuracies on the part of histologists But imagmation coupled with a com-
mon need and wish for progress has umted the two parties; to-day chem-
ists are at work m modern histol 1 lak 1es. Morphologists and
chemists are partners in the same game And the :slabhshed team-work
has led to mnportant results regardmg the chemical morphology of the
cells, of the ground substance, of colla _gcn and elastic tissue, of loose mesen-
chymal structures, as well as of cartilage and bone.

Research mto the structure and texture of the connective tissue has
called upon the aid of physicists They have joined the chemists in the
application of rad ive mutopes Histological sections are now submitted
di hy H h ry 15 another freld of smmense

to
significance And !hc morpholuglst must have insight into physics in
order to master electron microscopy, X-ray diffraction, freeze-drying of
tissues, etc.

Physiological experiments show the variability of the chemical and
physical structure and state of the connective tissues, The metabolism of
the intercellular substances is an object of intensive rescarch because of its

to hymal pathophysiology Vitarun C has appeared

1

basic 1
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on the scene ; it has proved to be a factor of some importarice in the forma-
; tion of mucopolssacchandes and collagen fibnls Physiology completes the
[ bridge to pathology and medicine.

Pathologssts have to tackle the problems of the pathological tissue
changes and n ive-tissue disorders, Graduall
some knowledge has accumulated about fibrinoid, hyalne, amyloid, and
paramyloid through chemical analyses, histochemical staming reactions,
and histophysiological experiments The presence of these changes in the
intercellular substances m connective-tissue diseases, of amylod in scurvy
etc has set us thmking The reticulo-endothehal system participates in
some connective-tissue reactions n a way that stll remains to be elu-
cidated Pathogencuc considerations regarding mesenchymal diseases are
not lacking 1 number, but we are still without positne and definite con-
clusions.

In 1949, Hench and published their 1 discovery
that the ad ical hormone, , hasa d effect on acute
and chromic arthritis Thus report was fallowed by a multitude of publica-
tions on the beneficial climeal effect of this hormone on diseases of the
shin, eyes, blood vescels, and other organs—diseascs of connective tissue
wherever it occurs

When it was reabzed that cortisone and the adrenocorticotrophic
hormene of the hypophysis, ACTH, acted primarily on the mesenchymal
tissues, renewed and extended mterest in these tisues was awahened
There was a general feeling that by following these results up, there nught
be a chance of relieving much human suffering and alleviating great social-
cconomic burdens.

The firt clinical reports were soon followed by publications from
Iaboratories all over the world on the morphological alterations caused by
cortisone 1n mast cells, fibroblasts, and i lu; b

on chemical
and physical changes, on changes in the tumover of the tssues The effects
of cortisone and ACTH upon wound healing, infection, and tumour de-
vclopment were studied. Parallel studies were performed on the actions
of hydrocortisone, desoxycorticosterone, and other adrenal steroids It be-
feame evident that the thyrotrophic hormone and the growth hormone of
the hypophyss exerted effects directly on the connective tisuc that scemed
, exactly opposed to those of cortisone. Cortisone inhibited connectiy e-tisue
formatinn, whereas thyrotrophin and growth hormone stimulated it with
a shght and a strong stimulating action respectively on fibril formation.
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And thyroxin inhibits all the actions of thyrotrophin—its fat-mobilizing,
its exophthalmogenic as well as its thyroid-stimulating effect.

Gradually, expenience could again be carried over from the labora-
tories to clinical practice It yielded an acceptable explanation of the effect
of thyroxin upen my<oedema, the effect of cortisone upon rheumatoid
arthritis, etc. Hormone therapy was introduced in diseases without any
signs of hormonal insufficiency, but extubiting tissue changes promising a
beneficial mfluence of hormones. For example, the accumulation of hyal-

uronic acid in d 1 lupus erytk could be expected to be
amenable to cortisone The same applies to theumatoid arthrtis, rheumatic
fever, pempl leroderma, der yositis, periarteritis nodosa, and

a number of other conditions

To-day, a collaboration between the clinicians and their colleagues in
the laboratortes is a matter of course Laboratories are built in conjunction
with clinical departments. Clinicians are at work in the laboratories Large
sums are expended to procure the most modern facilittes for research work.

Jount diseases have perhaps received more mterest in the medical world
than any other connective-tissue disorders n the past five years. The effect
of cortisone upon the articular connective tissue, upon the synovial mucin
and 1its formation plays an outstanding réle. Similarly, the aspects and
problems of inflammation and d 100, tissue bol the visco
sity and chemstry of the lubricant are still in the focus of interest.

Dermitology embraces an mmportant group of connective-tiscue dis-
cases. Most skin diseases involve connective tisste, and interest has there-
fore primanly centred on the systemic disorders that come within thns
freld. The past five years have revolutionized d logical di:
and therapy, and this external medxine has joined in the commen
struggle to solve the mystery of the pathological ions of the e-
tissue system.

Ophthalmology also has its connective-tissue problems, particularly as
regards vascular diseases as well as changes in the iris and uvea. The
ocular humours ongmnate from the mesenchyme They appear to alter
under hormonal influence just like the articular fluid. It is not yet clear,
whether the capaaty of the hyaluronic acid of the humours to bind water
is a factor in regulating the i lar pressure. phthall appears
to be due to changes m the retrobulbar connective tissue, provohed by
hormonal dysfunction.

Connective tisue plays an important rdle in the development and
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growth of benign and malignant tumours, not only mesenchymal but car-

cinomas as well. Mast cells and tissue poly: ides are p

¢lements m their connective tissue Hormoncs may inhubit or stimulate the
growth and spread of tumours; they may even bnng fully developed
tumours to Fegression,

Arteniosclerosis and other cardio-vascular diseases start m the mesen-
chyme of the vessel walls An increase and a change of the ground sub-
stance of the mtima and media may be observed at an early stage of the
disease process Subsequent pheromena are fibrosis, deposion of lipids,
and calaification

Wound healing 1s primanly a new formation of connective tissue In-
hibitien of the § of ground sub d ‘with wound heal-
g The process is subject to mhibiting and h The
healing of bone fractures, the formation of pleural and pentoneal ad-
hesions following operations, and other traumatic fibroses are governed
by similar factors

The seventy of bacterial and viral 1nfection depends on the condition
of the connective tissue at the moment concerned, its spreading an the
tissues depending on the permeability of the ground substance and on the
hormonal state which on the other hand may be influenced by sarious
external factors. The hyaluronidase of the bacteria may find a more or
less 1deal substrate And in the moment of degradation the break-down
products of hyaluromc acid will reject the attack, bringing an mhsbitory
effect to bear upon the enzyme and even upon the aggressor Resistance
agamst mfecton 15 largely a matter of connecuve tissue

The hyaluronate binding the granulosa cells of the ovum together and
the hyal dase of the sp are lled by end regula-
tors Thus, even conception 15 dependent on connectne-tissue physiology

The responses of mesenchyme to vanous external and iternal actions
are identical, whether we are deahing with jowts, skin, eyes, vessel walls,
bone-marrow, tumours, granulation tisue or mflamed tissue To-day
rheumatologists do not hesitate to study connective-tissue elements in a
cancer, if it 15 more easily accessible than a jont And dermatologsts
may advantageously study the chermstry of the synovia.

Connectine tissue connects the numerous branches of medical scienee.
Without connective tissue, medicine would come to pieces, even non-viable

preces, just hhe the cells of the human body.

The contnbutors to this book include the proneers of modern connec-
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tive-tissue research. Their names are known to everyone concerned with
connective-tissue problems.

The contributions have been made in the hope to acquaint the medical
world with the status and sigmificance of connective-tissue science by means
of surveys bringing each aspect up to date

This volume 1s intended to present the connective tissue m the strict
sense of the word Our primary am was to bnng the vanations in the
elements of normal connective tissue to hight The book should be acces-
sible to all members of the medical profession with the most varted quali-
fications and interests The subjects treated might have been more numer-
ous, and the list of contnibutors ought to have been longer. However, on
behalf of all the contributors, I ask our readers to receive the publication
with tolerance of its shortcomings and with sympathy for jts aim.

In the list of contributors, we russ the name of one of the most
emment scientists within recent connective-tissue research, Dr. Henry
Bunting of the Yale Unwersity, U S.A A few months ago, he joined our
work with enthustasm The chapter on “Aging of Connective Tissue™ was to
have been written by hum in collaboration with Dr. Banfield; but he died
before he bad started, after a short illness, 42 years old. His death was a
tragedy to us who knew him and a senious loss to his branch of science.

G. Aspor-HaNsEN



NORMAL MORPHOLOGY
AND MORPHOGENESIS OF
CONNECTIVE TISSUE

A H.T Ross-Smitit
Department of Pathology, Radcliffe Infirmary, O«ford, England

Historical Introduction

“IT IS SUFFIGIENT TO KNOW, that all the Parts of the Body are made up of
‘Threads, or Fibres, of which there be different Kinds, for there are some
<oft, flexible, and a little elastick, and these are either hollow, hke small
TPipes, or spongeous, and full of litle Cells, as the nervous and fleshy Tibres;
others there are more sohd and flenble, but with a strong Elasticity o
Spring, as the membranous and cartilaginous Fibres; and a third Sort are
hard and inflexible, as the Fibres of the Bones. Now of all these, some are
very sensible, and others are destitute of all Sense, some so very small as
not to be easly perceved, and others, on the contrary, so big as to be
plamly seen. And most of them, when examuned with a Microscope, ap-
pear to be composed of stll smaller Fibres,

Now these Fibres do first constitute the Substance of the Bones,
Cartilages, Ligaments, Membranes, Nerves, Veins, Arteries and Muscles.
And agam, by the vartous Texture, and different Combination of some
or all these Parts, the more compound Organs are framed, such as the
Lungs, Stomach, Lier, Legs and Arms, the Sum of alt which make up
the Body ™

This p ph, with shght modifi , would provide a passable
summiary of the modern viewpoint on connective tissue, although it is
taken from James Kalf's “The Anatomy of the Human Body, abndged”,
which was {irst published 1n 1698 and was one of the most popular anatomy
books for Lnglnh students for nearly a century

Berg (1942) has made an excellent study of the hutorical evolution
of the fibre concept, showing that 1t can be dnided into a number of
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stages Until the Renassance the idea of a fibre structure was restricted
to those tissues such as tendons and muscles which clearly have a fibnllary
pattern ; Fernel put forward the 1dea that all organs and tissues were built
of a network of fibres and this was expanded so that the fibre pattern
became the basis of a mechanustic pathology. It was natural that Bichat,
when setting out his fundamental 1dea that there were a limited number
of tissues from which the organs were formed, distinguished a fibrous
tissue and consequent on this the concept of connective tissue developed,
the actual term (“Bindegewebe”) having been introduced by Johann
Muller m 1830 .

Vircnow anp Connecive Tissue

It 15 not widely appreciated that Virchow’s views on cellular pathology
evolved from his study of connective tissue, which he regarded as mter-
cellular substances of varywg chemical nature in which cells were embedded
and that the cells of connective tissue were analogous to those of cartilage
and bone. Nevertheless he did not believe that the intercellular substance
was derived from the cells; 1t was a mere packing materral and the cells
were the signtficant portion However, with the acceptance of the cell
theory, came the views of Max Schultze that the fibres and intercellular
substance of connective tissue were extenstons and elongations of the
cytopl: pl into a plasm ; this tended to discourage the
furthcrance of Virchow’s views of the umty of the varjous forms of con-
nective tissue cell and his hypothesis lost favour still more when von
Recklinghausen showed that m nflammation, the pus cells were probably
derived from the leucocytes of the blood stream rather than locally from
connective tissue cells, as Virchow had believed.

With the emergence of the concept of cellular activity and dominance
in biological reactivity, the functional significance of connective tissue was
Tost sight of and the 1dea has only reappeared in the last decade. This loss
of interest in connective tissue was not so much due to lack of knowledge
as to scientiftc isolationism The development of histology and biochenustry
resulted in a static morphological approach on the one hand, and an
interest in general metabolism or the isolated chemical constituents of
the cell on the other hand, so that the 1 chemical h
that Virchow attempted was forgotten As late as 18gg, Sir William
Hardy forsook the field of histclogy as he believed that advances in our

1ol
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knowledge of the structure of tissues must await advances of our know-
ledge of the molecules which composed them and his contribution was the
development of colloid chemistry

Tz Coxvective TissUe RENussance

Orce agam 1t has been the chimate of thought rather than new know-
ledge which has fostered the sesurgence of the concept of spacial bio-
chemustry ; the fact that a mosphologist can think, as well as speak,
terms of chemucal reactivity and that a chemist can understand the signi-
ficance of cellular structure m relation to metabolic function, opens up
fields of endeavour as enthralling as those presented to the physicst and
the chemist m the 1890’s

The renewed interest m connective tissue has stemmed from a number
of sources Leather chemusts had for years been studying the structure of
the dermis and the factors mvolved i tanning and it was fortunate that
there were worhing m these industnal laboratories, men of vimon and
Anowledge, such as Astbury & Highberger, who lad the foundations of
molecular biology , however, n the early days their morphologcal studics
were 1 the field uf crystallography and X-ray diffraction analyss, sshich,
for their und d ded a far greater knowledge of physics than
the average biologist possessed The bndge was provided by the electron
mucroscope, for its micrographs could be appreciated by the histologists
and the amphfications of its findings were able to confirm the deductions
of molecular bology, though, as Frev Wysling somewhat wistfully re-
marks, as a concequence, sub-mcroscopic morphology has lowt something
of its mysterious charm Nevertheless, the simulus and mntegration of 1so-
lated scientific disciplines that this new technique has induced 15 as specta-
cular as was achieved when Amuci and Lister perfected the achromatic
objective that cnabled Schleden and Schwann to display the science of
cytalogy. The other source has been from pathology In 1933, Khnge, as
a result of p the lesions in rh feser with those induced
ammals recening repeated protein mpections, concluded that the essential
pathogenesis of rheumatic fever was an alteration of the mesenchimal
ground substance and collagen fibres induced by bactenal hvperergs Nine
years later, Klemperer, Pollack & Bachr's classic paper introducing the
concept of Diffuse Collagen Discase appeared and created hittle attention
It was not until 1949, with the introduction of cortrone and its apparent




18 A H T ROBE-SMITH

efficacy in the treatment of a number of disorders involving connectine
tissue, that the concept of collagen diseases received what Klemperer so
rightly calls “an exaggerated populanity” Nevertheless, the chmcal stimulus
to research in the field of connective tissue has only been beneficral and the
advances in our understanding of 1ts morphology and morphogenesis in five
years has been quite remarkable.

The Character of Connective Tissue

¥ Connective tissue may be regarded as a continuous fluid matrix vary-
ing in consistency from the impid Wharton’s Jelly of the umbilical cord
to the hardness of bone, in which 1s lymg an interlacing fabric of fibres of
different sorts and is bathing cells which may be isolated or closely set,
orientated to form an mtegumentary covering, tubules for absorption,
secretion or excretton, the transmission of oxygen, blood or lymph or speci-
ally patterned as muscles or nervous tissue” Naturally the cells cannot be
ignored; Virchow’s dictum may have been over-narrow, yet 1t is the cell
and its activity which ultimately determmes the pattern of the extra-
celtular matnix

The character and thickness of the connective tissue layer varies from
organ to organ In the lungs and endocrine glands it is extremely thin
except for the capsule; in the liver and kidneys 3t 15 somewhat thicker and
m the heart and muscular organs it forms a significant portion of the
viscus ; this 1s also true of the intestinal tract and the skin, while the bones,
jomts and tendons are formed entirely of conmective tissue, but it is im-
portant to remember that the connective tissue is contmuous throughout
the body.

It 1s really immaterial which organ 1s selected to study the connective
tissue m greater detail, but the dermis gives an excellent range of pattern,
though it will be necessary to discuss certain aspects of other organs.
ConnzcTive TISSUE IN SKIN .

A section of skin d at d ification reveals the
relationship of the epidermis and its appendages to the connective tissue
dermis mn which are ving blood vessels and nerves as well as the sweat
and sebaceous glands. However, 1t is well to remember that a thin section
is liable to be musleading in some respects; for instance, the blood supply
appears very sparse whereas a thick injected section of the same sort of
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region reveals the rich blood supply that there 15 in connective tissue A
section stained by haematoxylm-eosin reveals that the dermic connective
tissue consists of an admuxture of cells and fibres and structurally three
main zones can be made out which merge imperceptibly one with another
and correspond well with the mam vaneties of connective issue, The stra-
tum papillare 15 just deep to the dermis; 3t appears almost homogeneous
and 1s rich 1n cells. Deep to ths is the stratum compactum or reticulare in
which there 15 a close set network of mterlacing bundles of fibres which are
relatively acellular and the majoritv of the cells are onentated in relation
to these fibnllarv bundles. The next layer, the subcutis, is nich in fat spaces
mterlaced by loose connective tissue

Tue Cetrs or ConnecTive TisscE

, The cells which can be rdentified 1n normal connective useue are the
clongated fibroblasts, lymphecytes, plasma cells, and perhaps hsstiocytes
and neutrophil leucocvtes, while fat cells will be present m the subcutis ¢
Tissue mast cells or basophils may not be recognised or mastaken for plasma
cells with ordmary stains, for the cvtoplasm is acidophil, although the evto-
plasmuc outline is not so precive, however, when a section 1s stained with
a metachromatic dye, the large number of magt cells 1 connective tissue
ts often surpniing Similarly the histiocvtes and undifferentiated mesen-
chymal cells (or reticulum cells) are difficult to recogmse, the former bemng
confused with fibrocvtes and the latter can onlv be inferred from their
nuclear character and pernascular «ituation, their estent 1s revealed by a
silver impregnaton method of the Hortega microgha type { Marshall 1953)

Tie Fieres oF Conneetih & Trssue—COLLAGEN aND Erastica

Just as 1t s necessan to use special stams to reveal the cytologs of con-
neetne tisue, <o specal techniques are required for the extracellular com-
ponents The dermis exantined under polanized hght reveals an interliang
fabric of birefnngent bundles in the stratum compactum; these are colla-
gen, the prnapal fibnllany component of connectine tisue, and the reac-
tion under polanzed hght indicates that these bundles are made up of
onentated fibrils Thes have charactenstic staining reactions, staining red
with Van Gieson’s prerofuchan and having a <trong affimts for acid ant-
Iine dyes when <ubjected to the Mallors or Masson Trichrome process By
using amy of thewe methods, collagen fibres, in addition to the dense bundles
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in the stratum compactum, will be found in a loose arrangement in the stra-
tum papillare or i strands m the cutis On the other hand, if a section
of skin 15 stamed with Weigert’s resorcin-fuchsin or orcein, the collagen
fibres will not be stained, but fine branching fibres of elastic tissue, another
of the fibrillary components of connective tissue, will be apparent, pre-
dominantly m the stratum papillare but also running with the collagen
bundles n the stratum compactum and with the collagen strands m the
cuts

RETICULIN, BASEMENT MEMBRANE AND GROUND SUBSTANCE

If the dermis 15 examined under higher magnification, when impreg-
nated with silver by one of the modifications of the methods originally
described by Maresch and Bielchowsky, it will be seen that the interlacing
pattern of dense bundles of collagen which were birefringent under polar-
1zed light stain a light golden brown and are not so conspicuous as finer
black fibrils, so-called reticulin, which are principally in the stratum pa-
pitfare, and 1t can be seen that these are condensed at the dermic epider;n;c
Junction and around the blood 1essels—the basement membrane; further-
more there appears to be an imperceptible merging both structurally and
tinctonially from the fine black branching reticulin fibnls to the coarser
golden brown bundles of collagen If the section of skin is treated with
periodic acid followed by Schuff's reagent—a method known as the Hotch-
kiss or McManus stain, which, with certain hmitations and provisos which
need not be detailed here, will reveal the presence of carbohydrate—it
will be seen that the spaces between the collagen fibres stain faintly, while
around the reticulin fibrils 1t will stamn a more intense red. So we are be-
ginning to get an idea of the nature of connective tissue—it consists of an
interlacing network of collagen, retrculn and elastica fibres lying in a
non-fibrillary matrix of ground substance which has a variable carbo-
hydrate content; scattered through the tissue are a variety of isolated cells.

It will be necessary to consider the cells of connective tisue when its
morphogenesis is discussed, but it would probably be better to start by
examining the extra-cellular components of which the principal one 1
collagen.,

Collagen
What is collagen? It 1s well to remember Whitehead's dictum “that the
scientist, like Humpty Dumpty, enjoss the privilege of paying words extra
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and making them mean what he likes”, a group of distinguished scientists
spent a considerable portion of a mieetng on connective tissue triing to
agree on a defimtion acceptable 1o all of them and in the end retorned
to etymology—that 1t was glue or gelaun forming stuff!

The difficulty hes 1n the fact that it is not at all easy to compare directly
specimens submitted to vanous methods of investigation, and so it 15 1m-
possible to be sure, for example, that matenial which reveals a particular
type of Xeray diffraction pattern 1s mn fact a sample of collagen as the
histologist understands it.

HisoLocIcAL aND CHEMICAL CIIARACTERS

To the histologist collagen means bundles of fibres of varing thickness,
which, when fixed, stain 1n charactenistic manners; when unfixed the fibres
swell and may to some extent dissolve when treated with weak acids, they
resist tryptic digestion, but are digested by pepsin and by filtrates from
cultures of certan bactenia “To the chemist collagen 1s a protein with
rather remarhable properties, in acid solutions 1t swells more than any
other protemn, 1t 15 insoluble 1 water, but on heatng is comverted to a
water-soluble substance-gelatine. The amuno acds of the polypeptide
chams are also unusual, a third of the residues consist of the amino acids
prolme and hydroxvproline, and a third of glycme together with a small
amount of carbohydrate.”?

Proysicar CHARACTFRS

The phasical characters of colligen are alo of interest In large bundles
it has practically no extensibility but if heated to a temperature of about
60° C 1t contracts to about a quarter of its onginal length and then
develops a rubben long range elastieaty, that 1s to sav, 1t can be stretched
o 1ts full Iength but flies back when released On cooling the fibres almost
return to their natural length but retam some degree of elasticity which the
normal non-heated fibre does not show.

ULTRASTRUCTURE OF COLLAGEN

The configuration of the polypeptide chains in collagen have been de-
duced with the aid of X-rav diffraction and infra-red dichroism and vari-
ous models of the molecule—some <hect-like, some cylindrical or spiral,
have been propounded but none, so far, explain all the hnown facts,
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Under the electron mucroscope collagen fibres show a cross-striated ap-
pearance with a pertodicity of 640 A, subsidiary bands can be made out
on occasions and 1t 1s suggested that the basic repeating unit is a 210 A
peniod and that three of these combmne to form the ordmary prommnent
penod There are many unresolved problems in relation to the submicro-
scopic morphology of collagen, such as the mode of lateral alignment of
the fibnls, the fact that indinvidual fibrils can be extended ten-fold even
though collagen fibres are virtually inextenstble and whether the individaal
fibrals are hollow rods or not

THe FaviLy oF CoLLaceNs

So far we have spoken of collagen and by inference have been dealing
with mammahian matenial, yet when we consider the matter from the point
of view of comparative anatomy we must talk of “collagens”, and as is so
often the case n the broad biological fields, we began to wonder how large
the collagen famly should be. If we take mammalian fibrous tissue as a
“typical collagen”, though the justification for this might be questioned
by members of other phyla, the problem of mammalian reticuln is im-
mediately before us and will be discussed a little later on. The collagen of
birds’ tendons conforms closely to mammalian collagen, but in fishes both
1chthyocol and elastoidin lack certamn chemical and structural features and
these differences become gradually more marked as we move down the
animal kingdom to the spongm of the porifora; that is not all, for there
15 a completely distinct group of “collagens® which are classed as secreted
m that the majority of them are derned from epithelial cells or glands
rather than connective tissue They range from the ovo-keratin of the skate
egg capsule, the byssus threads of molluscs, to the cuticles of worms, and
though they do not gne the cross-striated appearance on electron micro-
scopy or the large scale structure that can be armied at from low angle
X-ray studues, yet they do have the characteristic collagen type high angle
\~m) d.dfracnon pattern and so to some :\tcm might be regarded as

1L 1 to gelatin, a degraded collagen.

E\cn n mammalian collagens, which show little variability in chemical
constitution or ultrastructure, there are stnking physical differences. It has
been known for many vears that if rat tail tendon is placed in a weak
solution of acetic acid, 1t swells and ultimately appears to go into solutions
of high viscosity which can be fltered through gauze; if salts are added
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to the collagen suspensions or there 1s an alteration in pH, collagen fibres
with the 640 A perod are precipitated ; however, these collagen “solutions”
can only be readily prepared from the collagen of rat tail tendon; other
rat collagen 15 relatively “msoluble” and the degree of “solubility” of human
collagen, saries according to the site and age of the individual from whom
the specimen 15 obtamed Tn the ight of these rather crude physical varia-
bilities 1n*material which 15 hitologically and clmically rdentical, 1t is
hardly surprising that there 15 considerable evidence of functional vana-
» bility 1n collagen occurnng in different sites in the body

PROGOLLAGEN

Another aspect of work on the nature of collagen has ansen from
studies of the material first 1solated by a group of Russian scientists and
called by them procallagen, 1t 15 obtamed by dualysis of a citric acid
extract of skin, and on examunmg this material with the electron micro-
scope, 1t 15 found to contain a mixture of the normal 640 A collagen fibres
and fibres with a very long-spacing 2,000-3,000 AL If this procollagen is
punfied, no fibnllary collagen 15 formed, and 1t occurred to Highberger,
Gross & Schmmutt (1951) that one stage of the punfication might remove

lycop ; they added glycop: to purified collagen, and according
to the concentration and pH, they produced varying proportions of long-
spacing or normal-spacing collagen fibres; on the other hand polysacchar-
1des, such as hyaluronic acad of hepann or chondrortin sulphate, did not
induce fibre f and they luded that a carbohydr fraction

was essential for fibre formation and that certamn complex chemical sub-
stances of a non-specific nature had to be present to induce precipitation
and alignment of the protofibrilsSchmitt and his colleagues have recently
described 2 third form of particle, a polanzed asymmetrical type of long-
spacing segment, which can be preapitated from collagen “solutions” by
the acnon of adencsine tnphosphonic acid, further they have shown that

the three structural forms of collagen are interconvertible under surtable
conditrons.

Reticulin
The nature of reticulin and its relationsup to collagen has been a matter
for discussion for the last fifty years or so and the problem has been to
obtamn samples of renculn free from collagen. I believe that Harold

F3
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Kramer (1953), worhing 1 my laboratory, has cleared away much of the
confusion by examimng with the electron microscope, X-ray diffraction,
etc., matenial which histologically consisted of reticuhn almost free from
histological collagen It would seem that reticulin consists of a network of

/very fine disorientated fibrils of about 100 A in diameter but showing the
640 A periodicity of collagen; this network is lying in a membrane which
appears to consist of polysacchande and non-fibrillary collaged, probably
only partially orientated ; 1t has been suggested that the argyrophiba 1s due
to the presence of mucopolysaccharide; and certamly recent chemical ana-
Iyses would suggest that reticulm has a much higher content of carbo-
hydrate than collagen.

Elastica

The nature of elastica 15 at the present time somewhat obscure, Chemi-
cally 1t is a polypeptide with 2 high content of glycine, alanine and valine
but a very low content of polar residues and X-ray diffraction would sug-
gest that the molecules are largely disorientated, as is the case with rubber,
which would be in keeping with its elastic properties. However, stretched
elastic fibres show positive areas of refnngence indicating the presence of
onentated long chams and this alternation between disorientated and
onentated long chain molecules 1s typical of structural proteins shewing
true elasticity.

The earhest electron micrographs were made by Wolpers who found
branching fibres Iymng in a membrane, then Gross (1949) prepared elastica
and found 1t to consist of fine twisted threads lying in an amorphous
matrix, but subsequently he and others found that these threads were pro-
bably artefacts dernved from the trypsin solution and were not elastica at
all. Recently Hall, Reed & Tunbridge (1953) have descibed elastica
as made up of two p ill-defined, branchmg threads lying in an
amorphous matnx, the proportion of the two elements differmg from one
site to another with a variable content of sulphate polysaccharide in com-
bination with the protein, the non-fibrillary material having the higher
polysaccharide content. Lansing ( 1952) has obtained similar results with
the electron mucroscope, but much work remains to be done with elastic
fibres and a profitable approach 1s likely to be with the aid of the pan-
creatic enzyme “elastase” (Banga & Balo, 1953).
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Ground Substance

Lastly 1t 1s necessarv to consider the ground substance, whlch in part
consists of tissue fluid, derned Iargely from the blood pl;\sma, but 1n addi-
tion 1t has a high camcnt of harides and glycoproteins (which

P

are mucopoly p ) in a varying degree of poly-~
menzation, ordmarily 1( has a gel-lke consistency and the histological
evidence would suggest that the glycoprotems are most lughly polymerized
and therefore less soluble at the basement membrane where 1t 1s 1 close
relationstup to the reticulin and collagen fibres, but in the inter-fibrillary
spaces it 15 less condensed and may, under abnormal condittons, become
depolymenized, more flud and finally water soluble <

Under the mucroscope the ground substance appears optically homo-
genous, indeed its very ewstence was questioned for many years Its chemu-
cal constitution can only be determined by rather fierce extraction methods,
while the histo-chermcal methods available are also relatvely crude, the
Hotchkiss or Periodic Acid Schuff reaction merelv mdicating the probable
presence of polysacchandes, and under certain abnormal conditions ground
substance may show the phenomenon of metachromacy, that is to say the
development of a pnk colour on the application of certain dves such as
tolwdine blue, which, with xcser\auons ndicates the presence of high

lecular wesght sulphated hardes such as chond sul-
phate or hepann, the non-acetslated sulphuric ester (Persson 1953) Last
year Kramer & Windrum (1954} devised a method of studymg the
metachromacy of tissues before and after estenfication and this wall cer-
tamlv widen our und ding of ground sub

, 1t 15 already clear
that there 1s a far greater range of polvsacchandes present m connective
tissue than have as yet been extracted chemically The enzyme hyaluron-
1dase—the spreading factor of Duran-Reynals—which hydrolyses both
hyaluronic acid and chondroiin sulphate has also been used to study
changes 1 ground substance, but ke other enzymal analytical methods,
1t has considerable himitations

Vaneties of Connective Tissue

To I:cap]lu]a!e, connective tisue can be defined as ussue flud m a
matrix of 1des and sch

poly but largely d 3

P , i varying degrees of
m which are Iying orientated fibres
of varying thickness of collagen and elastica There are structural variants
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ranging from the limiting and basement membranes which consist of a
thin membrane of polymerized mucoproten m which fine collagen fibrils
are coursing to tendon where there is a high proportion of coarse collagen
fibre with a vartable ad of elastica, embedded in a mucopoly-
sacchande matrix.

CarTILAGE

In the formation of cartilage there is an mcreased metachromacy of the
ground substance mdicating a ligher content of chondroitin sulphate, while
the coarse collagen fibres become more widely separated, and the mesen-
chymal cells dwvide, become swollen, with a high cytoplasmic glycogen
content and then become grouped but widely separated in the highly poly-
merized ground substance which 1s cartilage. It is rich n orientated argyro-
phil fibnis resembling reticulin except that they show little branching but
thexr patterning 1s significant in relation to the shaping of cartilage. In
addition there are collagen and elastic fibres and in fibro and elastic
cartilage these are m igher proportion. Precise chemical analysis of carti-
lage 15 lacking, 1t contams about 70 per cent water and of the dried
restdue, 8o per cent consists of collagen and chondroitin sulphate in vary-
ing proportions accordmng to the site from which it is obtamed; there 15
good evidence that much of the pol haride 1s bined with
collagen in the form of glycoproteins. Martin (1953) has recently described
the presence of large numbers of fine non-striated fibres in cartilage which
have different chermical reactions from collagen although they may be a

collagen precursor.

Joivts

A joint is merely an area of connective tissue free from cells and fibres
in which the ground substance—n the form of synowial fluid-—consists
of tissue flurds with a high content of hyaluronic acid Edlund (1949),
using the manometric method evolved by McMaster, has shown that the
tissue resistance of a jomt cavity 1s identical with that of loose connective
tissue and in the formation of bursae and gangha we have the develop-
ment of miniature joints in connective tissue

Boxe
1 d calcif,

The formation of bone 15 ap ton of ground
\i d with d vascularisation, and although as a
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hustologist one distinguishes bone formation in fibre, by apposition and
enchondral ossification yet the changes n all three are really the same;
there is an 1ncrease of mucopolysaccharides in the ground substance with
a separation of the collagen fibres and a morphological modification of
the connective tissue cells, there 1s a change to an alkaline pH with de-
polymenzation of mucopalysaccharide and then perhaps a phosphorylative
glycogenolyss enzyme cycle proceeds in which the alkaline phosphatase
may act as a transphosphorylase and the glycogen is derived from cellular
constituents whether fibrocyte or chondrocyte The resultant is the forma-
tion of a phosphate calcium acceptor in the ground substance or cartila-
gmous matnix and calcification commences There 1s much dispute as to the
stages that take place 1n calafication but 1t 1s generally believed that bi-
calcum phosphate 1s first formed and then 15 transformed to tricalcrum
phosphate, calcum carbonate and apatites The ultumate formation of
bone is determined by the patterned arrangement of collagen and elastic
fibres in relation to the bone salt erystals which are about 400 A and
25-50 A wide and lie between the collagen bundles (Rowller et al 1952,
Robmson & Watson, 1952)

Morphogenesis of Connective Tissue

Although there 15 considerable information about the nature of the

of e tissue, their h 1s far less und d
It 1s clear that under ordmnary circumstances the connective tissue cells
known as f; l are the cy foct and Hy 1t was beliesed

that fibrin fibres, as extensions of the fibroblast cytoplasm, were converted
into collagen but this now can be definitely excluded, although 1t may well
be that when connective tissue fibres are formmg, fibrin, by contraction,
plays a part 1n the and al m a purely h 1 way
(Buck, 1953). However, embryonic t 15 nich pol
chanides but 15 relatively acellular and in this collagen-type fibres appear,
while Doljansht & Roulet (1933) showed, m tissue culture, that the
formation of collagen fibres could occur 1n 2 portion of a fibroblast culture
ssolated from the cells, and they suggested that the fibroblasts secreted an
enzyme, which acted on a substrate, contaned m the plasma and em-
bryome extract of the culture medium, More recently Keith Porter (1951)
has studied tissue cultures of fibroblasts with the electron microscope and
has found that although cross banded collagen fibres are formed, yet these
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often have a different periodicity from mature collagen fibres, some having
a penod of 210 A and occasionally fibres with a spacing of 100 A are
observed, the fibroblasts appear to be surrounded by a fringe of short
collagen fibres and Jackson (1954) has described intracytoplasmic fila-
ments which appear to become continuous with the fibrous stroma, It is
known that m embryonic or growing connective tissue there is often a high
proportion of short collagen fibres with tapered ends and these may have
a cross striated pertod of 210 A nstead of the 640 A seen in mature collagen.
From metabolc studies it sould appear that in the mitial stage of
fibrogenesis Fhere is the formation of a non-fibrous soluble protein, ana-
logous to the Russians’ procollagen, and gradually the soluble procollagen-
carbohvd complex b d dunng conyersion into the in-
soluble mature collagen fibre, In fibroblast tissue-cultures, Mancini &
de Lustig (1g950) have found that hyaluronidase, which hydrolyses cer-
tain mucopolysacchandes, imhbits the formation of collagen fibres.
Accordmgly it would seem likely that mucopeolysaccharides play an
essential part m‘éollagen fibrillogenesis and that the fibroblast at least
potentiates this and may be associated with the protein synthesisf but it is
clear that other factors are also involved. For nstance, in the healing of
wounds in scurvy there is a deficiency of collagen and reticuln formation
and the ground substance contains a gelatinous flmd which is not meta-
chromatic but has 2 high protemn content; the fibroblasts have the cyto-
logical characters associated with active formation of cytoplasmic protemn
and there is an increase of glycoprotein in the serum, On exhibiting as-
corbic acid, the ground substance shows metachromasia, there 1s formation
of reticulin agxd collagen, and serum glycoproteins fall. It would be reason-
able to infer'that ascorbic acid assists in the polymerization of, mucopoly-
sacchandes and that this is necessary for collagen fibril formation, although
it may be that the scorbutic fibroblasts are only able to form a globular
rather than a fibnllary scleroprotemn of the collagen type; on the basis of
Fell & Damellr’s (1943) experiments, 1t had been suggested that phos-
phatase was essential for connective tissue fibre formation, but recent work
would make 1t more likely that the phosphatase is adsorbed on to the
fibroblasts from the epidermis (French & Benditt, 195¢). Kramer (1952)
has put forward the hypothesis that mucopolysaccharides might act as
aniomc detergents and by breaking down linkages in the globular form of
collagen, which has been synthesized through the medium of the fibroblast,
would promote curlng and some degree of orientation of the collagen

g4
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molecules, and that the collagen protofibrils crystallise as the carbohydrate
moiety 15 lost by dissociatron, due to a change 1 the local efectrolyte con-
ceatration or enzyme actinity This hypothes:s 1s in heeping with the facts
of fibrillogenes:s as far as they are known, conforms to known pracesses of
synthetic fibre formation, and would explain the formation of collagen m
sttes relatively isolated from cellular activity as 15 often seen in pathologreal
changcs It 1s of some mterest that Mercer (1952) has put forward an
h for the biosynthesss of silk faibrom,

Even though nformation about collagen morphogenesss 15 scanty, 1t
is Javish compared to that available for elastica and the ground substance.
In the embryo and 1n healing wounds elastica appears much later than the
collagen fibnls, and ideed 1t would appear that collagen 15 a pre-
requisite for 1ts formation It 15 generally agreed that it 15 formed extra-
cellularly and 1t seems that in an area of elasuca formaton, there 1s
usually an excess of metachromatic matenal which takes on a beaded form
and then fine non-agyrophil metachromatic fibres appear which gradually
develop the starung reactions of elastica, at first the fibres are 1rregularly
arranged 1n a fine meshwork and then develop into the fine branching and
coiled refractile threads which are charactenstic of elastica Hass (1939)
has suggested, on the basis of some interesting expeniments, that 1t nught
be formed as a fibnllary membrane at lipoid aqueous interspaces in the
tissues and such a mechanism would be 1n keeping with observations such
as those of Montgomery (1943/4) on the healing of experimental wound
of the lung

‘There are twe schools of thought with regard to the source of the
mucopolysaccharides of the ground substance The presence m fibroblasts
of granules and vacuoles having the histochemical reactions of muco--
polysaccharides and the occurrence of large amounts of mucopolysac-
chardes 1 certam types of fibrosarcoma would appear to favour this cell
type {Gersh & Catchpole, 1949), on the other hand the mast cell 15
Lnown to store, 1f not to synthesize, hepann—a non-acetylated sulphuric
ester of glucuronic acid—and Ashoe-Hansen (1g51) has put forward much
evidence to suggest that 1t 15 also the source of the connective tissue muco-
polysaccharides

It 1s not inappropriate to recall, in this, the centenary of Paul Ehrhch’s
birth, that hus furst publication dealt with the mast cell which he 50 named
as 1t appeared most commonly to be assoaated with connectne tissues
whose nutnition had been enhanced Nothing more was learnt about this
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ubrquitous cell for sixty years until Jorpes and Holmgren displayed their
relationship to hepann and now it scems probable that in addition to their
part in the formation of connective tissue mucopolysaccharides, they may
well be the source of ustamine (Riley 1953). Ehrhch was right to think
of them as the well fed cell of the cannective tissue, for which an mteresting
function mught one day be found, and 1t is to be hoped that the time will
not be far off when the elastic tissue, which Ehrlich’s cousin, Karl Weigert,
studied so assduously, will also reveal 1ts secrets and thus it should be
possible to portray a more complete picture of connective tissue—the third
estate, as Virchow called 1t.
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HISTOCHEMISTRY OF CONNECTIVE
TISSUE

J F A McManus
University of Alabama Medical Center, Birmingham, Alabama, US A

Introduction

HisTocHEMISTRY 15 used m this review m the broad sense of all the chemical
reactions 1dentifying matenals m tissues However, most of the histologically
prease nformation 15 denved from the performance of chemical tests on
nissue sections In a very large sense, then, the validity of observations de-
pends upon the chemical specificity of the tests employed While this 1s such
a very important feature, 1t 1s nevertheless so large a subject that 1t would
not be possible within this review to evaluate all of the histochemical
methods which have been used Excellent considerations of the mvolved
chemcal reactions are available in the monographs by Lison (1953),
Gomor {1952), Pearse (1953), and Lilhe (1948) Many of the methods
have been mncluded 1m a cntical review by the author (McManus, 1952)

The term mesenchyme as used in this review 1s synonymous with the
term connecttve tissues It includes specaal cells, special protein fibers and
a mucoid ground or mtercellular substance of amazing chemucal com-
plexity and biclogical versatility, The cells mnclude fibrocytic and adipose
types as well as those of cartitage and bone. Mast cells or tissue basophiles
are sufficiently frequent to be considered a normal constituent of the mesen-
chyme The fibers are collagen, reticulin, and elastic types. The interstitial
ground substance shows the specialized feature of calcium deposit as
bone, or high polymerization, as 1n cartilage, as well as the rarefaction
producing the jont spaces and serous casities

Histochenzcal methods however precise are not able to identify more
than a small fraction of the many important chemicals i the mesenchyme,
Sodium, potassium, chlonde and other 1ons, with water making up the
mulien tnterne, cannot be demonstrated histochemcally The diffusion of
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these ions occurs at so rapid a rate that attempts at histochenucal locali-
zation have been cnticized on very reasonable grounds. Similarly, the use
of Evan’s Blue B (T 1284) to demonstrate the hydration of the mesen-
chymes has still so many poorly understood features that mterpretation of
the results must be tentative.

Ground Substance

MeTiions

This portion of the review will attempt to summanze objective con-
siderations of the valditv of the histochemical methods most 1n use,

Metachromatic staiming 1s the oldest of the hustochemical techniques n
use 1n the study of the mesenchyme There 15 by no means complete agree-
ment at the present time as to the interpretation of this mteresting stam.
The term metachromasa was mtroduced by Ehrhich (1877) to describe
the phenomenon by which certain tissue structures are stained by dye solu-
tion 1 a color which was different from the color of the dye solutions,
Cornll, Jurgens & Heschl had described this property of certain dyes m
1875. The metachromatic property is restricted to basic dyes The most
commonly used of these dyes includes thiomn, tolwdin blue, the azure
dyes, and cresyl and methyl violet Lison (1933, 1935) believed that the
metachromatic property depends upon a tautomeric form amino base of
the dye which 15 1n a labile equlibrium in the dye solution Certan sub-
stances, according to Lison chiefly sulphated polysacchandes, have the
property of absorbing the metachromatic amino base. Bank & Bungen-
berg de Jong (1939) suggest that metachromasia does not depend upon
a well defined chemical structure but s rather a phenomenon largely go-
verned by electric charge density appearing in the presence of many various
matenials Michaelis & Granick {1945) believed that the metachromatic
color of the dve depends on a polymerization of the dye tself. Michacls
(1947) subsequently altered this viewpomnt. Bignardi (1g940) and Francmi
(1940) have shown that glycogen and starch respectively become meta-
chromatic after chrorme actd oxidation, while Follis (1951) has shown that
the connectne tissue of the skin becomes metachromatic after trypsin diges-
tion. Matenialy such as hyalurenic acid (Blx, rg41, and Wislocki, Bunting
& Dempsey, 1947, appear to confirm although Sylvén & Mal
1952, deny this), ribonucleic acd (Flax & Himes, 1952), and hexose-
metaphosphate {Wiame, 1947) appear to take the metachromatic stain
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Under these conditions 1t would appear that metachromatic stamns give
a suggestive type of information whuch 1s not yet at the factual stage

Oxidation methods have demonstrated that many of the ground sub-
stance materials appear to contan 1,2 glycol groups Chromic acid, as in the
Bauer method (1933), and periodic aaid (McManus, 1946, Lillie, 1947,
and Hotchkuss, 1948), have been used as well as such®other oxidants
as lead tetra-acetate (Lhotka, 1952 a, Glegg, Clermont & Leblond, 1952,
Jordan & McManus, 1952) Lead tetra-acetate appears to have value
equivalent to that of periodic acid for the histochermical demonstration of
1,2 glycols provided that the conditions of the special solvents necessary
for lead tetra-acetate are appreciated (McManus, 1952, Mowry, 1952}
Permismuthate (Lhotka, 1952 b) scems to have similar specific ondant
properties

A great deal of the difficulty mn the mterpretation of the periodic acid
Schuff’s results in tissue sections has derived from the varety of methods
employed Some of these difficulties have been summanzed by McManus
& Hoch-Liget1 (1952) Cellobiose was reported to give a negative re-
action with the spot test, using the periodic aad Schiff techmque of
Hotchksss, by both Hotchluss (1948) and Jeanloz {1950} McManus and
Hoch-Laget1, however, were able to obtamn a positive reaction with cello-
biose, using the PAS method as ongmnally described without a reducing
rmse

For purposes of clanfication of techmque emploved 1n vanous researches
it d that the foll 10ns be put mto use (1) PAS
technique will describe the use of an aqueous solution of penodic acid for
oudation followed by a nnse m tap or distilled water and 2 period of
time m Schuff’s reagent This 15 a method onigmnally described by the author
{McManus, 1946, 1948), and to which the term PAS reaction was ongin-
ally given, (2) APS technique will describe the techmque of Lillie (1947)
m which pentodic acid 1s formed by the acidification of periodate solutions
Exposure of the tissue section to the acidified penodate 15 followed by
Schiff’s reagent The factors of stability and defimite pH of the acidified
penodate deserve mvestigation, (3} PARS will refer to the reaction of
Hotchhuss in which following aqueous periodic acid oxidation a reducing
nmse 13 mserted between the oxidant and the Schff’s reagent It has been
adequately shown by McManus (1948), McManus & Hoch-Liget (1952)
and Lille (1g52a, 1953) that the reducing mnse will act as a blocking
agent for some of the aldehyde groups produced by the pertodic acid oxida-

3 Connective Tisue
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tion. It seems to the author that a very great deal of clanfication of a con-
fused literature would be accomplished by such a critical tabulation of the
penodic acxd methods used in histochemustry.

There seems to be farly complete agreement that 1,2 glycols are de-
monstrated in tissue sections by the PAS method, that these are most
numerous wmn materials consisting of carbohydrate or contam a carbo-
hydrate mosety, and that the possibility exists that under certain circum-
stances (? of disease?) termmal serine, threonne or hydroxylysine groups
may be acted upon to produce a periodic acid Schiff reaction. The acetyla-
tion and de-acetylation techmque depends upon the blockage of 1,2 glycol
groups by acetylation and the removal of this blockage by weak alkali.
More rapid saponification of the acetylated hydroxyl groups by the weak
alkali occurs as compared to the more difficult saponification of the acetyl-
ated amine groups This method was introduced into histochemistry by
McManus & Cason (1950) but appears to have been suggested also by
Gersh (1949)

Iron absorption lechniques have been suggested by Hale (1946) for
the demonstration of acid mucopolysaccharides in tissue sections Lillie &
Mowry (1949) used a colloidal 1ron solutton to study the staining of various
tissue structures. As Gomon (1952) and McManus, Lupton & Graham
(1951) have pointed out, a blue stain with the Hale method is shown by
many structures such as nuclei which could not possibly be acid muco-
polysaccharide. Ritter & Olesan (1950} have combuned the PAS and
Hale stains. The complications of mterpretation of this technique are con-
siderable, Rinehart & Abul-Haj (1951) have independently produced a
stamn very much like the Ritter & Oleson which combines the PAS and
Hale techmque and have further complicated interpretations by using such
other staming solutions as Cochmeal in the finished preparation. Combina-
tion stains of the Hale-PAS type produced some very attractive pictures
and are inevitably very much mn use mn the study of connective tissues,

Pearse (1954) applied the alkalne tetrazohum reaction to the study of
reducing groups m tissue sections including some of the carbohyds The
author stresses that this 15 the introduction of a method whose complete
evaluation will require time. Ground substance carbohydrates are reducing
sugar containing and should give the reaction as outhned by the author.
He found positive reactions among the connective tissue mucins, “possibly
including hyaluronic acid and chondroitin sulphate”, fibrinoid, etc. Weak
reactions were observed in collagen
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Alcian Blue, mtroduced by Steedman (1950} can be made rather
selective for acid mucopolysacchandes by lowering the pH of the staming
solution (Mawry, unpublished). Selective coloration of many epithelml
mucins, connective tissue mucns (umbilical cord, arteriae, and cartilage),
as well as capsules of cryplococcus neoformans was obtained m formalin-
fixed tissue sections stamed with 0.1 per cent Alaan Blue n 3 per cent
acetic acd (pH 2 6), for 10 to 3o mmutes The results are similar to
those obtamed by the Hale reaction The Alctan Blue method 15 a single-
step procedure and can also be applied m 70 per cent alcohol at pH 1-2
In combnation with the PAS reaction, differential coloration of 1,2 glycols
and pred 1y sulphated or acid pol hanides may be possible
A paper by Lison (1954} explores the usefulness of this new and promsing
stam, so far little used mn hustochemustry.

Other staming methods are chefly of hustorical interest These mclude
the various mucin stamns of Mayer (1896), Bismarck Brown (as re-intro-
duced by Leach, 1947), and Best’s stain for glycogen {1906) which re-
present stamng methods whose histochemical bases are worthy of much
mvestigation Ruthemum red, an old method for peptic substances in
plants, was used a long time ago by Heidenhain for the study of the ground
substance of the hgamentum nuchae. However, i spite of the fact that the
similarity of connective tissue ground substance and products to peptic
matenals the use of Rutherum red has been unsuccessful m my own hands
although the results have suggested some value for it

Enzymatic studies of connective tissue have consisted of (1) the demon-
stration of enzyme mn connective tissue and (2} the action of enzyme on
connective tissues The first type of study has been most useful in the
study of cartilage, bone and the formation of fibrous tissue. Within the
ground substance atself 1t would appear that the metabolic plasticity of
the matenal 15 such that enzyme contents will have to be demonstrated 1n
the test tube, as the demonstration of hyaluromidase m the vitreous humour
of the eye Concerning the action of enzymes on tissues, reference can be
made to the technical books mentioned earher and to the fact that pure
enzyme preparations are extremely difficult to obtamn, There is a difficulty
of interpretating results rather than a dfficulty m obtammng enzymes cap-

able of disolving one or another material from sections of connettive
tssue, Benditt & French (1953) have described some of the problems
the use of enzymes of specific histochemical reagents in connective tissues
The author’s review (McManus, 1952) has mention of some cther en-
zymatic action on connective tissue

*
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Resvrrs

It has been reported that ground substance 1s PAS positive (Gersh &
Catchpole 1949). Metachromasia as a property of the ground substance
has been described since at least 1911 (Bojerhng) although Virchow
(1851) himself had indicated the mucod nature of the ground substance.

In a review Holmgren (1940) traces out the historical development of
the information on metachromatic matenals in tissues. The first stage in
our information 1s the desciption of mucus 1 vanous tissues by Varchow
(1851), Koelliker (1852), Rollet (1858-1860), and Morochewitz (1874~
1877). As Holmgren pomted out, after 1900 many authors indicated that
the mucord materials staned 1m a metachromatic fashion n the anatomical
situations described by the earher workers The relationship between esteri-
fication and metachromasia as a matter of discussion probably dates from
Bojerling (1gr1) and Letterer (1932)

Wislocks, Bunting & Dempsey (1947) relate the metachromasia in
mammahan tissues especially to the mucopolysaccharides

Varnous mterpretations of the relationship between the metachromatic
staning and the PAS reaction, as well as the intensity of each have been
made It has been suggested, for example, that the intensity of the meta-
chromasia of the ground substance varies with functional states Lennox,
Pearse & Richards (1952) and Loewr (1953) beheve that depoly-
menzation of the P 1de p of tissue can alter the
metachromasia The same suggestton has been made by Persson (1953)
who had i vitro evidence to suggest that hyalurenic acid produces a signi-
ficant metachromasta only when highly polymerized. However, a more
rational explanation has been produced by Walton & Rickets (1g954)
who have shown that the metachromasia 1s not dependent upon polymeriza-
tion exther of the dye molecules or of the acid polysacchandes but upon the
solubility charactensstics of the dye-substrate complex. The degree of sulpha-
tion 15 thought to be related directly to metachromasia. These findings
suggcst a re-interpretation of such observations as the reduction of meta-

b

m granul tissue (Penny & Balfour, 1949, Pers-
son, 1953).

Mowry (personal communication) has studied metachromasia m dex-
tran preparations attached to shdes. Maximally esterified dextran sulphate
is markedly metachromatic while dextran itself is not The reverse is true
of the PAS reaction. A partly sulphated dextran may be both PAS positive
and metach Gersh & Catchpole {194g) and Gersh (1951) have
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described increased PAS positivity m connective tissue 1 various states
such as active inflammation, mnvasion by tumors, etc. They mterpret this
as depal: 1zation of ground sub: From the observations of Mowry
quoled above 1t seems highly posable that so ssmple a thing as desulphation
can mcrease the PAS reaction while decreasing the metachromasia
Mowry’s studies, as yet unpublished, emphasize the necessity for care
interpretation of metachromasia, the necesity for the use of 70 to 8o %
alcohal solutions of dyes and the use throughout the techmique of alcohol
solutions, a procedure dating back to Leach’s studies with Bismarck Brown,
(1947) and the alcoholic PAS method of Mowry (1951). Hale (1953)
has examined a number of materials which are weakly reactnve to the PAS
techmque He notes that certain of these can be made to stam more
strongly by prel y t with sodum hydroxide solutions He
notes that long cham pol handes such as hyal aad, mucm,
hepanin and chondroitin sulfate, show an especially marked increase
color Hale believes 1t can be shown that the mncreased PAS reaction 15 due
to making more avaifable more 1,2 glycol groups and ther smtable sub-
stituted forms rather than affecting sulphate or metaphosphate groups
which are responsible for metachromatic properties It 1s not apparently a
saponification

Grnishman (1948) reported a study of mucopolysacchandes 1n normal
tissues She used metachromasia with tolmdin blue and the Hale stam for
wron absorption She found that aorta ground substance was markedly
metachromatic and was fantly stamed by the Hale method Cartilage
ground substance stained by both methods but unlke the aorta ground
substance the stammg was removed by bull testis hyaluromidase The whole
matter of the non-specificity of hyaluromidase has been brought up for dis-
cussion by Mever and others (1941) and by Humphrey (1946) In a
subsequent study of tumors Grishman (1g52) mnterpreted the mixed tumor
of the parotid as being entirely of epithehal ongin and believed that the
cartilage-like structures were formed by alteration of eprthelial mucin

Altshuler & Angevine (1949) have called attention to the presence
of matenal coloring with the PAS method and metachromatic stams m
the Aschoff body of rheumatic fever, a finding of Bunting (1950) and
other workers mcluding the present author The group of collagen dis-
cases, referred to n ather parts of thus volume, hasve mn common the
accumulation of a PAS positive, metachromatic matertal n the char-
actenstic lesion The shin accumulations of myxedema are largely PAS
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demonstration of reducing groups by tetrazolium which are not blocked
by benzoylation The same author reports variable metachromasia of vari-
able degree while Follis (1951) reported marked metachromasia after
trypsm digestion, Pearse reports a positive PAS reaction after diastase
which brings up the continuing argument about the PAS positiveness of
collagen Leblond (1950) did not stam with the PAS reaction but he
used the Hotchliss method including the reducing ninse. Wislocki (1952)
mentions the intense reaction of collagen with the periodic acid Schiff
reagent in many connective tissues, He used “shght modifications of the
McManus and Hotchkrss methods” Lallie (1953) re-nvestigated the pro-
blem and believed that the reactinity of collagen to the PAS procedure was
lessened by potassium dichromate in frxation Bangle & Alford (1954)
re-investigated the problem m sections of human skin and in lide collagen.
They believed that the slight coloning encountered in collagen could be
explamned by the oxidation of non-glucosamme polysaccharide complex
conjugated with collagen. They did not believe that lipid or glycogen or
the three amino acids susceptible of peniodate cleavage were responsible for
the PAS positivity of collagen. In my own experience the PAS reaction has
been very shghtly positive in human collagen under normal conditions.

Reticulin presents a very much different picture. Positive reactrons with
reticulm have been produced by the PAS technique by many authors,
imually by Lillle (1947) In paraffin secttons and m celloidin sections
after the usual fixatives the demonstration of reticuln m the spleen and
very frequently mn the lymph nodes 15 so good that the PAS method has
been recommended as a stanmg technique for reticulm (Lhotka &
Davenport, 1950} The situation 15 confused by Gersh's observation that
retsculin fibrils are not demonstrable in his freeze-dry material {Gersh,
1950) In this study he was using the Hotchhkiss method and 1t may be
that the reducing rmse quenched the PAS positivity which only in the
spleen is very marked The presence of a PAS positive material in retsculin
seems to fit in with the possible mode of formation of retrculin but there
are no features apparent in the electron microscope to confirm this impres-
sion This may, however, be due to conditions of tissue handling prepara-
tory to electron microscopy.

Elastic Tissue

Elastic tissue has relatively been an unexplored area. It gives a pseudo-
plasmal reaction especially m rodents while colormg deeply with the al-
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dehyde fuchsin stain of Gomor (1950). Like collagen many workers have
reported a positive coloring of famt degree with the PAS reaction. Scott
& Clayton (1953) point out that mast cells, hyalne cartilage and elastic
fibers which contan and are associated with highly sulfated mucopoly-
sacchandes react strongly with aldehyde fuchsm This observation 1s gren
emphasis by the studies of Hall, Reed & Tunbndge (1952) These
workers find that polvsacchande and sulphuric acid are mtimately as-
sociated with protem 1n elastic tissue Particular emphasis 1s gien to the
fact that polysacchande 1s liberated with protein whenever elastic tissue 15
degraded, suggesting a close association of thesc materials The elastase of
Balo & Banga (194g) 1s thought by these authors to be a mucinase or
mucase The authors recall that Schultz (1922) had actually suggested
that the staiming capacity of elastic tissue was due to imhbed mucopoly-
sacchande

In elastic tissue staming some progress 1s being made 1n the demonstra-
tion of a histochemscal basis for our histological staming methods Orcen
introduced by Unna (18go) for the staming of elastic tissue has been
separated mto four active fractions by Engle & Dempsey (1954) The
further studies by Weiss (1g54) have shown farrly certanly that stammng
of elastic tissue by orcem 1n acid alcohol solution 15 due to hvdrogen bonds
Elastin has a Jow positive charge mn acid alcohol solutions which explains
the selective reaction with the positively charged orcen fractions For a
restew of the chemustry of orcemn staining, the papers bv Engle & Dempsey,
by Dempsey et al (1g52), and by Weiss (1954) are valuable

Lansing et al (1950, 1951, 1952 a, b) have studjed the content of
aortae particularly tn respect to calaum and amino acid composition A
progressive increase 1n the quantity of morgame materials with advancing
age 1s a particularly marked feature

Lansing (1g51) has a most constructie resiew on the chemical
morphology of elastic tissue He indicates that there are chemucal differ-
ences between cld and young elastns, notably a decrease m the glycne,
vahne and alamine m the old compared to the voung elastin {Lansing et al,
1951} On the other hand, glutamic acid, glycine and arginine show con-
siderable mcreases The explanation of thus 1s not at all clear The char-
acteristic amuno acids of elastic tissue, leucine, 1soleucne and vahne do
not appear to show any striking change with age There 15 a discussion
of the staming and chemical features of arterial elastic tisue which is
worth studv by anybody interested i the problem Lansing says that the
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elastic tissue 1 human skin is PAS positive. I have not studied this matter
particularly but in some unpublished “observations it is noteworthy that
the elastic tissue of the adrenal medulla in the human is PAS positive also.

Mast Cells

The mast cells of connective tissue are characterrzed by the possession
of cytoplasmic granules stained metachromatically and which in the human
usually gives a positive PAS reaction. (Jorpes, Werner & Aberg, 1948).
On the basis of these data the workers concluded that the mast cell granu-
les may be heparmn precursors, Asboe-Hansen (1950 a, b and c, 1951)
found a correlation between the number of mast cells and the quantity of
hyaluronic acid in tissues On the other hand, there did not appear to be
any definite relation between the sulphomucopolysaccharide content and the
number of mast cells It was suggested that the mast cells secrete-hyalurenic
acd Asboe-Hansen (1953) studied the uptake of radiwactive sulphur
by the mast cells m experimental skin tumors m mice, Autoradiography of
connective tissue in these expenmental shin tumors showed that the ma-
jority of the mast cells take up the $*°. Lillie had noted earlier that in the
rat more mast cells were shown with metachromatic staining methods than
can be demonstrated with the PAS method. Bensley (1950) studied the
histological changes in the ground substance following the injection of
testicular extracts locally Immediately mast cells were disrupted and ap-
peared to be reduced in number by 24 hours. By the fourth day there was
an increase 1 number and granulation of the mast cells and at the end
of a week there seemed to be an mncrease in mast cells. Bensley suggests that
the mast cell may be part of an enzyme-substrate complex.

Cramer & Simpson {1944) have descnbed an accumulation of mast
cells at the margms of tumor mnvasion. Ayhroid & Zuckemman (1938)
believed the mucopolysaccharides in the sex skin swelling of the monkey
could have originated 1n the mast cells Sylvén (1g941) extends this concept
to many vaneties of connective tissue The presence of accumulations of
mast cells 1 many skin diseases and their relationship to urticaria pigment-
osa where there 1s increased capillary fragility has many physiological im-
plications which are discussed elsewhere (p. 294).

Ruley (1953 2) has taken a new line in the study of the mast cells of
the rat. He describes a granulated orthochromatic variety which is most
numerous in relation to the blood vessels of the connective tissue and which
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he calls type one. The type two mast cell of Riley 15 a group of mast cells
which contain metachromatic granules, These are larger and irregular in
shape. Riley believes that the type one mast cell represents the early stage
of development while the type two 15 the more mature variety. The function
of the mast cell suggested by these data according to Riley would suggest
a phvsiological role 1n relation to connective tissue rather than m relation
to the blood stream

Pearse (1953) believes that only a proportion of the mast cell granules
gne a positive PAS, using Hotchluss' reducng nnse These and the other
observations quoted which would suggest vartable FAS posittvity would be
n accordance with a metabolically active cycle within the mast cell
granules The mast cell granules color for lipids Iike the other granules
1n leucocytes (Sheehan, 1939, McManus, 1946) although Lilhe {1953) has
serously questioned the Sudan black staming of the white cell granules
as speatfic for hpids However, Pearse (1953) has shown that secondary
fluorescence 1n ultraviolet hight can be induced by the benzpyrene method
of Berg (1951).

The comparative staming reactions of the mast cell granules in various
ammals has not yet been made 1n an orgamzed fashion Compton (1952)
found that i the hamster mast cell granules are more infrequently stamned
with PAS than they are stamned by metachromatic methods. Sudan black
B does not stamn the majority of the mast cell granules unless they are near
fat cells Connective tissue spreads exammed with the phase microscope
show no evidence of a secretory cvcle mvolving degeneration and death of
the mast cell granules The relationship to heparm which has been em-
phasized by Jorpes (Iiterature Jorpes, 1946) has suggested to Jorpes that
the mast cells of tissue should be called hepannocytes. Even at this time
the evidence 15 suggested rather than proven Reference 1s made to the
previous article of Asboe-Hansen and a recent survey of the Lterature
appears in Compton {1g52)

Drennan {1951) describes the mast cells m urticana pigmentosa He
descnbes the vanety of appearances which mast cells may have. Whereas
Drennan generally found more mast cells 1n other cases by the toluidin blue
staming method rather than with the PAS techmque, m urticaria pigment-
0%, equal numbers of mast cells were demonstrated by the two staming
methods Vacuolation and disruption of cytoplasm are described by Dren-
nan m the active Jesions. This 15 m line with the observation of Ruley
(1953 b) that vacuoles appear 1 mast cells with sumulation by histamine
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liberators and that this vacuolation can be prevented by antthistammne
premedication,

Sundberg et al (1954) descnibes apparently for the first time, numer-
ous mast cells in Wharton's jelly of the human umbilical cord. Besides the
mast cells, both fibroblasts and connective tissue cells are said to contain
metachromatic granules Katzberg (1954) describes the distribution of mast
cells in the lymphoid organs of the rat. The spleen was almost devord of
mast cells while both thymus and lymph nodes contained a few. In the
thymus the mast cells were in the capsule and connective tissue while 1
the lymph node they were found in the node substance Padawer (1954}
tepeats his earher descriptions of mast cells of the rat pentoneal fluid,
adrenalectomy reducing mast cell size while hypophysectomy increasing it.
Hess (1954) describes ground substance i the developing central nervous
system and proposes a role for it in development and in cerebral edema.
Constantintdes & Rutherdale (1954) report the effect of vartous materials
and maneuvers on the rat mast cell count.

Riley (1953 ¢) first suggested the mast cell as a site of histamine pro-
duction  Fawcett (1954) reports expermmental observations suggesting
histamme m mast cells Benditt et al. (1954) report that an edema pro-
ducing dose of ovomucoid damages and disrupts mast cells at the same time
that histamine 1s released locally. This is taken as further evidence for
Riley’s suggestion of association of histamine with mast cells

Mast cells n relation to tumors and tumors composed of mast cells—
mastocytomas—are reviewed by Cambell (1952) who reports a masto-
cytoma followed methylcholanthrene pamting of the skin of Swiss albino
mouse Sabrazés & Lafon (1908) apparently first described this type of
tumor 1n a horse Bloom (1942) reviews the hiterature and descibes mast
cell tumors m the dog The tumors of the mastocytoma type assume im-
portance in view of the 1deas of Raley regarding histamine and mast cells
Riley {1953 ¢) was able to demonstrate 1n four mast cell tumors, two from
children and two from dogs, extremely high values of histamine. According
to Ruley, the mast cells are rich in histarmne as well as containing heparm.
Earlter, Riley & Drennan {1949) seem to have shown alkaline phosphat-
ase actwvity in the granules of the mast cells.

Twort & Twort (1930) described diffuse mast cell increases in the
shin of mice pamted with carcinogenic agents as opposed to the nodular

“mastocytomas” following tar painting observed by Schreus (1924) and
Fabris (1927). Cramer & Swmpson (1944) considered the mast cells
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as part of a defensive reaction or mechanism Cambell (1952 2, b) agrees
with this concept

In other nteresting observations Cambell {1952 a, b) noted mast cell
diapedesis m the stomach of the albmo rat corresponding to the Jeucocyte
gastric diapedesis described by Tomenins (1947)

Fibrocytes

The fibrocyte 15 the most numerous cell i the body ground substance

Tt vanes considerably m size and shape and may contamn nclusions of fat
or protem and ly of carbohy Gersh & Catchpole (1949)
have described the presence of the PAS poative granules i the fibroblastic
cytoplasm relating this to alterations n the PAS positivity of the ground
substance Marked cellular hyperactivity shows no PAS positive granules
1 the fibroblasts The carbohydrates and hpids of the fibroblasts occur m
the classical poution of the Golg element of the fibroblasts (unpublished
observations) Ths suggests a rel. to bolic actavity Cytopl

basophilia 1n the fibrobl. d with an increase n matenal remov-
able by nbonuclease occurs m conditions of mcreased cellular activity, as
m repair, tumor formation, etc. There appears to be some relatienship be-
tween the granulation and frequency of the mast cells and the basophilia
and actmty of the fibrocyte The presence of fibrils within the cytoplasm
of the fibroblasts 1n tissue culture as shown by Bang & Gey (1948) and
by Porter (1951) suggests that the fibroblast 1s concerned with the fibnllar
element of connective tissue rather than with ground substance

Muscellaneous Observations

De Brux (1951) Teviews the histochenical constitution of the ground sub-
stance and relates this to the “collagen diseases” He reviews the evidence
that a secretion of fibroblasts makes up one of the most important factors
m the formation of the ground substance The mfluence of vanous en-
zymes, of the hormones, on the breakdown of the ground subiance 1s
entered mto in considerable theoretical detail De Brux & du Boistesselin
{1953) enlarge upon the alterations recogmzable by hitological and histo-
chemucal methods which occur 1n the connective tissues under the action
of various hormones Kellgren (1952) has summarized the study of his
group and others in the rheumatic diseases Corresponding to the fibrinoid
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change of collagen in rheumatoid arthritis, they have found an actual
decrease in the ground substance of cartilage exposing collagen fibers in
the fraying process of the osteoarthritic joint. Accessory evidence for the
carbohydrate nature of the fibrinoid materials 1s presented in this review.

‘There has been a very considerable amount of interest derived from the
coloring of amylod mfiltrations by the PAS method (McManus, 1948).
The vanety of other connective tissue hyalines which color with the PAS
method includes that of arteriosclerosis, the hyalme filling the space of
B ’s capsule in jschemic obsol of glomeruh and in the hyaline
of Zenker’s degeneration of muscle (McManus & Cason, 1950). In regard
to the hyaline i Bowman’s capsule 1t has been reported that a concentra-
tion of 5-nucleotidase 15 present m the abnormal matenal (McManus &
Lupton, 1953). Ehrich (1952) discusses some of the relationships between
pathological hyalnes

Hudack & Blunt (1950) descnibe one of the early investigations of
wound healing usitng a variety of histochemical techmques. They refer to
an earlier observation by Hudack et al (1949) on what was thought to
be an acid mucopolysaccharide present in the granulation tissue of healing
fractures. Higbee (unpublished data) 1s said to have correlated its presence
with fibroplasia, the material disappeaning nearly ! in fully
mature fibrous tissue or bone. Hudack & Blunt quote some unpublished
work of therr own n which there was increased phosphatase activity, lyso-
zyme, sulphate radicals and implied phosphate enrichment, Layton {1950)
reports the tn vitro fixation of sulphate radical by granulation tissue. Stough-
ton & Wells (1950) have reported the histochemical study of various skin
diseases, McManus & Lupton in unpublished studies have made a histo-
chemical survey of the wound healing in rabbits and rats. While the details
are so numerous that a complete summary would be out of place certain
broad principles were apparent, It appeared that the healing in cartilage
had many sumlanties to the healing 1n the loose connective tissue with the
mayor difference that the ground substance polysaccharides were much
more viscous in the cartilage and could be readily followed, If there was
no great displacement in the wound between the fragments of cartilage,
granulation tissue did not form and infl ion was at a mini The
ground substance of the cartilage appeared to exude to fill up the gap and
this was quickly invaded by perichondrial cells and cells from the adjacent
cartilage. These more actne cells did not contain the readily fixed and
preserved carbohydrate, probably glycogen, of the resting mature cartilage
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cells The ground substance was less PAS positive 1n the gap between the
ends of the cartilage, it took more of the Hale stain and was more meta-
chromatic. As this healing cartilage matured, it became more PAS postive,
the cells became more filled with glycogen and the staiming reactions re-
turned in time to those of normal cartilage tissue, Displaced portions of
cartilage were re-absorbed with the early disappearance of the ground sub-
stance while the elastic tissue persisted This process of healing in cartilage
1511 all probability a prototype of the heahing by first intention as it occurs
n the human skin wound.,

Brewer (1951) reports precise autopsy histochemucal study of a case of
myxedema. Mucord mfiltrations wese studied i the slin, the tongue and
the myocardum It was concluded that thc mfiltration of the tongue was

probably a mexture of protemn )| acid and chond
sulphunic acad whereas the mfiltration of the myocardium consisted of “a
hustoct Ty distinct protein” The I on mucoid d

tion of the myocardum (Spencer, 1950) 1s reviewed by Brewer The
mucaid degeneration of Spencer 1s the same as the basophilic degeneration
of the myocardium of a number of authors

Campam1 & Reggamm (1950) review the Itahan Iterature on
metachromasia and pomnt out that m a healing wound metachrematic
ground substance can be removed by hyaluromidase up until the fourth day.
After the fourth day the metachromasia 1s not removable by hyaluromdase,
these observations suggesting strongly some essential change in the meta-
chromatic materral They suggest that the metachromasia which s earlier
removed by hyaluromdase 1s probably due to hvaluromc acid which may
become more polymerized and resistant to hyaluromdase in the latest stages
of healing Balasubrahmanyan (1g53) describes a PAS positive inter-
fibnllary substance 1n early carbon tetrachlonde cirhoss This PAS posi-
tvity can be partly removed by hyaluronidase. As the fibrous tissue gets
older the PAS positive matenal decreases n amount

Cater (1g5t) has studied by histochemucal and biochemical methods
some effects produced by the Rous sarcoma upon the endocrine organs of
cochs and hens A vamiety of methods were used including ascorbic acid,
hipids, alkaline phosphatase, acid phosphatase and the PAS method A
vanety of changes are described which should be sought in the oniginal
publication

Robertson, Dunthue & Novikoff {1950) were not able to be certain
that i 1 alkalne ph was

with fibrous tissue
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formation This article reviews some earlier contrary opinions. About the
only other enzyme considered important mn connective tissues from a histo-
chemical viewpomt 1s the 8-glucuromdase of Fishman (1940). Burton &
Pearse (1952) present a cnitical study of the histochemical methods for its
demonstratron, Campbell (1949) described an merease of B-glucuronidase
actity demonstrated histochemically at the sites of active tumor growth

Dufficulties m mterpretation of histochemical studies are apparent in
attempts at deciding the omgin of cartilagelke materials in the so-called
mixed tumors In those of shin ongin, Lennox, Pearse & Richards (1952)
beheve that epithelral mucin may give rise to cartilage. The immediately
following article by Yates & Paget (1952) expresses the belief that the
cartilage 1n the salnary gland mixed tumor develops from the connective
tissue stroma.

In relation to the descriptions of Hess (1g54) above, the disease meta-
chromatic leuco-encephalopathy of Einarson & Neel (1938) comes to
mmnd. Leshe (1952) has studied such a case by histochemical stamning
methods It 1s believed that the granular deposit 1s a glycolipid.

In summary, this review has examined the methods most used m the
study of the histochemustry of connective tissue The data produced in 2
large number of such studies have been described and a broad outlne of
the histochemucal structure of the mesenchyme has been presented. The
1mportant position of the mast cell m modern considerations of connective
tissue seems especially stnking This may be more related to its case of
demonstration than to anything else Large deficits in our knowledge of the
| h ry of the hyme mnclude enzymatic actwvities, the lipids
and comparative data obtamed by carefully controlled studies

Thus review has the limitation of available page space with the addi-
tional restriction, self-imposed by the author, that recent, crucal, orgmal
or review articles have been the main sources of matenal. The omission of
undoubtedly important articles has been forced by one or another of these

restrictions

Summary
The connective tissue from the viewpomnt of histochemustry is made up
of protemn fibers of several specific types embedded in a mucous ground
substance. The protein fibers are of three mam types: 1) Elastica, 2) Cell-
agen and, 3) Reticulin The first two of these fibers possess no specific
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histochemical features; methods for their demonstration are histological
and emprical, although possessing a high degree of speciftaty, The third
variety of fibers, reticulin, contams carbohydrate and can be demonstrated
by various oxidative methods
The ground substance may be demonstrated by oxidation methods and

by metachromatic staining The present opiuon suggests rather strongly
that neither of these methods of demonstration depends upon the hyaluronic
aad of the ground substance but rather upon other matenals including
hond: sulphuric acd

The fibroblasts and mast cells are the most mmportant cellular consti-
tuents of the connective tissues It appears from fustocherucal data that
the fibroblast 1s related especially to the fibrous elements of the connective
tissues while the mast cells reflect and/or cause changcs m the ground
substance These changes include 1 or d
stainimng, frequently accompanied by changes mn intensity of staming by
oudatne methods The imnterpretation of these data 1s difficult but the
changes are thought to represent the degree of polymenization, changes
viscosity, or even such a ssimple factor as degree of sulphation The mast
cells themselves are assoctated with sulphate metabolsm, heparin and/or
hyaluronic acid and histamine release They represent the present ponts of
most mtensive study

P .
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Introduction

INFORMATION ON THE COMPOSITION of the ground substances of connective
tissue is based on histological data, on chemncal isolation and, to a minor
extent, on phystological studies All these methods have severe hmitations.
The hstological methods in this field have very hmited specificities, even
when used 1n conjunction with enzymatic digestion. Chemucal isolation,
on the other hand, requires large samples and fails to give information of
the topology of the substances isolated. In fact, the proposition of the
ongm of the isolated substances from the mterfibrillar spaces, though very
probable, is only based on assumption The physiological methods have
given very Imited mformation on the structure and chemical nature of
the ground substances.

It has become evident in the last few years that the ground substances
are highly complex and differ in composition in various organs. In fact,
only in synovial fluid and vitreous humor has a single component been
found—hyaluronic acid From all other tissues, two or three different
mucopolysaccharides have been isolated. It is, of course, arbitrary to con-
sider synovial fluid or vitreous humor as analogous to mesodermal ground
substances as has been done by various authors in the case of synovial
fluid In the case of the witreous humor, it is even uncertain whether its

origin is mesodermal.
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Analysis of the Structure of the Ground Substances

Historocy -~

It 15 not possible to deal with the chemistry of the ground substances
without making some statement as to their histology. The work of Bensley
(1950), Day (1952), and Persson (1953) has provided a picture of loose
connective tissue as formng a fabric composed of lamellae or fibres, the
interstices of which contam a plastic fluid Dense connective tissue such as
tendon and large blood vessels must have a structure unlike that of loose
connective tissue. It contains a lower mucopolysacchande concentration m
which the chondroitin sulfates predomunate The relation of the latter to
the fibrous elements 15 unknown, but it can be assumed that they are
structurally and functionally mtimately connected

The structure of reticulum apparently 1s quite different from that of
the coll of tive tissue (Benedetti, 1953) The
ground substances of reuculum may al:o be dufferent. By paper chromato-
graphy, galactose and mannose, fucose and ribose have been demonstrated
1 hydrolysates of the residues of water and acetone-extracted tissues rich
m reticulum fibres (Glegg et al, 1953) Galactose, mannose and fucese
have also been demonstrated in cornea {Werner & Odin, 194g) It seems
imperative that these reports should be confirmed by chermcal identifica-
tion and especially that quantitative data and solation of defined frac-
tions should be forthcoming

CHEMISTRY
(a) General For the 1solation of components of the ground substances

of connective tissues, extraction with dilute alkali or aqueous salt solutions
of fresh or dned tisues has been employed Digestion with proteolytic
enzymes has been substituted by a number of authors for the alkaline ex-
tractives Depending on the tissue and the method of extraction used, the
cxtmcts contain protein and other nitrogenous componmls, neutral sugars,
‘handes and ) hard, i!

The pro-
tems p:mly consist of collagen thn a salt solunon or mild alkali 15 used
as an extractive, the sulfated mucopolysaccharides are obtained as protein
complexes The nature of the bonds between proten and mucopolysac-
chande 15 still uncertain In the case of hyalurenic acid, this author has
considered these bonds to be of polar type (Meyer, 1947). Ogston and
Stamer (1953) on the basis of viscometric studies have postulated that,
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m ox synovial flud, hyaluromic acid 1s present as a protein complex com-
posed of about 30 per cent protein and 70 per cent hyaluronate. The
nature of the bond has not been discussed by these authors. They attribute
the physical properties, however, especially viscosity, to the ntactness of
this knkage, Blumberg & Oster (unpublished) studied light scattering,
sedimentation, and streaming birefrigence of hyaluronate prepared by this
author from umbihical cord On the basis of these experiments, these
authors arrived at a molecular weight, shape and properties of the com-
pound not sigmiftcantly different from those reached by the Oxford authors
The preparation used, however, contamned less than 0.3 per cent protem
based on the ratio of mtrogen to uromc acd

Chondroitin sulfate B and C appear to be bound to protem in the
connective tisues much more firmly than is hyaluronate. Thus from ex-
tracts with aqueous 2 per cent phenol or with 0 o2 N Ca (OH), fractions
were obi d ing of app ly 25 per cent pol! haride
and 75 per cent protein which migrated electrophoretically at pH 86 as
complexes On treatment with strong alkali, the complexes dissociate into

their components

Chondroitin sulfate exists in cartilage at least in part in polar linkage
and migrates electrophoretically free of proteins (Blix, 1940) From ace-
tone and ether-extracted cartilage powder, the mucopolysaccharide can be
extracted almost quantitatively by neutral or shightly alkaline CaCl, solution
(Meyer & Smyth, 1937) It apparently has been assumed that chondroitin
sulfate is bound to collagen n cartilage, an assumption which may not be
warranted

(b) The Mucopolysaccharides. While the protein_components of the
ground substance have scarcely been studied, the mucopolysaccharides of
these tissues have received a great deal of attention The following acid
mucopolysaccharides have been solated :

1. hyaluromic actd 4. chondroitin sulfate C
2 chondrottin sulfate A 5. chondroitin
3. chondroitin sulfate B 6. keratosulfate

The following table 1llustrates the distribution of these polysaccharides
based on their 1solation
This table contamns all available data. It is probable that these may have
to be modified and extended as some of the tissues are more carefully
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TABLE ¢ i
towe |t | cnsn | ensc | St |
Group I Vitreous humor + P
Synowsal flaxd + -
Mesothelioma + — —— —
Group 11 Hyahne carulage + L
Group 1T Heart valves + + »
Tendon -+ + ?
Aorta + -+ 2
Group IV Skin 4+ e P
Umbdical cord —— »
Group V. Cornea — + +

examined and as new tistues are being studied In the following, the
jndvidual mucopolysaccharides will be discussed

1_Hyaluremic acid (The hitory and properties of hyalurome
acid have been reviewed {Mever, 1947) and this discussion will be Iim-
ited to information not covered previously ) Hyaluronic acid can be defingd
as a polymer of a d hande N-acetylhyaloburonic acid polvmerized,
probably as unk hed chams, via the g} chc bonds { Wi
& Meyer, 1 press). It 1s apparent from viscometric data that the poly-
sacchanide occurs 1 nature 1n various degrees of polymenization The only
material studied extensuely 1s that 1solated from umbilical cord which has,
by the light method, a molecutar weight of app: y 8
mithon (Blumberg & Oster, unpublished). The shape of the particle n
solution appears to be formed by coiling of highly hydrated chain mole-
cules of about 10 A thickness, forming hydrated spheres of a diameter of
2100 A Hyaluronate of high punty prepared from a group A hemolytic
streptococcus (Blumberg, Halbert & Meyer, unpublished) appears to have
propertics very similar to that of umbihcal cord and may have a still higher
molecular weight The chemical structure of hyaluronic acid has been
mvestigated by three groups by the use of perodate oudation {Meyer,
K H etal, 1951; Jeanloz & Forchiells, 1951 b, Bhx, 1g51). The con-
clusions of these three groups contradict each other. It 1s quite obvious
from the work of Jeanloz and Forchuell: (1951 a) that penodate oxidation
of glucosamine dersatives under controlled conditions does not yield the
expected stoichiometric quanuties. In this laboratory, the structure of the
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repeating disaccharide umt of hyaluronic acid was shown to be 3-8-D-
glucopyruronosyl-2-acetamino-2-desoxy-D-glucose (Weissmann & Meyer,
19525 Weissmann et al,, 1953). The structure was proven by demonstrat-
ing the identity of an acetylated degradation product of the latter with
the corresponding acetyl derivative from laminaribiose, 2 synthetic disac-
charide of proven structure. In this work, hyalobiuronic acid was esterified
and reduced to the corresponding D-glucopyranosyl compound. The latter
was d i i and decarboxylated to the 2-8-D-glucopyranosyl-1-D-
arabmose, isolated as the heptaacetyl compound. A heptaacetate of the
same melting point and optrcal rotation was obtained from laminanbiose
by Zemplen degradation.

Evidence for N-acetylhyalobruronic acid as the main if not only build-
ing block of hyaluronic acid is based on the following findings The cry-
stallne disacchande, hyaloburome acid, was isolated in a yield of 61 pcr
cent by acid hydrolyss of digests of hyal by testicular hyal
By direct acid hydrolysis of hyaluronate, the disacchande was isolated in
somewhat lower yields (Weissmann & Meyer, in press). On acetylation with
ketene, the amorphous N-acetyl derivative of hyalobiuronic acid was ob-
tained which, in its physical properties, was indistinguishable from the
disaccharide fraction obtained from hyaluronate by hydrolysis with purified
or crude testicular hyaluronidase, N-acetylhvalobiuromic acid, prepared
both enzymatically and synthetically, yielded identical, well characterized,
heptaacetyl methyl esters (Weissmann et al., mn press). The evidence for an
unbranched chain m hyalurcnic acid was based on the results of the
digestion of hyaluronate by hyaluromdases (Meyer & Rapport, 1952).
There 15 as yet no conclusive evidence for the nature of the hexosaminidic
bond by which the disaccharide is polymerized into hyaluronic acid. It is,
however, probable that this bond has a -1-3 conhguratmn ‘This conclusion
is based 1n part on the absence of period 3s of hyal
in which the three investigators mcntloncd previously agree. The assump-
tion that this negative evidence demonstrates the absence of vicinal hy-
droxyl groups 1n conjunction with the demenstrated pyranose structure
and 1-3 linkage of the uronidic moiety, leaves for the glucosaminidic moiety
only 2 1-3 hinkage in the pyranose configuration On the basis of the
strong negative rotation of the polymer ([aly ~—70°), this Iinkage can
also be assumed to be in f-configuration. These data are summarized in
the following structural formula for hyaluronic acid

Ibﬂﬂmﬂﬂ. The enzymes hydrolysing hyaluronate have been used




CHEMISTRY OF GROUND SUBSTANCES 59

COOH CH;OH

H/H
HH HO

H o NHAC {y

Fig ¢

and are stll bemg used in the study of hyaluromc acxd and of connective
tisue in general For this reason, it may be approprate to summanze
pertinent data about the enzymes and their action on hyaluronate and
ather mucopalysacchandes It 15, of course, possible to give only a general
survey of this field 1 the framework of this presentation Of the two
ghycosidic bonds m hyaluronic acid, only the ghicosanumidic bond is at-
tacked by hyat dases, that 15, ail hyaluromdases are h idk

AR hyaluronidases thus far studied appc:xr ta hydrolyse the paly sacchandt
cither randomly or from the center No enzyme has yet been found at-
tacking hyaluronate from the end anal to B-amylase. All hyal

dases thus far studied attack the native high polymers as well as the poly-
mers of lower molecular weight, although enzymes of vanous origin may
differ m ther affinty to the substrate, Hyaluromdase activity, whether
measured by its biological effects such as spreading activity or by its
physical effects Uhe toss of muon clot formation and loss m viscosity, or
by its chemucal effects Dihe increase in reducing sugar value, appears to
he due to only one reaction, the opening of glucosatmmndic bonds (Meyer
& Rapport, 1952}

Two main groups of hyal dases can be d hed, those of ani-
mal ongmin (A} and those of rucrobial origin {8). The best studied mem-
bers of group A are testicular hyaluromdase and, though studied much less,
snake venom_hyaluronidase (Lnker & Meyer, unpubliched). Group B
fvaturomdases which have been studied are derved from pnecumococed,
streptacaccs, staphylococer and clostndium Welchu {Linker & Meyer,
unpublished ).

The following table bists some of the propertics of the two groups of
enzymaes

The mos strihng differences bisted in Table 2 in the two groups of
enzymes are 1) the extensive transgheosidase actnvity of hyaluronidase A,
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TABLE 2
Amamal byalurondases Microbial hyaluronidases
ot hyslurondases A or hyalutonidases B

Actvity do-B-h ex- do-B-h i no

tensive Iy cosid,
Stabihity thermostable thermolabile
Substrate affimty mcreases with molecatar nearly mndependent of

weight molecular weight
Endproducts disacchande and oligosac-  disaccharide

charide with tetrasac-

chande predommating
D hand ds N-  modified frory normal di-

acetyl D-glucosamine sacchande by H-OH loss,

presumably B-D-gluco-4-
5 ene-pyruromdo 1-3 N-
acetyl D-glucosamine

and 2) the endproducts of the action of the two groups of enzymes An-
other difference not hsted above 1s the hydrolysis of chondroitm sulfate A
and C by testicular hyaluromdase and the resistance of these compounds
to the bacterral en: Ths resi: however, pp when the
sulfate groups are removed by acid hydrolysis (with partial concomitant
hydrolysis of glycosidic bonds) (Davidson & Meyer, unpubhshed) or more
completely with the naturally occurring chondroitin (see below), The pro-
longed hydrolysis of hyaluronate by purified testicular hyaluronidase was
shown to lead to a muxture of ohgosaccharides, which by paper and ion
exchange chromatography was resolved mte a consecutive homologous
series rangmng from di- to octadekasaccharide. Exhaustive hydrolysis led to
a mixture 70 per cent haride, the rest posed of
disaccharide and higher homologues { Wewssrnann et al,, in press) Presum-
ably the enzyme which hydrolyses 15 also responsible for the transglycosid-
ation, In this reaction, disaccharide units or multiples of disaccharide are
transferred to higher units (Weissmann & Meyer, 1953). Di- and tetra-
sacchandes app: Iy do not act as g3 but the harde may
be hydrolysed, although very stowly. The transghycosidase reaction oceurs
concomitant with the hydrolysis. The rate of both reactions appears to
increase with ncreasing molecular weights of the oligosaccharide fractions
The transglycasidation probably leads to the production of the consecutive
homologous serses of multiples of disaccharides obtained in non-exhaustive

hydrolysis.
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The endproduct of the action of microbral hyaluromdases contains equi-
molar quantities of h (d d color lly) and of
vromc acd measured both colonmetsically and by CO, determinations
The bactenial disacchande has now been shown to contam a hitherto un-
described type of 4—5 unsaturated uronic acid, apparently formed by the
removal of H-OH dunng the hydrolysis of the glucosarmunidic bonds.
Thus, the tetrasacchande (the mam product of testicular hyaluronidase
action on hyaluranate) yields equal quantities of normal and bacterial
disacchande {Lmker et al, 1954) on : with bactenal hyal id
ase while N-acetylhyaloburonic acid remains unchanged on ncubation
with the enzyme

Apparently a simular conversion of the normal glucuromde to the un-
saturated uromide occurs when the substrate 1s chondroitin or partly de-
sutfated chondroitin sulfate (Linker & Meyer, unpublished).

When the hydrolysis of hyal 18 pted before cormpleti
the oligosacchanide fractions produced all appear to contam the glucosen~
uronic acxd end group The ohgosacchandes have paper mobilities different
from the normal oligosacchandes and they are resistant to 8-glucuronidase,
while this enzyme hydrolyses the termmal glucuronidic groups of the
normal chgosaccharides (Linker & Meyer, 1g952).

The biosynthesis of hyaluronate from labelled glucose has been studied
1n group A hemolytic streptococcr (Topper & Lipton, 1953 , Roseman et al ,
1953) This orgamsm utilizes glucose durectly for the synthesis of both the
glucuromdic and glucosamimdic moety. Recently the same technique has
been used for the study of skin hyaluronate synthesis in the living rabbit.
The mechamsm of the synthes:s 1s as vet unknown.

2 Chondroitin Sulfate A Chondroin sulfate A 15 the
mam mucopolysaccharnde component of hyalne carulage. In hyaline
cartilage 2 minor component cccurs which has the solubility and rotation
of chond sulfate C Chond sulfate A also has been prepared
from a cystic human chond (Meyer, unpublshed). The only
other known source of a compound analogous n 1its properties to chond-
roiin sulfate A 1s the comea (Mc):r et al, x953) Chondmmn sulfate A
is a polymer with little or no b d of

of N-acetyl chond (D-2-: do-2-d 1

y Foster &
Stacey, 1952), glucuronic acid and sulfate As with hyaluronate on acid
hydrolysis, a desulfated and deacetylated disacchande has been obtained
excellent yield, the so-called chondrosine which on estenfication yields
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the crystalline methylester (Levene, 1941) Recently in this laboratory,
crystalline chondrosme has been obtained, The structure assigned to
this disaccharide 15 analogous to hyaloburenic acd, It is f-glucuronido-
chondrosammne (Davidson & Meyer, unpublished) and not chondro-
samimdo-glucuronic acid (Wolfrom et al, 1952). The sulfate groups
m chondroitin sulfate A presumablv is n the hexosamine moiety, al-
though no strict proof of this is available. Chondroitin sulfate A is usually
prepared from esther tracheal cartilage or from nasal septum. It is advis-
able, especrally with tracheal cartilage, to remove loose connective tissue,
muscle and other contammating tissues by a short incubation with acid
pepsin, followed by mechanical removal of the extraneous tissue. (For lite-
rature on the preparation, sce Mathews & Dorfman, 1953). Recently the
preparation of the Ca salt in crystallne form has been reported (Em-
binder & Schubert, 1951). The best preparations of chondroitin sulfate A
(mncludmng that of the crystalline Ca salt) usually show a molar sulfate ratio
shghtly below that of hexosarmine and uronic acid. The optical rotation of
the neutral salts is (o], == —30° to —32°, that of the acid salts —17°
to —19°. The molecular weight of chondroitin sulfate A was estimated
from streammg birefrigence data as 260,000 (Blix & Snellman, 1945).
Alkali-treated chondrottin sulfate lost its streamung birefrigence and its
molecular weight dropped to about 50,000. Considerably lower molecular
weights as determined by osmotic pressure were reported for chondroitin
sulfate A prepared by a vanety of methods (Mathews & Dorfman, 1953;
Mathews, 1g53). The highest value, 43,000, was obtaned from CaCl,
extracted samples The samples showed weak flow birefrigence only in
water and none 1n buffer solutrons. Alkali-treated or KCl-extracted matertal
showed molecular weights as low as 15,000. The discrepancy between the
data of Blix and of Mathews 1s unexplained. The degree of purity of the
preparations of the two laboratories 1s about the same as judged by the
reported analyses. One sample prepared in this laboratory from tracheal
cartilage also showed httle flow birefngence (Blumberg & Oster, un-
blished). On ultracentnft , it app d polydisperse

Chondroitin sulfate A has been reported to consume 1 molecule of
periodate per disaccharide unit (Wolfrom et al, 1952; Meyer et al, 1g948).
Blix (1951), however, reported a low periodate consumption. It should
be noted that the first two authors had undoubtedly degraded chondroiti
sulfate Very little 15 known about the biosynthesis and breakdown of any
of the chondroitin sulfates. The fixation of sulfate as S$*°0, in cartilage has

P
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been studied by a number of investigators, foremost among them Bostrom,
who isolated chondrottin sulfate from rib cartilage of rats after varying
time intervals following the mnjection of Na;$*0, (1952) The maximum
uptake was reached 1 24 hours and slowly declined to half the maximum
on the 17th day. Shces of nib cartilage 11 tatro n presence of O, also in-
corporate sulfate into chondroitin sulfate In boiled shices or under N;, no
radioactivity could be found m the chondroitin sulfate. No i
about the rate of synthesss of the carbohydrate cham 15 available. As stated
above, testicular hyaluronidase and presumably other hyalurcnidases of
animal onigin hydrelyse chondroitin sulfate A by opening of the hexe-

intdic bonds The ot hanide fractions thus produced are sulfated
{Linker & Meyer, unpublished). No evidence for the existence of a sulfatase
of mammalian ongn capable of hydrolysing n vutro the ester sulfate group
has been obtained, The study of the sulfate esters found in utine should
furmish nformation about this degradation. It seems notewarthy that
preparations of chondrotin sulfates contamn constantly less than the theo-
retical amount when calculated on a stoichiometric basus of the CO,
formed on decarboxylation, the most signsficant analytical value Thus find-
g together with the now established existence of chondromtin makes 1t
probable that the polyacids are furst synthesized and then sulfated. It
appears rather curious that hyaluronate remains non-sulfated.

It is not known with certmnty in what form chondrowtin sulfate A
occurs m hyahine cartilage Morner already noted that water extracted a
small quantity of chondromin sulfate from munced cartilage {Morner,
1889) Blix (1940) found, by electrophoresss, no evidence for the existence
of proten complexes in such aqueous extracts Partndge {1948), who
extracted acetone-dried cartilage at elevated temperatures with various
aqueous and alkaline solvents, concluded on the basis of analyses and
clectrophoretic measurements that chondroitin sulfate was partly present as
a complex of a non-polar type with collagen Meyer & Smyth (1937),
on the basis of the similarity of the ratio of mitrogen to hexosamine n
cartilage powder and 1n salts formed by gelatin and chondroitin sulfate and
on the basis of the dissociation of both these complexes by CaCl,, con-
cluded that chondrotin sulfate was present m salt Linkage with protein
Linbinder & Schubert (1950) found that neutral salts extracted a mini-
mal quantty of chondroitin sulfate from fresh wet cartilage, while the
same extractants gave high yields when the wet cartilage was stored at 0°
for 4 to 6 weeks From this, they suggest that the binding of chondroitin
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sulfate and collagen 15 other than salt-like and that the hnkage may be
broken by enzymatic processes

The concentration of chondroitin sulfate (including both A and C) m
cattle nasal septa has been reported as about 22 per cent of the dry weight.
In tracheal cartlage (pretreated with acid pepsin) the concentration was
similar, 25 per cent. How such large quantities are arranged in relation
to the collagen fibrils remains an mtnguing and formidable problem The
behaviour of chondroitin sulfate as a polyelectrolyte has recently been
studied by Mathews (1953) He concludes that, mn water, chondroitin
sulfate exists as an extended cham which corls to varying degrees of tight-
ness depending on the type and concentration of the added cations

3. Chondroitin Sulfate B In rgqr, Meyer & Chaffee
isolated from pigskin, besides hyaluronate, a substance of the composition
of chondroitin sulfate, distinguished from that of hyalne cartilage by 1ts
higher optical rotation, approximately —50° as against ~ —g30° A frac-
tton with sirmilar rotation and solubilities was isolated from tendon, from
heart valve, and aorta (Meyer & Rapport, 1951). From all these tissues,
a second chondroitin sulfate was solated with an [a}, of —20°. The latter
was absent m pigskin  From calfskin hkewise hyaluronic acid and chen-
droitin sulfate B were obtamed. It 1s probable that the sulfate fraction of
normal and myxoedematous human shin demonstrated by Watson &
Pearce (1949) 15 also chondroitm sulfate B although no conclusve data
were presented as to the identity of the sulfated fraction. Bostrom &
Gardell isolated chondrottin sulfate, presumably B, from rat skm after in-
jections of S0, (1953) The actiity of the solated sulfate showed a
maximum 24 hours after the mjectron. The half-time was reached in g
to 10 days, thus mdicating a more rapid synthests than of chondroitin
sulfate A in costal cartilage. Schuller et al. (1954) reported recently on the
isolation of hyal acid and chondroitin sulfate from rabbit skin after
injection of carboxy labeled acetate The rate of synthesis of hyaluronate
was more rapid than that of chondrortin sulfate. From the decay curve the
half-life of the two compounds was calculated as 2, and 7 to 8 days, re-
spectively Chondrown sulfate A 1s further distingushed from B by the
resistance of the latter to testicular hyaluronidase which hydrolyses chon-
droitin sulfate A as well as C.

Chondrotin sulfate B is not extracted from the tissues with water or
with neutral salt solutsons. With o.02 N alkali, 1t is obtamed as a protemn
complex which mugrates even at pH 86 as protein complex The muco-
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polysacchande is dussociated from the protein by treatment with 033 to
05 N Na OH which was used as an extractive formerly Recently we have
Iiberated the mucapolysaccharides by combined peptic and tryptic digestion.
No detailed study of the substance has yet been made, aside from the
isolation of chondrosamune in yields up to about 8o per cent of the colon-
metrically determined quantity, and analytical figures indicating equimalar
concentrations of uronic acid, hexosamne, acetyl, and sulfate

4 Chondroitin Sulfate C. One of the fractions solated
from umbihical cord, tendon, heart valves and aorta yielded a chondroitin
sulfate which was similar 1 composition to chondroitin A Like A, 1t was
digested by testicular hyaluromdase and was resistant to preumococcal
hyaluromdase However, the Ca salt had a very much greater solubility n
aqueous alcohol It precipitated, m the fractionation procedure used 1n this
taboratory, between 40 and 50 per cent alcohol while A precipitated at 2o
to 25 per cent ethanol. It also had a considerably lower optical rotation
(—=20°) than A (—g6°) Later it was found that a fraction corresponding
to C also could be solated from hyahne cartilage, where 1t represents about

quarter of the total chond sulfate. Chond sulfate C thus
may represent a homologue of chondroiin sulfate A, of lower molecular
weight, especially since the polydispersity on sed of the chon-

drottin sulfate A of cartilage 15 quite marked (Blumberg & Meyer, un-
published) The amno sugar of the polysacchande has been shown to be
chondrosamune. No other chemical data are at present available From nu-
cleus pulposus, a sulfated fraction has been isolated which contained chon-
drosamine (Malmgren & Sylén, 1952) On the basis of its low optical
rotation, 1t may correspond to C With the exception of the cornea, we have
never found a fraction with the rotation and sclubihity of A in umbilical
cord or the other mesodermal tissues histed in Table 1, this regardless of the
mode of extraction of the tissues

5 Chondroitin, The hyaluromic acid-like fraction 1solated from
bovine cornea had a rotation of {e], —21° and on hydrolysis yielded chon-
drosamune as the ervstalline hvdrochlonde 1n a yield of about 75 per cent
(Davidson & Meyer, unpublished) The identity of the hexosamime 15
established by 1ts rotation and the mp. of the 2-hydroxy-naphthyldene
dernative (Jolles & Morgan, 1940) Chondroitin thus far has net been
wolated from tissue other than cornea Its presence, however, 1s suggested
by the constant and significant deficiency of sulfate in many chondrotn
sulfate fractions Chondrottin is hydrolysed by testicular and preumococcal

3 Conneetive Tre
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hyaluromdase at rates comparable to those of hyaluronate, It is probable
that chondroitin is the p of the chondroitin sulfates.

6. Keratosulfate This compound has been isolated only from
bovine cornea It is the only mucopolysaccharide of animal arigin which
does not contain a uronic acid. It 15 composed of equimolar concentrations
of glucosammne, acetyl (as N-acetylglucosamine), galactose and sulfate
(Meyer et al,, 1953). It represents about 50 per cent of the total muco-
polysacchande fraction of the comea, the other half is represented m
almost equal concentration by chondrortin sulfate and chondroitin. Thus
far, no d of the exi: of ker Mate in tissues other than
cornea has been obtained. The location of the three mucopolysaccharides
m the cornea 15 not known. From the metachromasia of cornea (Jorpes et
al,, 1937), it can be inferred that they are all derived from the substantia
propria.

No enzyme was found which hydrolysed either of the two glycosidic
bonds present i keratosulfate The sulfate groups are partially hydrolysed
by a sulfatase prepared from the hepatopancreas of the marine snail Litto-
rina (Davidson & Meyer, unpublshed),

Analysis of Function of the Ground Substances

It 15 evident from the foregoing that the areas of ignorance of the
chemical composition of the ground substances are wide indeed. The ana-
Iysis of therr function, however, 1s almost entirely unexplored This section
will enumerate a few of the probable functions of the ground substances.
Hyalurome 201 appears to function in watey, -y bmding, as g lubricant and as
a shock_absorber The structure of hyaluronic acid, as a highly hydrated
coiled sphere easily deformed by flow and easily “dramned™, appears to
explain well these biological functions. The chondrottin sulfates and other
new sulfated polysaccharides lack these properties and, in fact, occur in
tissues which are normally in a state of dehydration. They probably are in
intimate contact with the fibrous elements and actually may form part of
the fibrous structures They have early been connected with biological
flbrmogcndxs and with the binding of cations In fact, they have been

d to function anal to synthetic jon exchange resins (Boyd

& Neuman, 1951)-
In vitro fibrillogenesis has been studied by electron microscopy of ex-

tracted collagen or the so-called procollagen (Orekhovich et al, 1948).
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A variety of substances including neutral mucoids and acid polysaccharides
have been shown n this work to “reconstitute” collagen fibnls of varying
periodicity (Schmitt et al, 1953). That this reconstitution bears any rela-
tion to biological fibriflogenests, however, is not very probable. The biolo-
gical fibriflogenesis, a priori, can be expected to be principally a question
of extracellular polymenzation, and there is no evidence that this mechanism
depends on the presence of factors active in the in vifro reconstitution.
Other biological interactions, such as caleification and the avascularity
of hyalne camlagc and cornea, have been associated with the sulfated

des. While some experi 1 evidence can be adduced
1mplicating the former, too httle is known about the propesties and the
metabolism of the different pol harides to ment a d. of

the processes
The interaction of acid mucopelysaccharides with protemn and with dyes
has received considerable attention, the first in connection with the nature
of the protein complexes which occur or are supposed to occur mn the
tissues, the latter n connection with the staining reactions of the tissues.
The protem-mucopolysaccharide interactions have been discussed above
(see Faraday Soc 1952). The i of 1 harides with dyes
still rematns a controversial field (For a very compckcnt discussion, see
Persson, 1953) It 1s now generally agreed that hyaluronate as well as the
sulfated mucopolysacchandes will stan metachromatically Two main
problems have to be dealt with* (1) the nature of the molecular change
of the dve, and (2) the nature of the compounds inducing the change from
ortho- to metachromasiz The first problem 15 still not solved (Schubert
& Levine, 1943) The second problem appears to be much clearer,
especiafly on the bass of the fundamental work of Bank & Bungenberg
de Jong (1939) These authors showed that the basic dyes reacted with
the polyantons m a stoichiometnc relation. Two types of bonds were in-
volved, polar and van der Waals forces, leading first to “electroadsorption”
of the dyc to the amonic colloid and secondanly to an aggregation of the
dye molecules In the stauning reaction, the dye cation has to compete with
the cations of the tissue, especially protein, for the polyacuds. The primary
reaction of the dye in the tissue is simular to 10n exchange reactions and
the previous treatment of the fluid or ssue beside the nature and quantity
of the polyacids and polvbases will determine whether and to what extent
t sia 15 displayed The d value of the reaction i3 thus
quite limited as are other staining reactions

-
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Conclusions

The preceding pages represent a very incomplete review of our know-
ledge of the chemustry of the ground substances. This review deals almost

1 ly with pol harides because (1) these substances are the
only components about which we have defiitive information and (2) they
appear to be the most typical for connective tissue. It is to be expected that
future research will continue on these components in a predominantly ana-
Iytrcal approach It 15 to be hoped that histological methods will be per-
fected which localize the fractions isolated chemically and that the all-
important biologcal interrelations between cellular and fibrous elements
and the ground substances and the relation of connective tissue to par-
enchyma and endothelium can be tackled on a firm experimental and
theoretical basis. Only then may we expect an understanding of the
pathological mechamsms m which the connective tissue are primanly
mvolved
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RECENT ADVANCES IN
THE CHEMISTRY OF COLLAGEN

Emo KurLoNen
Department of Medical Chemstry, University of Helsinki, Finland

Introduction

Tuz REASON FOR INCLUDING this chapter is the present dynamuc state of the
chemistry of collagen New aspects of its structure, metabolsm and fibre
formation are emerging, and medical applications can be expected in the
near futurc Collagen has been extenswvely reviewed from the physical
and chemncal standpomts by Bear (1952). The most comprehensive single
source of up-to-date mformation 1s 2 symposium report, edited by Randall
(1953). The latter especially contains much biologically relevant material.

The present suhject matter 15 divided into two parts, one dealing with
the msoluble collagen and the other with soluble collagens and their meta-
bolic behaviour and fibrogenesis.

Insoluble Collagen

In the last decade X-ray diffraction studies and electron microscopy
have revealed new morphological criteria for collagen as a structural unit
and thus have supplied a basis for the molecular models The compositron
of collagen is now well known and the knowledge of the arrangement of
anuno acids in the polypeptide chain 15 progressing Reticulm is accepted
nto the collagen group but its nature 1s still a matter of dispute,

X-Rav DisFRAGTION

High-angle X-ray diff has provided a valuable tool for obtain-
ing information on the submicroscopic structure of the polypeptide chain
and the data (the reader is referred to Bear or Randall) show a residue
repeat at 2.86 A mterals and a spacing in the width ranging from 104
to 16 A depending on humidity Two kinds of molecular models have been
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proposed, one composed of sheets made up of parallel chains, hydrogen
bonded to layers of 104 A distance and separated by swelling. The other
model, which better accounts for the density and crystallographic theory,
presupposes 2 helical structure, and in the ongmal presentation three of
the helices were hexagonally packed together to form a fibnl (Paulng &
Corey, 1951) Bear's model comsists of a single helix with the 20 A unit
of 7 nearly equivalent groups of three residues each (Bear, 1953). The
final form has obwiously not yet been reached {cf. Randall, 1953, p. 241).
The amino acid sequence also must be substantially known and taken into
conuderation

The small-angle X-ray diffraction studies have also been successful,
and the 640 A repeat, found previously by electron mucroscopy, has been
confirmed and the nature of the interbands investigated (summary by
Bear, 1951)

Evecrron Microscory

Classical histology has not attaned much progress with its empirical
methods. The fibres seen with the hght mucroscope are actually thick
bundles of fibnls and electron microscopy 1s needed to resolve them. The
pattern, firct revealed by Schmutt et al (1942) and Wolpers (1943), has
provided a new defimitton for the collagen group of scleroproteins It
should be pomted out, however, that the chemucal composition may differ
considerably, for example, n proline content, which generally is held to
be essenttal 1 the collagen compostion {cl. Bear, 1952; Randall, 1953,
P 232).

The typical collagen banding consssts of main bands at intervals of
G40 A with an asymmetrical subspacing where as many as 18 bands have
been resohed Two other forms of spacing have been obtained. The em-
hryonal and newly formed collagens on the sutfaces of the cultured fibro-
blasts show a mam pattern of 210 A spacing {Porter, 1951 ; Randall et al,
1952) In the preaipitated forms of collagen (cf. mfra) a “long spacing”
(1Boo-3000 A) has been noted but 15 not found in nature Therr sub-
banding 15 occasonally symmetnic. These long-spaced and the normally
spaced fibuils are intercomertible by varying the ionic strength (Schmitt
et al, 1953)

There are two main concepts of the chemical basis of the banding.
The first would explain 1t by the mere folding of the chamn by hydrogen
bonding ; according to the other, the arrangement of the bands is deter-
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mined by the distnbution of the amino acid sequences. The polypeptide
chams tend to match therr common chemical features. The collagen fibnl
would consist alternatively of perfectly and imperfectly matching regions,
the “electronic stam” m the latter penetrating more easily. The lysine side
chain, 1t 15 suggested, occurs frequently at the band levels (Bear, 1951).
The converttbihty of the spacing seems to imply, at least some significance
to the folding

Compostrion oF COLLAGEN

The ammo acd composition of collagen 1s very well documented and
the analysis by Bowes & Kenten (1948} is generally accepted. The typical
ammo acid composition, namely the preponderance of glycine and both
prolnes, the presence of hydroxylysine and the paucity of sulphur-con-
tarmng and aromatic amino acids, forms the chemical definition of collagen
The values for hydroxyprohne, which can be determined specifically, have
been used to indicate the total content of collagen.

The reactnvity of the side cham groups m the polypeptide chain has
been extensively studied by Bowes and her colleagues All the carboxyl
groups are esterifiable The avalability of the free a- and g-amno groups
has been studied using the d ion with dinitrofluorot The
insoluble collagen yields no free terminal amino groups and only about
one-half of the total ¢-ammo groups of lysine are reactve. Gelatin and
modified collagens yield small amounts of N-terminal amino acids (mostly
aspartic acid, alanine and glycine) as shown by Bowes & Moss (1953) and
Grassmann & Hormann (1953) Heyns & Konigsdorf (1953) observed
after a short hydrolysis a temporary nise i the reactwity of the ¢-aminc
groups All the e-amuno groups could be acetylated in a mildly alkaline
medium but only 77 per cent of the hydroxyl groups (Green et al, 1953)-

The arrangement of the ammo acids n the polypeptide cham has been
actively studted since Bergmann, who postulated the sequence X-P-G-X,
where G stands for glyemne, P for either proline ot hydroxyproline and X
for some other amino acid The peptide -lys-pro-gly- (conventional ab-
brevations) was isolated already in 1936 by Grassmann & Riederle, but not
until the availability of chr phy and DNP-technique was more ex-
tensive work possible. I have here the privilege to use Schroeder’s communi-
cation (1953) on the wsolation of 34 peptides from partial acid and basic
hydrolysates of gelatin. About 20-30 per cent of glycine, prolne, alanine
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TABLE 1
Compositson of Collagen and Citrate Extracted Collagen
Collagen Ctrare extracted
Maresiat &0 g collagen g
Total mtrogen 1860 1770
Amino mitrogen 046 049
Glycine 262 2607
Alanine 95 995
Leucine } 56 3120
Tsoteucie 139
Valine 34 226
Serne 34 423
Threonine 24 22
Methionine o8 o8
Cystine oo a0
Proliac 51 1302
Hydrotvproline 1283 1362
Phenylalanine 25 199
Tyrosine re 050
Tryptophan oo _
Arginine 88 834
Histidine 08 ozg
Hydroxylysine 13 ogo0
Unmdentified' 038
Lysine 45 357
Aspartic acd e3 6o5
Glutamic and 13 s1o2
Amide mitrogen 066 052
Hexosamine 033 019

* probably allo-hydroxylysine

Thus table 15 reprinted from the article by Bowes, Elliott & Moss in Nature and Struc-

ture of Collagen (Butterworth) by the authors’ and publisher's kind permussion The

columns showing the values 23 amino acid mitrogen 1 peseent of total protein mtrogen

st omitted The author 15 especally indcbted to Dr J H Bowes, who allowed the use

of the corrected values of the autrate extracted collagen which are m the course of
publication

and <erine, 13 per cent of hyvdroxyproline and 42 per cent of threonine
were accounted for as peptides The most common were the following in
the order of decreasing quantits gl -pro, by pro-gly, thr-gly, ser-glv, ala-gly,
gly-ala, gly-ghy, glu-ala, ala-ala and glu-gly The first two were by far the
mast common The nature and quantity of the peptides do not support
the above-mentioned “periodiaity theon™, but the peptide sequence -gh-
pro-hvpro-gh- (or a sumilar sequence) may occur frequently in gelatin
The nature and amount of the carhohydrate moiety of collagen is not
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confirmed by a generally accepted analysis although its occurrence has
been proposed by many authors Grassmann et al. {1937) concluded that
collagen contans hexosamine, galactose and glucose (about 0.6 per cent
together). A carbohydrate containing 1 addition mannose has been as-
sumed to form a part of the collagen fibrils (Gross et al., 1952). The
question 1s complicated by the fact that in the anatomic environment—
perhaps also as the chemical complex—there exist in the ground substance
carbohydrates containing all the mentioned sugars (Consden, 1953).

Rerrcunm

The defimition of reticulin 1s essentially morphological and it is now
well established that it gives the collagen spacing and has also a similar
amino acid composition (Lattle & Kramer, 1952, 1953}, Reticulin does
not yreld gelatin by boiing The relation of reticulin and collagen is ac-
cording to the cited authors similar as that between rope and linoleum.
The fibrous material 1s the same, but in reticulin 1t hes embedded in the
amorphous matrix presumably conssting of polysaccharides Reticulin is
claimed to possess antigenic properties {Crutckshank & Hill, 1953).

Soluble Collagens

Soluble modifications of collagen have been known since 1900 but the
work by the Russians on the preparation of “procollagen” has stimulated
wider interest (cf review in French by Orekhovich, 1952). The molecular
properties of soluble collagen are the subjects of studies still in progress
The aggregation and precipitation of the dissolved particles to fibnls 15
of almost paramount interest from the medical point of view. The meta-
bolic aspects have been elucidated by various isotope methods and collagen
has been added to the biologically active proteins. The pathology mvolving
these collagens 1s opening new aspects but the data accumulated are thus
far very meagre

PREPARATION

The solubility of the rat tail tendon in dilute acetic acid was studied
by Nageotte (1927) and he already found that the soluble collagen could
be recovered even m crystallime form differing herem from gelatin and
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other degraded collagens. The use of organic acids was extended by the
Russian group (cf. Orekhovich, 1952) since 1947.

The Russian workers pretreated the shin with about 0.2 M disodium
phosphate to remose the “alb and globulins”, Later Highberger et al,
(1951) isolated from this extract an additional collagen fraction by dialysis
against citrate at pH 3 8. It had approximatively the chemucal composi-
tion of collagen and in the electron microscope the collagen spacing, This
fractton 1s referred as alkali-soluble extracted coltagen

The best sources of the soluble collagens are mammalian and fish sk,
tendons and the fish swim bladder tunic. Quantitatively most important
15 the citrate-extracted collagen and 1t 1s obtaned by extractng the alkali-
treated skin residue with o 1-0.2 M sodium citrate buffer at pH 3 0-5.7
(depending on the species) in the low temperature (about +8° C or less).
The solution 1s highly viscous The protein 1s recovered either by dialysing
the buffer away or bv adding neutral salts In many cases the preciprate
is amorphous but occasionally crvstallises m needles The amounts differ
m vanous tssues The alkah-soluble collagen contamed one per cent of the
total mitrogen, the acid soluble six per cent, and the wmsoluble collagen
30 per cent in a rabbit shin sample (Harkness et al, 1953) The Russian
authors obtamed about 1-2 per cent atrate-extracted collagen from the
dry weight of rabbit skin

The solubihity of collagen 15 enhanced by many orgaric acids especially
by those contaming two or more carboxyls The solubility 1s rather low in
the physiological salt concentration and pH but 1s enhanced also therc
by aitrate and caleium 1ons m therr physiological concentrations {Kulonen
ct al, 1953) Il a saturated solution 1s braught from the ice-box to room
temperature and warmed, the viscous solution turns gelatinous and turbid,
shrinks and forms a fibrous mass

It 15 not possible to state at present whether the proten originates from
the ground substance or from the fibres. Morphological study of the residue
shows that the fibres are swollen, spindle-shaped and the fibnls dispersed
When the tissue was extracted six tmes successnely for 24 hours some
matter was stll obtamned The {ractions do not differ i the ultraviolet
absorption spectrum or 0 the mtrinsic viscosty. The Russian workers
claim that m the succesn e fractions the tvrosme content inercases, There
15 alo evdence which 15 interpreted to show that insoluble part of the
fibres contains relatively more tyrosine and hexosamine but less hvdroxy-
prohine (Bawes et al, 1953). i
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MoLECULAR PROPERTIES

The molecular weight of the soluble collagen has been studied by many
authors. Bresler et al (1950) combined ultracentnfugation and diffusion
data and calculated a molecular weight of about 65 ooo. The same order
of magmitude was obtaned by osmotic pressure measurements (Mathews
et al,, 1954) In striking contrast to these are the values obtained by light-
scattering (M'Ewen & Pratt, 1953 ; Mathews et al, 1954) and end-group
(Bowes & Moss, 1953; Kulonen, 1g54) methods Both give values of
about one million and more. The most plausible explanation might be
that there exist m solution aggregates of differing sizes. The methods used
are selectively sensitive to the aggregates of a particular weight.

There 1s evidence obtained by ultracentrifugation (Bresler et al, 1950)
and by electrophoresis (Brown & Kelly, 1953) that aggregates (side to
side and end to end) are formed after addition of salts The isoelectric
pomt of collagen s about pH 58 and the mobility 15 in the same order
as that of gelatin,

To obtam nformation of the molecular form, studies have been con-
ducted on the viscosity characteristics The specific and the intrinsic visco-
sities are very high (about 15) and the axial ratio can thus be calculated
o be about 200 1 Bresler et al deduced a much lower axial ratio (23:1)
and a molecular length of 380 A The high axial ratio is not in agreement
with low molecular weight values Studies have also been made on the
viscosity mn regard to the velocity gradient, and it has been demonstrated
that the collagen forms a real Newtoman solution (Mathews et al, 1954)-

The viscosity is the highest found in the solutions of the animal body
constituents The viscosity can be reduced to the level of the serum pro-
teins by adding urea or by heating for a short time (Mathews et al, 1954)-
These reversible phenomena indicate that the high viscostty may be main-
tained by hydrogen bondig, which 1s believed to give also to the insoluble
collagen its mechanical stabiity, The reactivity of the soluble collagen with

fluorot in both dissolved and precipitated forms is similar to

dinit;

that of the gelatin (Kulenen, 1954)

FIBROGENESIS

The possibility of producing collagenous fibrils 1 zitro has aroufed
much interest owing to the apparent bological implications. The question
also seems to imolve the relationship of the ground substance polysac-
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charides to the fibres and their formation When salt 1s added and the pH
simultaneously raised by dialysis a normally spaced collagen fibril 15 ob-
tained. When certain additives arc used exther in connection with salt or
alone, fibre formation 15 also observed but with the “long-spacng”. The
mechanism of these reactions is not clear Many additives have been
studied, including acid mucopolysaccharides, hepanin, serum glycoprotemns,
other protemn fractions and plant gums (Highberger et al, 1951, Gross
ctal, 1952, S F Jackson & Randall, 1953) Owing to the wide variety
of the precipitating agents the fiber formation seems to have been non-
specific 1 these expermments Under particular conditions a segmented
long spacing has been observed (Randall, 1953, p 220) and similar seg-
ments are also obtawned by the addition of adenosine triphosphate (Schrmtt
et al, 1953), which forms a part of the precipitate The state of aggrega-
tion of collagen 15 thus determmed by the presence of macromolecular
substances m co-operation with smalt sons and pH. The much discussed
problem of intra- or extracellular fibrogenesis has been studied by Porter
{1g51) and by S F Jachson {1g53) At least the last stage seems to occur
at the cell surface

In this connection two specral obsersations deserve to be noted D, §
Jackson (1953) demonstrated that the tendon collagen 15 actually more
soluble 1f the tssue 1s pretreated with testicular hyaluromidase This sup-
ports the view of the crosshnked structure of connective tisue (Partridge,
1948). The electron phs show that dissol of the collagen
fibnt can oceur 1n corpuscular particles (Randall, 1953, p 235) On the
other hand, the action of collagenase does not dissohe the segments sepa-
rately but a tapering is observed 1n the end of the fibnls with a preserved
spacing (Gross, 1953)

Meranotic AsercTs

The Russian workers use the term “procollagen”™ to indicate the belief
that the citrate-extracted collagen 15 the biclogical precursor of soluble
collagen They produced 1sotopic data to support this thesis {¢f Orekho-
vich, 1952) Neuberger with collaborators (1951, 1953) has followed the
utilisation of labelled glyemne to the collagen fractions in the rat tisues
The results show that the turnover of the msoluble collagen is very low,
being fastest 1n young amimals and i bone collagen. With special refer-
ence 1o the soluble collagens they found that the alkalisoluble collagen of



78 EINO KULONEN

the rabbit skin 15 almost certainly the precursor of all or most of the in-
soluble collagen but the citrate-extracted can be the precursor for only a
part of the insoluble form (Harkness et al., 1953). When labelled acetate
was mjected mto a rabbit and the successtve citrate extracts wese later
prepared, the total activity was, as expected, in a decreasing order and
the distribution i the different amino acids was in agreement with the
studies on the mtracellular proteins, ¢ e,, that most of the actwity was in
aspartic and glutanuce acids and m prolnes (Kulonen, 1954).

No pathological X-ray diffraction patterns, electron microscopic spac-
mgs or molecular forms are known. The disintegration of the fibrous
collagen to a structureless mass has been described with electron micro-
graphs. Subcutaneous rheumatic and fibrinoid nodules have been studied
(Consden et al,, 1953) and data on collagen constituents are also pre-
sented. In the collagen m a benign fibroma the normal birefringence dis-
appeared (Ambrose 1n Randall, 1953, p. 223). The biology of nucleus
pulposus has been studied with special reference to the collagen and poly-
saccharides (summaneing report by Sylvén, 1951; Happey et al,, 1953).
With advancing age the collagen tends to crystallise from the original gel
structure

The amount of the soluble collagen seems to decrease with the age
(from 7-10 per cent to 1—2 per cent 1n the rabbit skin) Studies are also
available on the collagen fractions in the ascorbic acid deficiency (Orekho-
vich, 1952). The amount of the alkali-soluble collagen, ing a rela-
tively small amount of hydroxyproline, seems to have been ncreased in
the defictent state (Robertson & Schwartz, 1953). In thyroidectomised
rats the inscluble skin collag:n contem was subnormal but the mjection
of the growth L d it bly (Scow, 1951).

The number of biological appheations is meagre but the basic know-
ledge accumulated 1s stimulating This field has long suffered from the
lack of suitable methods, even if the significance of the connective tissue
pathology has been well established. The great problems of the fibro-
genesis during growth and reg ion now have chemical hines of ap-
proach and also the physiology and pathology of the ground substance
can be better understood.

Most of the cited authors have helped the writer by providing reprints and other
information which are gratefully acknowledged



COLLAGEN 79

References
Bear,R.§ ] Am Leather Chem Ass 46,438, 195¢
Bear, R § Adv Protein Chem 7,69, 1952
Bear, R § ] Am Chem Soc 75,2783, 1953
Bowes, 7 H & Kenten, R H Biochem J 43,358, 1948
Bowes, 7 H, Elliott, R G & Moss, 7 A - f Randall, 1933, p 199
Bowes, 7 H & Moss,7 A Bochem J 55,735, 1953
Bresler, § E, Finogenow, P A & Frenkel, § 7 Dokl Akad Nauk SSSR 72,355,
1950 (n Russian)
Brown, G L & Kelly, F € o Randall, 1953, p 169
Cansden, R, Glynn, L E & Stanter, W M Biochem J 55,248, 1953
Crusckshank, B & Hill, A G S of Rondall, 1053, p 27
Grassmann, W & Ruederle, K Biochem Ztschr 284,177, 1936
Grassmann, W , Jamcks, 7, Klenk, L & Schneder, F Biochem Ztsche 294,95, 1037
Grassmann, W & Harmann, H Z physol Chem 202,24, 1953
Green, R W, Ang, K P & Lam, L € Biochem J 54,181, 1953
Gross, 7 Ann New York Acad St 56,674, 1953
Gross, 3, Highberger, 7 H & Schrutt, F O Proc Soc Exper Biol & Med 80,462,

1952

Happey, F, Macrae, T P & Naylor, A f Randall, 1953, p 65

Harkness, R D, Marko, A M, Muwr, H M & Neuberger, A
p 208, Biochem [ 56,558, 1954

Heyns, K & Konigsdorf, W 2 physol Chem 295, 244, 1953

Highberger, 7 H, Gross, § & Schmut, F O Nat Acad Sc Wash 37,286, 1951

Jackson, D § Biochem J 52,3xx,1952, of Randall, 1953, p 177

Jackson, S Fitton cf Randell, 1953, p 140

Jackson, § Futton & Randall, 7 T of Randall, 1953, p 181

Kulonen, E Unpublished experiments

Kulonen, E, Mathews, M B & Dosfmon, A Proc Soc Fuper Biol & Med 84,424
1953

Lutle, K & Kramer, H Nature 170,499, 1952, <f Randall, 1953, p 33

Mathews, M B, Kulonen, E & Dorfman, 4 In press

M'Ewen, M B & Pratt, M 1 cf Randall, 1953, p 138

Nageotte, 7 C R Acad Sc Pans 184, 115, 1927

Neuberger, A, Perrone, 7 C & Slack, H G B Biochem J 49, 199, 1951

Newberger, 4 & Slack, H G B Biochem ] 53,47, 1953

Orekhouich, ¥ N e Congr internat biochem Pans 1952 Les procollagénes, leur
structure chimique et Jeur rdle biologique, ¢f Chem Abstr 42,937, 7805, 1048,
43,359, 1949 . 44, 7958, 8453, 1950, 45,2094, 1951, 46, 5099, 1952

Partridge § M Biochem J 43,387, 1948

Pauling, L & Corey, R B Nat Acad Sc Wash 37,273, 1951 °

Porter, K R Connect Tussues Trans Macy Gonf , New York 2, 126, 1951

Randoil, 3 T, Frawes, R D B, Jackson, S Futom, Martin, A V' W & North, d € T
Nature, London 169, 1029, 1952

of Randall, 1953,

Rendall, 7 T (rd) Nature and Structure of Collagen Butterworth, London, 1953
269 pages

Robertson, W o B & Schwartz, B J Biol Chem 201,680, 1953



8o EINO RULONEN

Scheutt, F O, Hall, C E & Jakus, M 4 - ] Cell & Comp Physiol 20, 11, 1942
Schmitt, F O, Gross, § & Highberger, 7 H . Nat Acad Sc Wash 39,459, 1953

Schroeder, I A Personal communication, ¢f Nat Acad Se¢ Wash 39, 23,1958
Scow, R O Endocrinology 49, 641, 1951

Sylvén, B Acta orthop scandinay 20, 275, 1951

Wolpers, C Kl Wchnschr 22,624, 1943



METABOLISM
OF THE MUCOPOLYSACCHARIDES
OF CONNECTIVE TISSUE

AvLBERT DORFMAN

Department of Pedratrics, University of Chicago, and La Rabida Jackson
Park Sanatanum, Chicago, Tllinois, U'S A

Introduction

Tue Term acd mucopolysaccharides has been widely used to denote a
group of chermcal compounds which appcar to be high molecular weight
polymers i of the h or galact

glucuromc acid, acetate and estenfied sull’atc To date, two of these sub-
stances, hyaluronic acid (H.A.) and chondrowtin sulfuric acd (C.SA)
have been well charactenzed in connective tissue Although extensively
insvestigated, the chemical nature of heparn 15 sull the subject of some
confusion, with evidence that there may be a family of such compounds
There appears also to be evidence of the ewstence of a compound whase
composition 15 1dentical with that of CS A. of cartilage but differing in
other properties  Thus Meyer & Chaffee (1941) and Mever & Rap-
port {1951) have suggested that chondroitin B, which ewsts in shin, differs
from cartilage chondrostin (A) m its optical rotation and susceptibility to
hydrolyais by testicular hyaluronidase (cf p 64). What appears to be a
sumslar compound has been wolated by Marbet & Wintersten (1951,
1952) from lung and ongmally called 8-hepann because of anticoagulant
propertics. A posubly identical substance has been wsolated by Smmth &
Gallop (1953) from hog gastne mucosa {pohsacchande B) In recent
studies Schiller, Mathews & Dorfman (1954) have icolated, in analyti-
cally pure form, a sulfated polysacchande which appears to be identical

Onamal imvestigations discussed were supported by grants from the National Heart
Insutute, United States Public Health Senice, Chicazo Heart Assoctation, the Helen
Hay Whitney Foundation and the Vaniety Club of JHinors

6 Connectine Tomue
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with cartilage chondroitin in composition, but gives a smaller color equi-
valent by the Dische carbazole reaction. Treatment of this substance with
testicular hyaluronidase results in some apparent hydrolysis as measured
by the turbidity method, suggesting this may be a mixture of cartilage
C.SA and so-called chondroitin B or B-heparin. A fifth acid mucopoly-
sacchande, named chondroitm C, has also been postulated by Meyer &
Rapport (1951).

In the last few years there has appeared extensive biclogical and medical
Iiterature regarding the ground substance of connective tissue. Unfortun-
ately the term ground substance has been used loosely, some authers con-
sidering “ground substance” as a umform chemical substance, while others
consider the term ground sul 3 nony with Tular fluid.
With this confusion of definition, extensive theories regarding the behavior
of connective tissues, mechamsms of action of hormones, etc., have been
propounded on the basis of evidence obtained by the use of histochemical
techmques which have not been validated

In order to clarify our undeﬁtandmg of the nature and function of
ground sub some fund ling definitions seemns
desirable Dorfman (1953) has proposed that thc term ground substance
be reserved for the amorphous continuum separating the cells, fibers and
vessels of connective tissue This solution 1s made up of a variety of com-
ponents, some of which may be regarded as peculiar to the connective
tissue, while others may be regarded as in transit between the circulation
and the parenchymal cells. The acid mucapolysaccharides appear to be
pecuhar to the connective tissue.

The fact that these substances are flexable chain polymers of high nega-
tive charge with a high affinity for cations and water molcculcs suggcsts
that they may play a cntical role in regulating the b of i
jons and water A change i concentration or molecular size of such a
substance is obviously of great importance 1 modifying the capacity of
connective tissue to bind water and salts. It is thus possible that the ground
substance may act as a selective and controlled barrier between the cir-
culation and parenchymal cells

Recent evidence has indicated that a soluble precursor of collagen 15
present in the ground substance (Schmutt et al, 1953). The possible mter-
actions of the acid mucopolysaccharides with soluble collagen requires
farther elucidation. Jacksen (1954) has suggested that chondroitin plays
a significant role in the structure of collagen fibers in tendon.
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Although a hat detailed und ding of the e ic me-
chanism of synthesis of homologous polysaccharides such as starch or glyco-
gen has been achieved, little is known regarding heterologous polysac-
charides to which group belong chondroitin sulfunic acd {(C.8.A) and
hyaluronic acd (H.A.).

Tt is the purpose of this chapter to try to bring together available data
cancerning the metabolism of the mucopolysaccharides. The furst sections
will be d with the bohsm of and glucoronic acid.
No attempt will be made to discuss the hydrolysis of hyalurome ac:d by
the enzyme hyaluromdase and only hmuted consideration will be given to
metabolic studies utihzing radioactive sulfate mn view of discussions else-
where 1n this book,

Metabolism of Components

Gricrronic Acip

Studies of the metabohsm of this compound have been numerous, in
view of its importance in the process of detoxification The hterature along
these lines has been extensnely reviewed by Artz & Osman (1950} Cer-
tam fund 1 holic g h aad, although
the subject of remain of p ¢ These can
be stated as follows.

1) What 1s the precursor of glucuromc acid and by what mechanism
does comersion to glucuronic acid occur?

2} Docs glucuromde synthesss mvolve the utilization of glucuronic acid
or does some other ghucoside form before oxid of
the C-6 of the carbon cham?

3) What is the relanonchip of 8-glucuromdase to synthesis of glu-

curonides?

What 15 the relationshup of glucuronic acxd formed in the liver for

detovfication, to connective tisue polvsacchandes contaiming glu-

curome acid?

) What 1 the relationship of glucurome acid to ascorbic acid syn-

thess?

-

@

While space does not permit a detailed consideration of these problems,
certun definitive information 15 avmlable perunent to these questions

o
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Despite the extensive discussions of the older literature and the more recent
claims (Bidder, 1952, Doerschuk, 1952) of the role of three carbon
particles as precursors of glucurome acid, recent tracer studies conclusively
demonstrate the derivation of glucuronic acid from glucose without previ-
ous scission of the glucose molecule (Mosbach & King, 1950; Douglas &
King, 1953 a; Eisenberg & Gurin, 1952, Roseman et al, 1954).

The presence of glucuronic acid in the mucopolysaccharides of con-
nective tissue has led some (Peterman, 1947) to consider the possibility
that metabolism of this compound may be related to diseases of connective
tissue. On the basis of this concept, glucuionolactone has been suggested
(Hodas et al,, 1949) as a therapeutic agent presumably particularly useful
1 the treatment of degenerative arthridites. No adequately controlled study
has so far appeared demonstrating the validity of such suggestions.

The question of whether glucurome acid is first formed and then linked
to phenols or whether oxidation of the C-6 carbon atom occurs after
glycosde formation has been mvestigated for many years by various tech-
mques with no final answer yet at hand. Packham and Butler (1952) have
compared the incorporation of C* into a-naphthol glucurenide in rabbits
after the administration of labeled lactate, pyruvate, glucose and glucuronic
acd Smce intrapentoneal administration of labeled glucurome actd re-
sulted mn greater incorporation of wsotope it was concluded that admm-
istered glucuronic acid may be utilized for glucuronide synthesis Somewhat
similar results were obtained by Douglas & Kmg (1952) following the
adminstration of glucuromic acid to gumea pigs recewving borneol. Only
a small amount of the radioactivity of the glucuronic acid was recovered
in the urmary glucuronide. Some doubt arose whether this represented
utilization of the glucuronic acid since the isotope distribution of the ex-
creted glucuronide differed from that of the admunistered glucuronde, sug-
gesting asymmetric resynthesis from 3 carbon particles. Evidence of such
asymmetric synthests was found by Bidder (1g52) & Doerschuk (1952)
and has recently been demonstrated for the synthesis of glucose from
glycerol by Schambye & Wood (1954) and Swick & Nakao (1954)- Ina
later investigation Douglas & King (1g53b) have reinvestigated th:ﬁ
question in the guinea pig and the albino rat, utilizing 6-Ct*-glucuronic

acid. Glucuronic acid was rapidly metabolized A small amount of radio-
dation agamn

activity was present i the excreted gl ide which on d
showed concentration of radioactivity in the first 3 carbon atoms. It was
of particular interest in this study to note that the Cq of glucose isolated
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from the glycogen was quite active, suggesting the possibility that glucur-
onic acid may be converted to glucose.
Further und ding of the hanism of gl id

synthesis has
recently been suggested by the pubhcations of Storey (1950) & Dutton
& Storey {1951, 1953), reporting that liver contains a thermostable factor
necessary for the synthesis of c-ammophenol glucuromde by Iver homo-
genates. Prelminary evidence suggests that this factor contains uridine
diphosphate and glucuromic acid, a finding of great intercst in view of the
recent discosery of several undine diphosph

different hexases (Caputto et al., 1950, Leloiret al , 1951 ; Park, 19522, b
Paladimi & Lelorr, 1951).

The role of the enzyme f-glucuromdase has attracted a great deal of
attention. This work has been extensnely reviewed by Fishman (1g50)
and questions regarding its possible relationship to biosynthesis of glucuron-
ides and sigmificance of vanation fn its level i tissues are discussed m
some detail by that author. From the pont of view of metabolism of muco-
polysaccharides Meyer et al (1951) have presented evidence that B-gluc-
uromdase senves to degrade to 1des, the disacchande which
1s formed as a result of the action of testicular hyaluromdase on hyaluronic

acid. What role that action has under phystological conditions 1s not as
yet clear

Although 1t 15 apparent that glucuronic aad plays a major role mn the
process of detowification and in the structure of acid mucopolysacchandes,
the nterrelationship between these two functions has not been explored.
A number of studies have demonstrated that glucuronide svnthess probably
occurs 1 the liver while it seems most hkely that mucopolysaccharide for-
mation occurs as a result of the metabolic activity of connective tissue cells
(fibroblasts, mast cells) In the studies of Douglas & King (1953 a) httle
radioactinty of exogenous glucuronsc acid was fixed 1n tissues.

The relationship of ascorbic acid to connective tissue 15 of considerable
snterest and importance It 1s beyond the scope of this review to detail all

pertinent observations along these Iines, but it 15 of some mmportance to
pont out the bioct 1 ionsh

between gl acd and
ascortuc acid On the bass of studies utihzing € labeled glucurenic acid,
Horowntz & King (1953) concluded that glucurome acid 1s probably an
mtermediate mn the syntheas of ascorbic acid from glucose in the rat.
Such a mechanism has received stnhing support from the recent «tudees
of Idiernood, Chen & Mapson (195) who found that of many related
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carbohydrate derivatives only L-gulono, L-galactono- and D-glucurono-y-
lactones and D-galacturonic acid methyl ester were comverted to ascorbic
acid by cress seedhngs and rats In a subsequent study Mapson, Isherwood
& Chen (1954) demonstrated the 2 witro conversion of L-galactono-y-
lactone to ascorbic acid by mitochondria obtained from pea seedhngs.

Hexosayne

In addition to their well established presence in the mucopolysacchar-
1des, the hexosamines are found in varying amounts in a large number of
protems, being at particularly high levels m the mucoproteins.

Recent studies utihzing tsotopic tracer techniques have made it quite
clear that glucosamune derives from glucose without previous scission of
the carbon chain of glucose m at least several sources. Thus, studies by
Roseman et al (1953, 1954) have demonstrated that the incorporation of
1-C*-glucose or 6-C'*-glucose into a serm-synthetre medium upon which a
stramn of Group A streptococcus is grown, leads to the formaton of H A,
the glucosamme of which contams C** of the same activity (mn the ap-
propriate carbon atom) as the starting glucose. Identical results were ob-
tained by Topper & Lipton (1953} utdizing the same organism. Likewise,
the studies of Becker & Day (1953), with regard to the formation of
glucosamune in serum proteins of the rat resulted in similar conclustons.
Studres by Rieder (1953) of the synthesis of the glucosamme of the egg
proteins (prncipally in the ovomucod and ovomucin) also indicate the
utilization of the mtact glucose molecule for the synthesis of glucosamine
These authors found that glycine (labeled with N** and C**) did not sene
as a glucosamine precursor

The mechanism of amination has not been entirely clarified Lowther &
Rogers (1953), n a prelminary report, found that glutamine or glutamic
acid plus ammonia were necessary for thc symhcsxs of H.A. by a resting
cell susp of hemolytic strep i g that the amide group
of glutamine serves as the precursor of the ammo group of glucosamine.
Leloir & Cardim (1953 2) have studied the mechanism of amination in
extracts of Neurospora crassa as part of a study of the mechanism of syn-
thesis of chitin Evidence was found that glutamine is necessary for amina-
tion; the reaction prcsumably bcmg between  hexose-6-phosphate and
gl ine to yield gl

Becker & Day (1953) have pmposed that glucosone serves as inter-
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mediate m the ion of glucose to gl ine. This conclusion was
reached on the basis of the finding that the administration of 1-G'*-gluco-
sone to rats resulted in the incorporation of a greater amount of C'* into
glucosamine 1solated from the serum protems than was obtained as a result
of the admumistration of an equvalent amount of 1-C*-glucose. A similar
conclusion was reached by Topper & Lipton (1953). Dorfman et al. (un-
pubhshcd results) have reinvestigated this question and found that 1-G*-

is a relatively inefficient p of gl It was post-
ulated that the apparent conversion of glucosone to glucosarmmne may
result from the prior conversion of glucosone to glucose In order to test
thus hypothesss, Dorfman et al (unpublished results) utilized unifermly
labeled gl 1 experi with strep ci. It had previously been
demonstrated that glucose serves not only as a precursor of glucosamine,
but also as a precursor of the glucuronsc acid portion of the H A, molecule.
If glucosone 15 incorporated wia glucose, the glucurenic acd should be
labeled to the same extent as the glucosamine This was found to be
the case

Detailed information the enzvmes responsible for the de-

J. of gl and N-acetyl gh n lian tissue
is as yet lacking A number of older studies suggest that glucosamine may
be deaminated m the hiver to vield glucose (Grafe & Meythaler, 1928;
Drury & Salter, 1928, Salter et al, 1935, Yostake, 193g). Other older
studies on the degradation of glucosamune both i tutro and tn ivo are
reviewed by Kawabe (1934 b) who also conducted studies of both the
in viwo and m vitre degradation of glucosamime (Kawabe, 1934 2). Al
though evidence of degradation of glucosamine was obtamned, the methods
used and the results obtamed permit no more quantitative or detailed con.
clusion In a senes of simular studies Watanabe (3936) studied the meta-
bolim of N-acety! glucosamune both i 2120 and s witro With 1 vivo tech-
mques they found little evidence of N-acetv] glucosamimne utihzation, al-
though evidence of the eustence of a deacetrlase in liver was found
in tvitro

In a more recent study performed with considerably better enzyme
techmques, Lutwak-Mann (1941) obsened that the addition of amme
sugars resulted 10 an increase in oxygen uptake and ammonia production
by renal cortex, testis, brain cortex, ovaries, retina and to a lesser estent
lung tsue Liver, mtestine, mucus membrane, cartilage, spleen, erythro-
cytes, plasma and svnovial flud had no such activitv. Glucosamune, galacto-
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samine and N-acetyl glucosamne were all utilized, The oxygen uptake in
animal tissues (rat and rabbit) is accompanied by ammonia liberation
and acid formation but no liberation of CO,. In yeast and certain bactena
(B. col, Streptococcus faecalts, and Proteus vulgans) evidence of similar
metabohsm was found, but unlike the mammalian tissues this proceeded
anaerobrcally as well as aerobically The hiberation of acid corresponded to
the oxygen uptake, but not to ammonia preduction, suggesting that oxida-
tion may occur before deamination. .

Deacetylation of N-acetyl glucosamine mn bacteria was suggested by the
finding of 2 volatile acid m the medium following the action of a varety
of strains of streptococar on N-acetyl glucosamine. Direct confirmation of
this is furnished by the demonstration of radioactwvity in the acetic acid
of the medium after a stram of Group A streptococcus has been grown in
carboxyl labeled N-acets] glucosamine (Dorfman et al., unpublished re-
sults) A cell free preparation of such a deacetylase has been obtained
from B. col: (Roseman, 1954).

Harpur & Quastel (194g) found evidence of phosphonylation of glu-
cose, fructose, and glucosamine by an acetone powder of white matter of
brain. Since the phosphorylation of the three hexoses was not additive it
was concluded that 2 common enzyme was responsble. The rate of
reaction was considerably slower for glucosamine than for glucose and
fructose. N-acetyl gl was not pl ylated and appeared to
act as an inhibitor (apparently competitive in nature} of the phosphoryla-
tion of the glucosamine, glucose and fructose, Further evidence of the
phosphorylation of glucosamune was cbtained by Grant & Long (1950}
who showed that yeast hexokinase m the p of adenosine triphos-
phate, magnesum chlonde, potassum fluoride and potassium phosphate
catalyzed the formation from glucosamine of a substance, the analyses of
which suggested it was a monophosphoglucasamine. Brown (1g51) studied
this phosphorylation in somewhat greater detail, utilizing crystalline yeast
hexokinase and succeeded in identifving the product of the phosphoryla-
tion as glucosamine-6-phosphate. Subsequent studies by Brown ( 1953)
showed phosphoglucomutase obtained from sabbit muscle catalyzed the
cenversiont of gl 6-phosp! toa pound with properties
consistent with a structure of g]ucommme- -phosphate. The rate of muta-
tion of the glucosamine ester was found to be very much slower than that
resulting from the action of phosphogl i
glucose ester.

1

omutase on the corresp
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A somewhat different pathway of formaton of glucosamine phosphate
eﬁms has been pmpwd by Leloir and Cardim (1953 a). These authors
d ion of glucose-6-phosphate to form a pound which
was thought to be gluc 6-phosph It was proposed that i
to the 1-phosphate ester occurs fn]lowmg acetylation although details of
this mutation have not yet been published, but 1t 1s said to be accelerated
by glucose-1,6-diphesphate

Relatively little information 15 as vet ayvalable regarding the metabol-
en of galactoramine although Carding & Leloir (1933) have recently de-
monstrated its phosphorylation 1n the presence of adenosine triphosphate
and Iner and brain extracts as well as a yeast enzyme The enzvme actiaty
appeared to be parallel to the galactohinase actiits The product formed,
although not positnely identified, app d to be galac i ph
phate

The amno sugars are usually found to be acetylated An exception
appears o exist 1w the case of heparm where the amino group s thought
to be sulfonated { Wolfrom & Montgomen, 1g950; Wolfrom et al,, 1950)
Chou & Soodak (1952) showed that glucoamune and chondrosamine
(galactosamme) can be acetylated by an enzvme prepared from pigeon
liver. In crude extracts acetslation was demonstrated in the presence of
adenosine tnphosphate, co-enzyme A and acetate, while in purificd pre-
parations acety] phosphate and transacetslase were used as the acetn) donor
syetem Tt was suggested that the glicosamine acetvlating enzvme differs
from that involied in the acetrvlation of arylamines

Leloir & Cardimi {1953 a) found evidence of acetslation by a similar
wetem with an enzvme obtained from Aceurospora crassa, but in this case
acetylation apparenth also occurs with glucosamine-8-phosphate as a sub-
strate Ttis not as yet clear whether phviological synthesss of pohvsacchandes
muoles acetslation before or after phosphortlation. Lelorr & Cardiny favor
the 1dea that acetylation occurs after phosphoniation in view of the fact
that thes were unable to demonstrate phosphontation of Nacetsd gluco-
samine This view v in heeping with the finding by Dorfman et al. (un-
publihed results} that no evidence could be obtained for the direct utihiza~
tion of N-acet] glucosamune tn the svnthesss of HA by hemolstic strepto-
cocar The utihizauon of acetate for acetvlanon by crude pigron Iner pre-
parations and the svitem derned {rom Meurospora eratsa is mn accord with
the finding in this laboratory that radicactine acetic naid is incorporated
nta the acen] group of H.A The data discussed 1m a later <cction of thi
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review on mammalian skin suggest a similar situation obtained in the
synthesis of H.A. and the sulfated mucopolysaccharide of rabblt sl\m
Before leaving the subject of the ic reactions of g

mention should be made of the demonstration by Park (1952 a,b) of a
uridine nucleotide which contains an amino sugar and the more recent
isolation by Cabib et al (1953) of a unidme diphosphate acetylgluco-
samine compound It is suggested that this compound may play some role
m the metabolsm of hexosamines although this has not so far been
established, Importance of note in this connection 1s the recent demon-
stration of the role of the homologous uridine derivative, uridine diphos-
phate glucose, mn the synthesis of sucrose (Leloir & Cardini, 1953 b).

Brosynthesis of Mucopolysaccharides

On the basis of the known structure of the acid mucopolysaccharides it
is obtious that many possible pathy of bi hesis may be postulated
Final decision regarding pathways can only be obtained after isolation and
study of the enzvme systems involved. Some data are, however, now avail-
able pertinent to these questions These results have been obtained to a
large extent using carbon-14 tracer techniques 1n the study of the synthesis
of H A, by a strain of Group A streptococcus {Dorfman et al , unpublished
results)

A first approach was attempted utlizing carboxyl labeled N-acetyl

since the d ion of the incorporation of this compound
would obviate the necessity of the study of the incorporation of glucos-
amine, When N-acetyl glucosamine, labeled in the carboxyl group, was
added to a semisvnthetic medrum containing glucose, the H.A, produced
by group A streptococc: was found to be labeled in the acetyl group, thus
suggesting that N-acety] glucosamine could mdeed be directly incorporated.
Such a conclusion had previously been reached by Topper & Lipton
{1953)

This conclusion, however, seemed open to question when the follow-
ing facts were ascertained When labeled N-acety! glucosamine was added
to the medium acetate isolated from the growth medmm was found to
be highly radioactne. Furthermore, when carboxy] labeled acetic acid was
incorporated into the medwum, the acetyl group of the H.A. was fou.nd o
be highly radioactive. These findings suggested that the apparent incor-
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poration of N-acetyl glucosamine may actually be due to the following
set of reactions:

N-acety! glucosamine — glucosamune - acetate
Acctate -+ X = acety] X — polysacchande

X may be glucosamine or any other intermediate (such as a disac-
chanide or phosphorylated gl i diate). To test this hypo-
thesss addi 1 exp were perf d 1n which mactive acetic acid
was added 1n addition to the carboxyvl labeled N-acetv] glucosamumne. It was
reasoned that if N-acetyl glucosarune 15 directly incorporated into the
polysaccharide, the presence of mactne acetate should not affect the degree
of labeling, while if the mechanism proposed above 1s responsible for
labeling, the preseace of mactive acetate should result mn 2 decrease of the
radioactivity of the HA formed. The latter was found to be the case,
thus making impossible the conclusion from this type of expernment that
N-acetyl glucosamne 15 a direct precursor

Further exp were perf d to d whether glucosanune
1s utilized for polysaccharide synthesss For this purpose C*, N** doubly
labeled glucosamine was prepared bv incorporating 1-C'-glucose and
N"H,* m a medium upon which was grown Aspergillus miger The doubly
labeled glucosamine which was isolated from the chitin of the mycelium was
utihzed for the svnthesis of H A by the streptococcus The ratio of /N
was found to be almost rdentical 1n the glucosamme placed 1n the medium
and the glucosamine isolated from the H A, thus uncquivocalls demon-
strating that glucosamine 1s a precusor of H.A

The ongin of the glucuronic acid portion of the polssaccharide mole-
cule 1s not clear. Incorporation of labeled glucuronolactone into the growth
medum has so far not resulted n incorporation of radioactivity into the
molecule

Metabolism of Mucopolysaccharides in the Mammal
It is obvious from the preceding discussion that of the meager inform-
ation available regarding the metabolism of mucopoly<acchandes, httle has
been derived from studv of mammalan conneetne tisue This defictency
derives to a great extent from the difficults of securing adequate materal
for such studies, A possble exception to this is cartilage.
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The degradation of the acid mucopolysaccharides by the enzyme hyalur-
omdase will be considered in another chapter of this publication, and for
the purpose of this section will not be considered as playing a role m the
synthests or degradation of HLA or C.S A. in connective tissue This as-
sumption is m keeping with the fact that there has so far been no con-
clusive demonstration of the presence of hyaluronidase in mammalian tissues
other than testes

There 15 as yet no certamn definition of the cells responsible for the
synthesis or degradation of the 1 harides in connective tissue.

It seems reasonably certain that the cartilage C.S A (chondroitin A of
Mever & Rapport, 1951) 15 produced by chondroblasts. It has been widely
assumed that H A 1s produced by fibroblasts although no defiitive proof
of this has been presented Asboe-Hansen (1950) has suggested instead
that mast cells are responsible for the formation of H.A. That this cell
plays a role m the formation of heparn was suggested some time ago by
Jorpes (1g47) and has been accepted by many because of the presence of
metachromatic granules in these cells, It is beyond the scope of this paper
to consider the problems of cellular origins in detail.

The avatlability of S** presents a highly advantageous tool for the
study of metabolism of mucopolysaccharides. This isotope has many ad-
vantages for such studies, among which can be bsted the following: 1) it
15 relatively cheap and easily available, 2) its low energy £ emission is re-
latively easy to count and presents a minimum of health hazard, 3) it can be
readily obtaned as sulfate and used as such without performing further
synthesis, 4) mncorporation as ester sulfate can be readily determined by
hydrolysis as precipitation of BaSO,, and 5) the locahzation of the ester
sulfate can be achieved by radioautography.

These adiantages are d by certain disad ges such as: 1)
this method grves no mformation regarding the metabolism of H.A., 2)
conclusions must be confined to changes of the sulfate ester group, snce
1t 15 possible that these are not correlated with changes in other parts of the
molecule, g} there 1s as yet no clear defimtion of all of the ester sulfate com-
pounds present. Thus, the existence of more than one type of G S A, may
result in confusion regarding conclusions with respect to metabohsm. The
presence of heparin poses sumilar problems. However, despite these diffi-
culties considerable useful information. has recently accumulated as a result
of studies utilizing radioactive sulfate. Studies utilzing radioactive sulfate
are discussed in a separate chapter of this book.
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In siew of the hmitations of the nformation that can be obtained by
the use of $%, a series of studies have been undertaken in the author’s
Taboratory utilizing C'* ether alone or in combination with §%. Befare
studies of metabolic rates conld be undertaken, st was necessary to device
methods for the 1olation of the add mucopolysaccharides free of other

carbon pounds as well as thewr separation {rom each
mhcn Schlﬂcr et al {1954) have devised methads for the preparation from
rabbat shan of both H A. and 2 sulfated mucopolvsacchande of high ana-
fytical purity. By all asatable methads the H A, behaves lhe that wsolated
{rom other sources, but the sulfated fraction shows certan discrepancies
wn behavior from cartilage C 8.A. These arc a lawer colour equiralent by
the casbazole reaction and a dfferent behastor toward tesueutar hyaturonid.
ase The exact nature of the sulfated mucopolysacchande has not as vet
been eluadated

Uwung such methods it has been posible 1o studv rates of incorporation
of C* following the admimistration of carboxst fabeted acetate and 1-C*
labeled glucose In the first set of expenments C** carboxyl fabeled acetate
was administered 1 dinided dowes for vanous mitervaly The rabibits were
sacnficed at the end of the persods and the H.4 and sulfate pohsacchandes
were wolated from the shin of the indiidual anmals for radicactivity
amalvses The rate of meorparauon of CM into Hu\ was found to be ap-
proximately g times as rapid as that obwenved in the suifated mucopolr-
sacchandes In a single animat to whom ECM-glucowe was admunistered over
a period of 3 dave, the tadioacinits of the nolated pohvsacchandes bore
the <ame relatianship

In another <t of expenments approsumateh 6.5 mC of carbovsi.
fabeled acetate was administered 1n diided doses on one dav and pairs of
anmmats were sacrificed an the firet, fourth, eighth and tyelfth davs after the
beginning of myections The mial radioactivity 718 hours after the fast
admunistered dose} of the HLA was lound to be connderably greater than
that of the sulfated polvaacchandes The tate of dectease of this activmy
was much greater for the HA  Actual caleulation of hatf-hife time was niot
satnlacton because of the complexity of the hinetcs mohed over the
peniod of the expenment Assuming firt order kinetics, haweser, a half-hife
time of about 2 davs for H 4 and a conuderably longer period for the sul-
{1ted polvrecharides was mdicated. When polvacchandes from duphicate
ammals for each time period were pooled and degraded, t was possible to
demonstrate that almest all of the tadinactin ity appears in the acety} group
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This is 1 heepmg with the previous demonstration of the utilization of
acetate for the N-acetyl group in the synthests of H.A. by Group A strepto-
coccus, and the relative inefficiency of acetate as a precursor for glucos:
(which presumably acts as the p. of the 1 ine and g

acd portions of the polysacchande molecule).

The finding of a rapid rate of turnover of H A. in the skin of adult rats
is somewhat surprising n view of the usually assumed stability of connective
tissue. It, however, makes more understandable the known rapidity of
changes that apparently occur under certain physiological and pathological

stimult

The marked discrepancy of turnover rate in the H.A. and the sulfated
polysacchanides deserves special comment. It is possible that the sulfated
polysaccharide wsolated from shin may represent a muxture of substances,
thus the apparent turnover rates would be a function of more than one rate.
It 13 apparent, however, that at least one sulfated substance 15 present which
turns over much more slowly than H.A, The actual rates observed appear
to be of the same order of magmtude as that observed by Bostrom &
Gardell (1953) utlizing 8%,

‘Whether the rates of turnover measured with either acetate or sulfate
represent total breakdown and resynthesis of the polysaccharide or merely
exchange of the groups s not as yet clear.

Summary

The review of the literature which has been presented makes it obvious
that knowledge regarding metabolism of mucopolysaccharides is as yet in
a very frag y stage of develop It 1s equally app that with
application of brochemical methods which have yrelded rapid progress in
other fields of biochemustry, a better understanding of the phystology and
biochemistry of connective tissue should soon become available It is still
too early to predict the usefulness of such information in bringing about
an understanding of the rheumatic and hypersensitivity states, but 1t seems
reasonable to assume that such information should improve our understand-
g of the physiological and pathological behaviour of connective tissue.
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ON THE SULPHATE EXCHANGE OF
SULPHO-MUCOPOLYSACCHARIDES

AN ENZYMATIC REACTION IN
MESENCHYMAL TISSUES

Harry BosTroym
Department of Chemustry 1, Karohnska Institutet, Stockholm, Sweden

Introduction

Tue various rorms of collagenoses are mamifested by involvement of
mesenchymal tissues of different kinds, such as cartilage, conncctine tissue,
tendons or vessel walls, These processes often cause severe pathological
changes in the mesenchymal tissues; 1t may thereflore be presumed that
they also gne rice, 1n some way or another, to metabolc disturbances sn
the chemical constituents of these tissues, Consequently, studies of the
metabolism of these substances under normal and pathological conditions
can be expected to contrbute to our hnowledge of the path is of the
eollagenoses

Modern biochemical research has shown—particularly with the use
of rotope tracer methods—that most constituents of the body are in a

dvnamic <tafe Different compounds are destroved and hesized

at
rates more or less characteristic of each compound

Important chemical constituents of the mesenchymal tissues are certam
protems, e g. collagen and elasun and different hands of mucopolvsac-
chandes, such as hhalurome aad, chendrotin sulphunie acd, mucaitn
ulphunc adid and hepanin Our knowledge of the metabolsm of thewe
compounds t, however, fairly mcomplete With regard to the metabolic
actuity of collagen, 1t was demenstrated by Neuberger et al (1g51), by
means of the admmstration of C'labelled glicine, that thie actnity 1s
extremely Jow in the tendons of adult rats This inchicates that, once de-

posited 1 the intracellular <paces, collagen probably becomes metabolicalls
inert,

7 Coamectine Timue
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As far as the mucopolysaccharides are concerned, most studies on the

bolism of these ¢ ds have been confined to problems dealing
with the ic h of the sulph groups of sulpho-muco-
polysaccharides. These studies have been made with the use of $*-labelled
sulphate as the tracer substance and have been reviewed recently (Bostrom,
1953, Bostrom & Jorpes. 1954); they will be discussed briefly in the
following

Sulphate Fixation in Vivo

If a tracer dose of % as sulphate 15 given to an experimental animal,
most of the radioactive sulphate is rapidly excreted (Dziewiatkowsks,
1949), only a small fraction beng retained in the tissues

After the pioneer work of Dziewiatkowski et al. (1949), who de-
monstrated a very high sulphate incorporation and a slow ehmination of
5% m cartilage, bone and bone marrow, numerous investigations have
been made to determine the exact localization mn the tissues of the retained
part of the radioactnve sulphur

The autoradiographic method has proved to be eminently swtable for
this purpose. By means of this technique, the radioactive sulphate fixed
in a large number of normal organs and ussues has been visualized in the
rat and the rabbit.

In the skeleton, the highest sulphate frxation was noted in different
kinds of cartilage (Dziewiatkowski, 1951 a, Campbell & Persson, 1951,
Bostrom et al, 1952) but a marked uptake was also found in bone tissue,
with 2 maximum in the perosteal and endosteal layers and cestain
Haversian systems (Engfeldt et al., 1954).

The skin showed a low uptake of §*° in the cornified layer. In the
corium, an even distribution of somewhat more $*° was observed, mnter-
rupted by the pictures of hair follcles and small vessels, which showed 2
still hugher concentration (Bostrom et al, 1953). A remarkably high
sulphate frxation occurred mn the mast cells of the subcutis, in contrast to
the extremely low fixation in other parts of this layer (Jorpes et al,, 1953
Asboe-Hansen, 1953}

In the resprratory tract, the highest sulphate fisation was found in
tracheal and bronchial cartilage and in the cartilage plates of the lung,
whereas other structures showed a low or moderate uptake.

In all the sections of the gastro-intestinal tract investigated, the highest
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degree of sulphate fixation was exhibited by the epithelial layer In other
layers of the stomach and intestines and in the hver and
pancreas, a diffuse low or moderate uptake was noted.

In the cardiovascular system, the highest $* mcorporation occurred 1n
the aorta, m the walls of the arteries and i the heart valves, The heart
muscle and the spleen showed only a moderate diffuse uptake (Odeblad
& Bostrom, 1952 a).

Well-differentiated autoradiographs have also been obtamned from the
nervous system, the gemto-urinary system, the eye, the ear and certain
embryonic tissues, they indicate that the §** mcorporatien varies markedly
m different structures (Bostrom & Odeblad, 1953 a, b, Odeblad & Bo-
strom, 1952 b, Belanger, 1953)

With regard to the mode of sulphate fixation, 1t has been shown by
ssclation of labelled chondroitin sulphuric acid from the cartilage (Dzie-
wiatkowsk, 1951 b, Bostrom, 1952) and skin (Bostrom & Gardell, 1953)
of rats given mjections of §*-labelled sulphate, that most of the radio-
active sulphur m these structures 1s deposited as ester sulphate in chon-
drostin sulphuric acd Isolation from the same ammals of other sulphur-
contaming compounds such as cystine, taunne and methionine showed,
however, only a low or mappreciable uptake (Bostrom & Aquist, 1953).
The mam part of the fixed radioactive sulphate demonstrated n other
ussues by means of autoradiography occurs m those tissues which are
known to contam sulph pohysacchandes Consequently, 1t may be
suggested that, m these tissues as well, large amounts of radicactive sulphur
occur 1n esterified mucopolysaccharides, e.g hepann in the mast cells,
mucoitin sulphuric acid 1 the mucus of the gastro-intestinal tract and
the chondroitin sulphunc acid in vessel walls and the heart valves, for
example

It seems possible to make the following mference from the high uptake
of sulphate m different tissues of full-grown adult animals In different
kinds of sulpho-mucopolysacchandes, destruction and re-synthesis of these
polysaccharides, or more probably an exchange of the sulphate groups of
these s, takes place ly The rate of these processes has
been directly studied m rats; the biological half-fe time of the sulphate
group of chondroitin sulphunc acid mn cartilage and skin was found to

amount to 16 and 10 days, respectnnely (Bostrom, 1952, Bostrom &
Gardell, 1953).

Various factors seem to mfluence the sulphate exchange of sulpho-
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mucopolysaccharides i vwo. Thus Dzewiatkowski (1951 ¢) reported a
higher sulphate fixation after treatment of rats with thyroxm, whereas
cortisone was found to decrease the rate of this process (Layton, 1951,
Bostrom & Odeblad, 1953 ¢). In addition, it has been demonstrated
that the sulphate exchange of chondrottin sulphuric acid and the sul-
phate fixation i different tissues 1s considerably decreased in scorbutic
ammals (Redd: & Norstrom, 1954, Friberg & Ringertz, 1954). Fnally,
1t was recently shown by Ellis et al (rg53) that hypophysectomy of
immature growmng rats results in a markedly diminished sulphate uptake
in costal cartilage as judged from the cartilage to plasma inorganic sulphate
specific activity ratios. Moreover, the mjection of growth hormone partially
restores this ratio to normal

Sulphate Exchange in Vitro

Layton et al. (1950), using a tissue culture techmque, found a highly
differentiated sulphate fixation m several surviving tissues. Bostrom &
Minsson (1953 a) elaborated an in witro shemng technique for the study
of the sulphate exchange of chondroitin sulphuric acid of cartilage. Using
the latter techmque, fresh costal cartdage from newly-hilled calves was
cut m thin shces, the slices were ncubated in Krebs-Ringer-bicarbonate
solution, contamning S$**-labelled sodium sulphate, at a temperature of
37° C, in the presence of a gas muxture containing oxygen and carbon
dicuide After a few hours the reaction was stopped by boiling the samples,
and chondrotin sulphuric acid of a lgh degree of punty was prepared
from each sample. The radioactwvity of the samples was then measured
‘With this techmique, a high 5% incorporation in the sulphate group of
chondroitin sulphuric acid was easily demonstrated No such uptahe of §*
occurred 1 shees bofled before incorporation, or when labelled sodwm
sulphate was added to pure chondroitin sulphuric acid alone.

The aforementioned method, which had a high degree of repro-
ducibility, permitted studies on the influence of differens factors on the
sulphate exchange of chondroitin sulphuric acid m zrtro Thus, it was
found that freezing and subsequent thawing or heating of the cartilage
to 47° C completely destroyed 1ts ability to incorporate §%. An increas
in the rate of the reaction resulted from an increase in the incubation
temperature until heat inactivation occurred. It was also demonstrated
that this reaction could be inhibited by different kinds of enzyme mhibitors,
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of which the SH inhibitors were the most potent. This may mdicate that
the enzymatic exchange of the sulphate groups of chondroitin sulphunc
aad 1s related to SH enzymes present in the cartilage

Of certain mnterest was the observatton that cortisone also strongly
ihibited the sulphate exchange of chondroitin sulphuric acid i witre
(Layton, 1951, Bostrom & Odeblad, 1953¢). A similar effect was
obtamed with the use of sahcylic aad as the inhibitor. As recently re-
ported (Bostrom & Ménsson, 1954), salicyhic acid in concentrations com-
parable to the salicylate plasma levels obtaned in patients treated with
large doses of saheylic acid according to Cobum (1943) sigmficantly
mhibited the 1 zitro 5% p in ck Iph acid, On
the other hand, the therapeutically mert 1somers of sahcylic acid, 1 ¢, the
meta- and para-hydroxybenzoic acd, failed to inhitat this reaction

Another recent cbservation was that the sulphate exchange of chon-
droin sulphuric acid 1 witro could not only be inhibited by different
agents, but could also be stimulated m different ways Thus, the presence
of glucose {0 1 per cent) in the suspending medium gave an $* incorpora-
tion 1 the samples of chondroitin sulphuric acid of cartulage which was
15-20 per cent ngher than that in samples incubated without the addition
of glucose to the Krebs-Ringer-bicarbonate solution

Sumulation of an entirely different order of magmtude was, howeser,
recorded when small amounts of a liver homogenate were added to the
shees (Bostrom & Mansson, 1953 b) In this case, radioactivity exceedmg
that of the control samples by more than 100 per cent was noted. It was
shown 1 additional expenments that the active principle is present in
the hiver extract It is thermostable and can be dialyzed through a cello-
phane bag

Comments

It may be concluded from the studies on the sulphur metabohsm of
sulpho-mucopolysaccharides m h tissues briefly d 1
the present paper that these compounds, hike most other body consmucnu‘
are metabohcally actne Moreover, the bohsm of these
<eems 1o be mfluenced by factors known to be correlated to mesenchymal
trsues, e g. C-avitamimoss, cortisone, salicylic_acid and hypophyseetomy.

Tt must, however, be pomted out that experiments on the sulphate
exchange only do not permit any inferences with regard to the synthesis
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of the whole molecule of the chondroitin sulphuric acid, Nothing is as yet
known about the rate of renewal, nor about factors influencing the ex-
change of other parts of the molecule, the amino group, the acetyl group
or the whole carbon skeleton On the other hand, it seems possible that
the sulphate exchange studied reflects, in one way or another, the metabolic
actvity of the whole molecule.

In view of the close connection between the mucopolysacchandes and
the collagen m the mesenchymal tissues, it may be suggested that further
studies on the former substances will throw some hght on the obscure
group of diseases now called collagenoses
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SOME REMARKS ON
THE SPREADING REACTION

F. Duran-Reynars
Department of Microbiology, Yale Unwersity School of Medicine, New Haven,
Connectieut, U S A

Ir AN INFECTIOUS AGENT such as vaccine virus i1s mjected intradermally,
together with an extract of mammalian testicle (Duran-Reynals, 1928), or
a filtrate of a culture of an mvasve streptococcus (Duran-Reynals, 1933),
2 pronounced enhancement of the mfection 1s observed Thus 1s due to the
umque phenomenon of the spreading (Hoffman & Duran-Reynals, 1930,
McClean, 1930) . “The bleb flattens immediately and the moculum spreads
through the skin as fluid dropped 1n a blotter If forced spreading 15 tned,
1t 15 amazing to watch how rapidly the inoculum can be dispersed in a few
scconds over a large skin surface under small pressure, while a much
stronger pressure fails to dislodge the bleb formed by the control mixture”.
(Duran-Reynals, 1g942)

Obviously, an obstacle, 2 barner, has been overcome by the injected
matenial We know today that the cbstacle largely consists of the glue
formed by the pol d complexes of polvsacchanides present m the
ground substance of the mesenchyme, the actne substance i the wm-
jected matenal 1s the best known and probably the most important of the
spreading factors, namely, the enzyme hyaluromidase (Chain & Duthie,
1939, Meyer et al, 1937, Robertson et al,, 1540) The degradation of the
polysacchandes by the enzyme results 1n_a_gel being changed into a sol,
and any substance mjected with the enzyme wall diffuse freely m this flud
meduumm. This depolymerization 15 mansfested 1 the test tube by the prompt
loss of viscosity of hyalurome acid acted upon by the enzyme The degree
of degradation of the substrate vanes depending on the source of the
enzyme but, correcting a past behief, the hydrolysis of hyaluronic acd does
not proceed beyond the hiberation of disaccharndes, a further effect on the
latter being due to other enzymes (Hahn, 1945).
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It seems to be generally agreed that a pure hyaluronidase-hyaluronic
acid interaction 1s operative only mn the first phase of the spreading re-
action, and that other effects play important parts at later phases. Among
the latter, pressure, volume of the moculum, and effects resulting in an
increase in the permeability of blood capillaries with resulting spreading
edema, were known for some tume (Hechter, 1g50). Other important
actions more recently uncovered are that derivatives of hyaluronic acd
{Duran-Reynals, 1952), or products from its partial depolymerization
{Seifter & Baeder, 1954), exert a strong spreading effect. In the lauer
case, under certain conditions, the spreading is equivalent to that of 2,000
TRU of the enzyme, cunously, if the hydrolysis of hyaluronic acid 15
allowed to go beyond a certamn hmut, spreading is no longer obtained

Spreading tests m the dead animal permit elimination of several of the
effects superimposed to the enzyme-substrate reaction {Hechter, 1950).
Based on that fact a biological method for titration of hyaluronidase has
been recently proposed The test consists of the mntradermal injection of
enzyme dilutions i freshly killed guinea pigs and measuring the spreads
shortly after: good or close agreement was found between this and the
z1iro methods currently used (Humphrey & Jacques, 1953). It would
be, we believe, highly desirable that accurate biological methods, combined
or not with in viro techmques, were adopted to titrate the enzyme. For,
the complexity of all the effects leading to pharmacological action, evolved
by the enzyme mjection, can only be fully measured by the spreading re-
action in a living tissue and still much better in a living animal.

Other substances, chemically defined or not, are known which give the
spreading reaction. Let us quote, among these spreading factors, those
present in the mammarv glands (Elliot & Turner, 1953), thyroid (Spinelli;
1932, Levine, 1949), azaprotemns {Claude, 1935) ; some mercurial diuretics
(Edlund & Linderholm, 1949), ascorbic acid {Robertson et al., 1941}

In a few cases, eg. in the case of azoproteins and ascorbic acid, the
spreadmg effect can be explamed becanse a depolymerizing effect on
preparations of hyaluronic acid, and other mucopolysaccharides, has been
shown The dynamucs of hyaluromdase action is largely the cause of the
almost exclusnve attention of workers to the polysaccharide components of
the ground substance Yet, protemn 1s an important component of it (Day,
1952). Simple observations such as the rapid spreading in the ground
substance of fluids such as alcohol, ether, chloroform, etc., contrasting with
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the behavior of water or saline under the same circumstances, are ex-
tremely revealing in this respect (Day, 1949). It seems Iikely that knowledge
on the mechamism of action of spreading agents other than hyaluronidase
would throw light on important phenomena 1 the ground substance

The spreading reaction 15 performed in the skin for the simple reason
that there 1s present m the dermus a relatvely thick continuous layer of
ground substance and also because the results of the spreading can be so
easily apprawed. Yet, spread with hyal dase or even other
spreading factors can be carned out 1 other organs such as in stomach
and intestine, mammary gland, pancreas, etc. (Fawlli, 1935, Duran-
Reynals, 1942) Here again, contrasting with the extensive information
we have on dermal spreading, what s known of spreading m other tissues
1s meager indeed

Yet, 1t is logical to expect that important information would be ob-
tamed if the spreading reaction was added to current electron microscopic
and hustoch I methods—imnclud. of tissue shices
—for the sudy of the mterceflular matenals of normal and pathological
tisues Some work 1n this direction has already been done, e.g the studies
on the sex skin of monkeys by Duran-Reynals, Bunting & van Wagenen
(1950), which coordinated results from the spreading reaction in the sex
shin—and ordinary skin, too—with histochernical data and endocrine
effects, those of Woodin (1950} to the effect that the spreading reaction
fails to take place m the rabbit and ox cornea, a conclusion to be related
to the nature of the polysacchandes tn the organ and calling for a revision
of previous statements on that pomnt, and those of Pirie {1949) and von
Sallman (1949) on the results of injection of hvaluromdase and dyes in
the postenior chamber of the eye: diffusion 1s slow, but hvaluronic acd
remains disaggregated for at least a month, an event strongly contrasting
with the rapidity—g davs— of the reconstruction of the dermal barrier
after the spreading reaction in man or amimals (Romanoff, 1938, Hechter,
1948, Bywaters ct al,, 1951), and daff

m the fi
of both sorts of ground substance. However, 1t seems clear that much more
should be done along these lines For instance, m view of the newer know-
ledge on the content of polysaccharides in the matrices of the blood vessels,
and on the effect of hyal on the d of chol

1 1n ther
walls (Runehart & Abul-Hay, 1951, Cali, 1952, Seifter et al, 1953), 1t

could be very fruitful to studs the spreading reaction 1n different scgments
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of the normal or pathological vascular system; the long debated problem
of the effect of hyaluromdase on the permeability of the blood capillaries
(see Duran-Reynals, 1942) would be a part of the study. Although m a
more remote sphere, one could envisage comparable studies in the peri-
pheral and central nervous system.

The same enzyme-substrate effect, which is the core of the spreading
reaction, 15 also back of phenomena apparently so dissimilar as the
following :

(a) The disaggregation of the granulosa cells surrounding the ovum as
a preliminary step to fertihzation (Fekete & Duran-Reynals, 1943, Mc
Clean & Rowlands, 1942, see Duran-Reynals, 1942).

(b) The enhanced absorption of materials mjected therapeutically
under the shin or other tissues as in 2 clysis or in local anesthessa {Sanella,
1940, Kirby et al, 1950, Burket & Gyorgy, 1950, see Duran-Reynals,
1942, and Hechter, 1950)

{c) The rapid absorption of solutions mjected into the joint cavities
(Seifter et al,, 1949).

{d) The quick diffusion of solutions through the urinary bladder by
abolishing its semipermeable character (Seifter et al, 1949).

(e) The accelerated passage of salne solution through a muscular
fasciae mounted as a filter i vitro {Day, 1952).

(f) The mvasion of tissues by streptococeus as in a cellulitis or by Cl.
welchn as in gas gangrene (see Duran-Reynals, 1942).

(g) The controlling of keloid recurrence {Cornbleet, 1954).

Still other examples could be given; they all senve to emphasize the
unversality of spreading reaction.

A number of observations recently accumulated show that when one of
the many effects exerted by hyaluronidase such as above listed is anta-

gomzed by a given factor acting systemically, such as hormones, physical

stress, i other ph are hkewise ized. The p
that follow will illustrate the point:

(a) The spreading reaction in mice is suppressed, under certain con-
ditions, by adrenal cortical hormones (Opsahl, White & Duran-Reynals,
1948, Opsahl, 1949). These hormones also suppress the permeability of
the urinary bladder (Seifter, Baeder & Dervinis, 1949) and synovial mem-
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brane {Seifter, Baeder & Bogany, 1949} countermng the effect of hyaluron-
idase in these structures;

(b) The permeability of the dermal ground substance is rapidly lowered
in infection induced by strep or staphylococcus {Duran-Reynal
& Estrada, 1940). The same mfectious processes i the shin, or injury
inflicted on a jomt, result 1 a delayed absorption of matenials introduced
into a jont not subjected to injury {Edlund, 1949); and

(c) Estrone nduces the typical changes in the epitheltal and connective
tissues of the reproductive organs. The hormone also causes the develop-
ment of large amounts of ground substance in the sex skin of monkeys
(Duran-Reynals, Bunting & van Wagenen, 1950), and 1t 15 of nterest
to mention here that, to judge by the published illustrations, the “tissue
fluid” known to accumulate in the uterus during estrogen treatment since
the poneer work on the “follicular hormone” (see Allen, Hisaw &
Gardner, 1939) 1s in all probability newly formed ground substance On
the other hand, the h pp the spreading reaction and the
dermal infection by vaccine virus {see Sprunt, 1950), and 1t also alters
the permeability of the urtnary bladder treated with hyaluromdase (Sefter,
Baeder & Dervinis, 1949) If, mstead of estrone alane, all the hormones
contnbuting to the sex cycle and pregnancy are considered, other and more
complex. pt d with spreading, absorption from joints,
granuloma formation (Meyer, Stucki & Aulsebrook, 1953) absorption
from the skin (Ploman, 1953) and others could be found paralleling the
sex changes

From these, as from still other examples that could be given, an 1m-
portant concept scems to be emerging, namely, that of the uniy of action
of the mesenchyme which can be expressed as follows® when an effect 15
exerted on a gwen sector of the ground substance it s likely that the same
effect will also be observed, although manifested i a different way, 1n
another sector of the same ground substance.

This situation, expressed by the above law, holds true despite the un-
denmable fact that there 15, at least grossly, a selectunty of tissues to hormonal
effects, a subject closely connected with that of the target cells to endo-
cnne actions in given ammal species Further discussion of these pomts
would imvolve the topic on the secretion of components of the ground sub-
stance and mechanisms of hormone effects, ponts which are analyzed in
another chapter of this monograph. One pomt, howeser, must be empha-
sized, namely, that all the kormonal effects so far studied are accompanied
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by pr d or qualitative changes in the ground sub-
stance which seem to culmmate in certain tissues of election. In other

words, the reactions of the mesenchyme are both systemic and selective.

The spreading reaction is currently carried out by injecting intra-
dermally hyaloromdase mixed with an indicator dye, this being controlled
by an mjection of the mdicator mixed with saline; in most, if not in all
cases, the latter mjections disclose—although on a much smaller scale—
the same changes of permeability of the ground substance as revealed by
the hyal dase mixtures Rep ive ples are the results ob-
tamned after spinal section, exposure to cold {Homburger, 1943; Linder-
halm, 1951, Birke, rg53), mjection of several hormones, and in tuber-
cular, streptococcal and staphilococcal infection (see Duran-Reynals,
1942, Asboe-Hansen, 1952, Ducommun, Tumiras & Dordoni, 1951;
and many others) In other cases events such as the pressure needed to
force the moculum through the shin (Winter & Flataker, 1g952) gne
values parallel to those obtained in the spreading reaction.

1f the dermal ground substance 15 very permeable, as in very young
rabbits (Duran-Reynals, 1942) or in gumea pigs with vitamin C deficiency
{Persson, 1953), the addition of hyaluromdase to the mjected dye adds
Iittle or nothing to the alreadv large spreadmgs obtained by injecting the
dye alone. In other words, there are states in which the ground substance
behaves as 1t does after hyaluromdase, or other spreading factors, have been
injected tnto u.

This statement, although not ongnal, is timely. For, often one reads
of “appihyaluromdase effects” ascnibed to hormones, drugs or other factors
which suppress the spreading reaction. Yet, i most cases at least, the
essence of the phenomenon 1s simply an ncrease of the barrier value_of
the ground substance, this barrier bemg effective, although in different
degree, agamst matenals containing or not hyaluronidase. One must re-
cognize, however, that m all probahlity there are cases in which the
restriction of the spreading reaction 18 the result of an effect against
hyaluronidase, as 1 the case of rabbis immunized agamst rattlesnahe
venom (D Reynals, 1939 ; Tarabim-Castellani, 1938), or against pre-
parations of CI. welchn (McClean, 1936). In these cases the phenomenon
is the result of a direct or indirect antibodv effect agamst the enzyme; one
can then imagine that among the reported cases there are some in which
the suppression of the spreading is also due to effects of other nature on

the enzyme.
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The above paragraphs hase dealt with the influence of systemic factors
on the ground substance acted upon by hyaluromdase {or other factors)
during the spreading reaction, In these last remarhs we shall comment on
what appears to be the opposite situation, namely, the influence that pro-
ducts liberated durning the spreading reaction may have on systemuc physio-
logical phenomena A chnical observation is responsible for this newer
aspect of the physiopathology of the hyme The observation 18 that
treatment of long duration with hyal dase prevents the of
kidney stones of humans (Butt & Hauser, 1952) Smce earher studies
(Butt and others, 1954) have shown that there was an mverse relatian
between the incidence of urolithsasis and the concentration 1n the urine
of protectve coltords m dufferent sexes, races, and in changmg physiological
and nutntional conditicns, and since the mjection of hyaluronidase is
thought to be promptly followed by an increase of these protective collowds,
it has been concluded that the enzyme acts by liberating these colloids from
the ground sub: during the spreading reaction  Although, chviousl
much more work 15 needed to reach final conclusions on the nature of lhc
substances mvolved i the phenomenon and on the nature of the protective
effect, one fact seems to be established  the induction of an effect at dist-
ance as a consequence of the spreading reaction. This effect 1s mamsfested
by a therapeutic action on lhthiasis, but it would seem logical to think that
this particular renal action 15 only a manifestation of a far more generalized
phenomenon which could, perhaps, be qualified as the second and systenuc
phase of the spreading reaction whick would follow 1ts first, local phase.
It would also seem logical to think that hyaluromidase 1s not the only sub-
stance capable of inducing these systemuc effects by acting on the ground
substance, other spreading factors, some hormones, and still other agents,
which are known to act on the ground substance of the mesenchyme can,
through this local effect, induce important systemuc actions Knowledge of

these actions may turn out to be of great interest 1 both physiology and
pathology
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‘Tue PRESENCE OF LESIONs in the connective tissues has focused attention
on the possibility that biochemical changes in these tissues may afford a
clue to the understanding of the etiology and pathogenesis of rheumatic
diseases and “hypersensitivity” states. Unfortunately, knowledge regarding
the biochemstry and physiology of connective tissue 15 so hmuted that a
systematic approach to this problem has so far not been possible.

The strihing in vivo and tn vitro effects of the enzyme, hyaluronidase,
has resulted 1n many attempts to implicate this enzyme in the pathogenests
of rheumatic disease Impetus to such explanations has been derived from
the existence i human blood serum of a substance which inhibits hyalu-
ronidase and from the fact that various physiol lly and phar logi-
cally active substances mhibit hyaluronidase It 1s the purpose of this paper
to attempt to critically review some of the many recent studies which have
concerned themselves with the problem of the inhibition of hyaluromdase.
Before proceeding to a detailed discussion of these various mhibitors, it
would seem necessary to delmeate the subject matter and review certain

general considerations pertinent to such studies,

In discussng the mhibition of hyaluromdase, it 15 necessary to dis-
tinguish between i z1vo and m vitro effects. Although this review will be
concerned almost entirely with in ziiro studies, certain comments regarding
11 zivo studies would seem pertment. The now well established “spreading
effect” of hyalurondase leaves no doubt that this enzyme brings about an
increased rate of “spread” of many foreign substances mn the connective

Ongmal work by the authors was done with the aid of grants from the National
Heart Institutc of the Umited States Public Health Service, Chicago Heart Association,
Helen Hay Whitncy Foundation and Vancty Club of Tllinois
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tissues Tt should be ponted out, however, that although hyaluronidase is a
most effective ding factor, other have also been demon-
strated to have such effect (Duran-Reynals, 1942). In addition to the
inhit of

p P by various substances, it has now been
well d d that many physiol 1 factors are nvolved m determn-
ing the rate of spread, so that apparent inhibstion or stimulation of spread-
ing may result from factors other than disect effect on hyaluromdase, Thus,
the vanable effects of hormones and drugs on the spreading reaction may
be completely unrelated to the effects of the enzyme, but may be rather
concerned with changes m the state of the ground substance such as might
be brought about by in hydration, ¢ of polysac-
charides, type of polysaccharides, nature of proteins, etc No attempt then
will be made n this discussion to consider the many factors affecung the
spreading reaction

Before leaving the question of the i vwo effects of hyalurarudase cer-
tam comments regarding the physiological or pathological role of the en-
zyme should be made Although the biological effects of hyaluronidase in
certamn expenmental situations are very striking there 15 no evidence that

hyal dase plays any if role m the normal metabolism of the
polysa des of ¢ tissue Hyal dase has not been conclusive-

1y demonstrated to occur in the mammal 1n locations other than testicular
tissue It ts obvious that there must be other :nz\me systems which are
concerned with synthesis and breakd, of tdes, but their
exact nature 15 as et unknown Thcsc smtcmcms should 1llustrate the
dangers of drawing 1 the of action of drugs
in rheumatic diseases on the basss of their mhibition or lack of inhibition of
hyal dase Simular obj apply to teleological expl. regard-
ing the role of the hyaluromdase mhibitors of blood

The mterpretation of the possible importance of vanious hyaluromdase
mhsbitors depends to some extent upon the validity of the n z1tro demon-
stration of hyaluromdase. In view of the complexity of the 1n rutro assay
methods, the first part of this review will be concerned with the assay of the
enzyme and the various factors which may affect the actisity of the enzyme.

A large, and often contradictory, hterature has grown up on the subject
of factors nfluencing hvaluronidase actisity In order to establish a basis
for gencralization 1t 1s mmportant to clasufy and systematize all pertinent
experimental findings. However, 1t is regrettably necessary to omut from
discussion here many papers penpheral to the subject, and others in which

B Connective Timue
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the data are inadequate to allow critical evaluation. The lLiterature on
hyal dase has been reviewed recently by Meyer & Rapport (1g952)
and by Gibian (1951), who includes a complete listing of publications in
this field.

Hyalurome acid, the enzyme sub:trate, is a high polymer (probably
straight chain) composed of eq of ine and
glucuronic acid residues jomned by B-f glycosxchc links, Hyaluronidases may
be defined (after Meyer & Rapport, 1952) as enzymes which depo]y-

menze or hydrolyze hyal ic acid, p bly by splitting gl
bonds. Glucuronidases are distnctly dlifcrcm enzymes which open glucu-
ronidic bonds Hyal d have been ok d from many sources

mcluding mammalian testes, varous species of microorgamsms, and
secreta of lower animals. The great majority of reports, however, have
dealt with the enzyme obtamned from mammahan testes. Although this
enzyme, 1n contrast to that obtamed from bacterial sources, also acts upon
chondrortin sulfunic acid from hyaline cartilage, hyalurome acid has been
virtually exclusively used as a substrate, It is therefore with the hydralysis
of hyaluronic acid by testicular hyaluronidase that we are mamly concerned.

Enzyme Assay

Although hyaluromidases have been assayed n large variety of ways
only two procedures, viz. viscosity reduction (V.R.) and turbsdity re-
duction (T R.) yield values that correlate well with each other. Not only
standard procedures, but also sumlar preparations of enzyme and substrate
are essential if results among different laboratories are to be compared.
Testicular hyaluromdase may exist i different active states (Mathews &
Dorfman, 1954) and appears to be associated with “carner” protemn
{Malmgren, 1953). The influence of salts and substrate impurities upon
the assay 15 emphaszed by Meyer & Rapport (1952).

Some additional factors should also be considered. Since there is no
general agreement by workers in this field on a standard hyaluromdase unit,
the effect of an additne on hyal idase can be d only by a2
relatrve, or percentage change n enzyme activity. The use of a “standard”
enzyme preparation would facilitate the comparison of data obtained in
different laboratories, Since widely different environmental conditions are
used in determining the effect of an additive upon hyaluronidase, divergent
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results may be obtamed. Serious consideration should be given to the *
employment of a “standard” inhibitor, possibly in the manner in which
Hahn & Fekete (1953) have used resorcinol

“Activators” of Hyaluronidase
b4

Rogers (1948) noted that extreme dilution of a concentrated prepara-
wion of Gl welchi hyaluromdase led to a rapud loss of enzyme activity
Dilution with exther gelatin or peptone was partially effective in preventing
mactvation while gum arabic at o 5 per cent apparently gave complete
protection. Mathews, Roseman & Dorfman (1g51) found it necessary to
dilute the very highest purity testicular hyaluronidase with bovine serum
alburmn to avod loss of actwity during assay Less pure preparations
diluted to gue solutions of the same actmity per ml. did not require the
added protein Subsequently 1t was noted {Alburn & Whitley, 1954) that
other enzyme preparations of relatively low punty showed considerable
apparent activation by hydrolysed gelaun

Meyer & Rapport (1951) observed that addition of pyrophosphate and

especially of cysteine gave enzyme activities 30 to 60 pu' cent higher than
that obtmined without these add This pended mostly
upon the substrates Snce testicular enzyme was known to be inactivated
by Fet** and Cu**, impurities frequently present in trace amounts in
hyaluronic aaid preparations, it appears bikely that the “activation” was in
reality a release of mhibition of the enzyme It 35 possible that a similar
explanation accounts for the enzyme activating effects asenbed to pro-
tamune (Pantlitschko & Karser, 1g51), to nitrogen mustard (Costa, 1950)
and to Ca**, as well as to gelatn and albumun  Alternatisely, as suggested
by the results of Malmgren (1953), 1t may be that hyaluromdase 15 a
dissocrable protem which requires a “carrer” for maximal activits Recent
evidence of Alburn & Whitley (1954) and Diczfalusy et al. (1953), how-
ever, d clearly that p
release of whibition

acts by a mechamsm myolving

Chemical Intibitors

It 1 highly desirable to elucidate the mechanism of action of each
additine which infl; the rate of depol: of hyal acid

by hyaluronidase Since the kinetics of action of the enzvme are rather
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complex, 1t has usually been difficult to satisfactonly approach this ob-
jective Nevertheless, it appears feasible to draw valuable inferences as
to the probable mechanism of action of additives based upon some general-
izations to be presented below.

For purposes of classification, it 1s necessary to draw a rather arbitrary
distinction between mhibiting and non-inhibiting substances. It is assumed
that substances which require a minimum concentration of o.1 per cent
(or 0.01 ) in order to produce appreciable inhibition (20 per cent re-
duction of enzyme activity) are very probably agents which are not specific,
ie. they combine with, or otherwise alter, large groups of proteins besides
hyaluromdase For example, the requirement of high concentrations of
sodium salicylate to demonstrate mhibition casts doubt on the specifiaity
of action of this substance {Dorfman et al, 1947). Furthermore, although
some borderline cases occur, most of the substances fall clearly into one or
the other category It 1s necessary, however, to omit from consideration
data on inhibition which erther cannot be classified by the above procedure,
or is deemed experimentally uncertain for reasons discussed earlier.

Hicn Morecurar Wercsr CoMpounns

Alburn & Whitley (1954) have recently obtained kinetic data which
shows that hyaluronidase follows the Michaelis-Menten equation in form-
mg an enzyme-substrate complex and that heparin inhibition is competitve.
It had been earhier proposed (McClean, 1942) that heparin acted as a
competitive inhibitor by virtue of its chemical structural similanity to the
natural substrates hvaluronic acid and chondroitin sulfuric acid A similar
explanation would account for the mhibitions observed for sulfated hyalu-
ronic acid (Pantlitschko & Kaser, 1g51), acetylated and mutrated hyalu-
ronic acid (Hadidian & Pirie, 1948; Follett, 1948), and various other
derivatives of hyaluronic acid which, like heparin, are strongly bound to,
but not depolymerized by hyal d

Also to be included 1 the above group of high molecular weight com-
pounds, structurally similar to the enzyme substrates, are probably cellulose
trisulfuric acid and chitin disulfuric acd (Astrup & Alkjaersig, 1950),
sulfated xylan and sulfated carboxycellulose (Pantlitschko & Kaiser, 1951)-

Guerra (1946) claimed that the admimnistration of salicylates resulted m
the decrease of the spreading reaction produced by hyaluronidase and con-
cluded that this effect may be pertinent to the mechanism by which sal-
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ovlates favorably affect rheumatic diseases, It was subsequently demon-
strated {Dorfman et al., 1947) that inhibition of hyaluromdase is brought
about only by concentrations of salicylates sufficient to act as a non-specific
protemn denaturant Meyer et al. (1948) demonstrated that certan pre-
parations of gentisic acid, a metabolite of salicylates, mhubited hyaluronid-
ase but later work by Roseman & Dorfman (1952) established the fact
that the mhibition by gentisic acid was due to impunties Treatment of
genusic acid with alkal m the presence of ovygen results in the formation
of a polymer which 15 an active mhubitor. Sumylar results have been reported
by Forrest et al. (1952).

Along similar nes Hahn (1952), Hahn & Fekete (1953), Hahn &
Frank (1953) found polycondensed hydroxybenzoic acid derivatives to be
potent inhubitors Other active polymers include alkali treated or oxidized
flavanoids (Rodney et al,, 1950), polymers prepared by condensation of
formaldehyde and su\iona‘cd phcno\s (Rogers & Spensley, 1g954) poly-
menc phospt of p and polyphenols (Diczfalusy et al., 1953},
and polymenc phosphates of various aromatic hydroxy and ammo com-
pounds (Ferno et al, 1953)

1t 1s of interest that sulfated starch and sulfated glycogen do not inhibit
hyaluronidase (Pantltschko & Kaser, 1951). Smce these molecules are
highly branched (for starch, this refers to the amylopectin fraction) it
would appear that to be an effective inhibitor an anionic polyelectrolyte
should also have a linear chamn structure Sodmum hexametaphosphate, a
linear morganic polyelectrolyte (Strauss et al , 1953), inhibits hyaluronidase
from wbnio cholerae (Burnett, 1948).

Although anionic polyelectrolytes appear to be speafic inhibitors of
hvaluronidase, in the sense that ther action 18 competitive with the sub-
strate, these substances may also combine with proteins {possibly including
hvaluromdase) in a non-specific manner The presence of multiple cationic
£Toups 1n a protemn allows for many points of strong electrostatic nteraction
with an aniomic pohvelectralyte Heparin and suramin have been found to
mnactinate many enzymes other than hyaluromdase at pH’s sufficiently low
to charge basic proten groups An excellent discussion of the role of these
substances as enzyme miubitors 1s gnen by Myrbick & Persson (1953).
These authors made a detailed study of the mhibition of B-amylase by
hepann The inactnation was strongly pH dependent, no nhibition being
observed above pH 5 0. Below pH 5 0 an otherwise large inhibition could
be prevented by an increase m buffer or sodwm chlonde concenteation.
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There was evidence for an irreversible mactivation which slowly increased
with time. Synthetic amonic palyelectrolytes, which are strong hyaluronidase
mhibitors, were found by Diczfalusy et al (1953) to also inhibit other
enzymes, but not n a competitive manner. It would appear that anionic
polyelectrolytes may nteract with proteins in many ways.

Low Motxcutar Weient Oreanie ComMpounps

Many low molecular weight organic compounds have been investigated
for mhibitery action agamst hyaluronidase. Some 70 of these substances
with little or no potency are listed by Hahn & Felete (1953). However,
there remains a number of ct b which show a
remarkable effectiveness at low concentrations. The following discussion is
presented as an attempt to find a unifying principle to account for thrs
behavior

Molecules of chondroitin sulfuric acid carry a large negative charge
and possess an isotropically coiled configuration (Mathews & Dorfman,
1953; Mathews, 1953 a). Sulfated hydrocarbons with sufficiently large
hydrophobic groups form m solution large molecular aggregates which are
simlar to chondroitin sulfuric acid molecules in size, m gross shape, and
in high negative charge. Thus, one mght expect a high affimty of hyalu-
romudase for such amonic micelles due to a similanty of the mucelles to the
enzyme substrate. A structural similanity of anionic detergent micelles and
aad polysacchanides was also proposed by Levine & Schubert (1952) to
explain the closely parallel behavior of these substances toward meta-
chromatic dyes.

Expenmental evidence in support of the above view was obtained by
Mathews (1953 b) m an nvestigation of the effect on testicular hyaluroni-
dase of an homologous seres of sulfated aliphatic alcohols. The concentra-
tions at which the detergents produced equal rates of enzyme inactivation
correlated closely with the concentration at which the detergents formed
detectible micellar aggregates (critical micelle concentration). It was sug-
gested, therefore, that the micelle-forming properties of these compounds
are of paramount importance in determining their affinity for the enzyme

The detergents act directly upon the enzyme by producing a time-
dependent irreversible inactivation, observed upon ncubation of enzyme
and detergent This contrasts sharply with the behavior of the high mole-
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cular weight pol: which act comp Iy (Alburn et al, 1954). In-
cubation of enzyme with acetylated or mtrated hyaluronic acid derivatives
(Hadidian & Pirie, 1948) or with condensation products of hydroxy-
benzoic acids {(Hahn & Fekete, 1953) show very lttle or no increase of
inhibiting effect with time. Unlortunately, direct effects upon the enzyme
have not been satisfactonily investigated for other inhibitors

Calesnick & Beutner (1949) investigated a series of substituted phenols
for inhibitory action. They reported that the activity of these compounds
is low unless appreciable hydrocarbon side chains are present in the mole-
cule. For instance, hexylresorcinol is some 50 times as potent as resorcinol
However, the presence of a strongly hydrophilic group and a long hydro-
carbon chain {hydrophobic) tn one molecule 15 a sufficient condition to
allow formation of mucellar aggregates Upon further investigation, it was
possible to demonstrate that hexylresorcinot did indeed form such aggregates
(Mathews, 1953 b) and that the action of hcx\lrtsorcmol was dlrcctly upon

the enzvme with if of a dep irre ibl

The compound, d phery] phosph also possesses a structure
charactenstic of associative colloids It resembles the detergents in producing
at dependent enzyme i vation but differs from them in that the

inactivation can be reversed by dilution (Mathews, 1953 b) It is probable,
however, that the action of d-a-tocophers] phosphate likesvise depends upon
relatively non-specific mucellar properties Miller & Dessert (1949) had
earher noted the mhibitory action of vanous sulfated detesgents and of
tocopheryl phosphates They had reported that a gnen jnhibitor (sulfated
detergent or tocopheryl phosphate, but not heparin) was more effective
when muxed with enzvme before addition of substrate than when mised
with substrate before addition of enzvme Thev had failed, howerer, to
recogrize that this mactnation of enzyme by mhibitor was a continuing
action with time.

Aunn trcarboxslic acid 15 a small molecule with a remarkable effective-
ness as an mhibitor of haluronidase at concentrations as low as 5 X 10~ Af
(Mathews, 1953 b) It's action 15 like that of heparin Significant, however,
1 the fact that 2unm tnearboalic acd is lughhy associated i solution, as
indicated by its failure to dralze through a membranc permeable to small
1ons Comparable behavior 1s shown by many dves hnown to be associated
in solution (Alexander & Johnson, 1949) It mav be assumed that the
effective umit for intubtion is a large collaidal aggregate of high negatne
charze A sinular acsumption of molecular assocration would account for
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the effectiveness of suramm and phosphorylated or sulfated hesperdin
denivatives (Beiler & Martin, 1947, 1948), products of phosphorylation of
hesperidin, rutin, quercitin and hydroxylated chalcones (Preston et al,
1953) and of various compounds containng both hydroxyl and carboxyl
groups (Hahn & Fekete, 1953).

Wattenberg & Glick (1949) noted the inhibition of hyaluronidase by
bile salts and sulfated sterols Bile salts are known to form amonic micelles
(Ekwall, Lundstrom & Setala, 1951) and the sulfated sterols, on chemical
structural grounds, would be expected to wield micelles also. These authors
also reported that hemun, protoporphynn and coproporphyrin were effective
mhibitors Whether the reported inhibition of hyaluronidase (Dirscher] &
Kruskemper, 1952) by cortisone and desoxycorticosterone acetate is related
to associative properties of these substances is difficult to say i the absence
of information on the mechamsm of action,

A large number of enzymes including urease, imvertase, peroxidase and
amylases were reported by Hockenhull (1948) and by Wills (1953) to be
mhibited by sulfated hydrocarbons and sulfated fatty alcohols provided the
pH 15 sufficiently Tow (apparently below the 1soelectnic point of the en-
zyme). Myrback & Persson (1g52) reported that the inactivation of
B-amylase by sodium dodecyl sulfate increased with time of incubation and
was apparently ireversible It is possible that the anionic detergents act in a
similar manner upon many different protemns. Hyaluronidase differs from
the above mentioned enzymes principally 1n that inactivation proceeds well
above (1e. at pH 7.0) the iscelectnic point of 5.7. The high affmity of
hyaluromdase for inhibitory anions when the net charge on the enzyme
molecules 15 negative may well be related to the presence of a protein
structure suited to speafic bination with p mole-
cules.

MeTALs

Fet++, Cu**, Fe** and Zn*+ salts, in order of decreasing effective-
ness at 5X 10~* M, are reported (Meyer & Rapport, 1g951) to strongly
inhibit testicular hyaluronidase. Fe**+ and Cu*™ are active at concentra-
tions as low as 107° A The group or groups in the enzyme binding the
metal are not known At a concentration of 53 10~ Af, Cd**, Nitt,
Co**, Mn*+, Pbt+, Al**+* and Hg** are inactive No effect on the
enzvme was found for Ca**, Mg*+, Nit+, Co++, [Co(NH,)sClj*+ and
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{Co{NH,),H.0}**+* at concentrations up to 5 107° 3 (Mathews et al,
1952). Hale (1944) found no effect of 2)10™* M CuSO, on hyaluroni-
dase from Cl. welchu

Non-Specific Inhibitor

This d 5 d with ch of those sub
found in animal sera, 1respective of known previous exposure of the animal
to the enzyme, which mhibit hyaluronidase i zitro. Although this substance
(or substances) has usually been denoted as a physiological inhibitor, there
is no evidence regarding its i zewo function Almost all of the studies to be
discussed below have been carned out utilizmg bovine testicular hyal-
uronidase

That the blood of a number of mammalian species brings about the
mactnation of 1 dase has been suspected since Duran-Reynals
{1933) d ed the disapp of “spreading factor” from blood
after intrasenous njection Hobby et al (1941) found evidence of the in-
tubstion by normal human and rabbit <era of hyalurorudase prepared from
pneumococci, streptococes and Gl welchu They ascribed thus effect to salt
formation between serum alburin and hyalurontc actd, suggesting that
the inhibition was pnimarilv due to an ¢ifect on the substrate rather than on
the enzyme McClean (1g42) reported that hyaluromidases prepared from
bull, rabbit and mouse testes were inhibited by guinea pig, rabbit, sheep,
horse, mouse and human sera. Hepann, chondrotin sulfuric acid and
gastric mucin were alse found to be mhibitory, but the blood whibitor was
thought to duffer from these on the baus of chemical properties,

Relatielv little attention was paid to this phenomenon until a revssal
of interest ocourred as a result of the publication of a semes of papers by
Hasns (1946) who asenibed derable physiol 1 fi
hyal inibitor (antsnvasn I) and other

to the
d proim asins
and antimvasins Haas' data and conclusions will be discussed 1n the ap-
propriate sections below

Assay Procebures

The serum hyaluronidase inhibitor has been asswed by a variety of
methods; most commonly used have been the V.R,, TR, methods, and
less frequently the muon dot prevention {MCP ) method The former
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two methods give satisfactory results providing due regard is given to the
vanious factors which affect the in vitro action of hyaluronidase The M C.P.
method does not permut sufficient precision to demonstrate differences in
mhibitor levels of the magmitude which have been demonstrated by other
methods The lack of dardization of hyal dase activity or methods
has precluded standardization of serum hibitor studies Thus, interpreta-
tion of results m the hterature depends upon internal consistency of the
results of any one laboratory.

Some confusion mn interpretation of the older literature was introduced
by the method of calculation introduced by Haas (1946) and used in the
early stuches of Glick {1950). The theoretical objections to this formulation
have been discussed by Dorfman et al. (1948) who suggested that activity
of whibitor be expressed i terms of the amount of enzyme inhibited under
ngarously standardized conditions. Other authors (Ghek, 19503 Adner,
1948) have preferred to express infubitor activity as percentage of enzyme
mhibited Both methods of calculation can be used with both the T.R.
and V.R. methods It should be also noted that many of the published
studses have not taken mto account the necessity of magnesium for the
action of the mhibitor (see discussion below) and have therefore not de-
termmed maximum activity of the inhibitor.

PurrsicATION

Early attempts to fractionate the mhibitory activity of human blood
(Goldberg & Haas, 1947) led to the conclusion that the inhibitor could be
separated into two components by alcohol fractionation However, Baum-
berger & Fried (1948), and Adner (1948) found that the loss of activity
resulting from addition of oxalate and citrate could be restored by the
addition of magnesium 10n Freeman et al {1949) showed that the appars
ent separation into two fractions by alcohol fractionation is due to separ-
ation of i and almost plete activity could be recovered in
one fraction ff magnestum 10n were added to the assay mixture, The effect
of metal ions was studied 1 somewhat greater detail by Mathews et al.
(1952) who showed that Co** jon could replace Mg*™ at even lower
concentrations. The complex 1on [Co(NH,);Clj** was also found to be
active, while Znt+, Nit+ and Mn*t prevent the action of the inhibitor
but Bat+, 8r*+ and Ca** were without effect.

Wattenberg & Glick (1952) were able to obtain preparations 1go times
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purified with respect to the onginal plasma. Electrophoresis at pH 8 6 in
veronal buffer showed the presence of two components with mobulities of
—6.6X 107 cm2/v./scc. and —50X10™% em?/v./sec. Eighty five
per cent of the material was present n the more rapidly migrating com-
ponent which was assumed to be the inhibitor. Since cacruloplasmin was
present in these preparations, 1t appeared possible that this substance was
related to the nhibitory actwnty,

Purification of hyaluronidase inhibitor by the authors and coworkers
(unpublished data) showed that the mhibitor of human blood was pre-
cipitated in fractions II and III by method 6 of Cohn It was later demon-
strated that part of the actnaty also was found in fraction IV-1. The
intibitor was precipitated n the combined fractions I, II and III bv
method 10 of Cohn, subjected to further alcohol fractionation, and finally
precipitated by dilution to decrease ionic strcnglh Preparations obtaned
1n this manner were { in a prep fuge to remaove
a gel-like materral which interfered with electropharesis. Although such
fractions showed only 30A35 times punfication as compared with onginal

plasma, they no ble fraction faster than about
—55%X10™ em /v /sec upon electrophoresis n a 01 1omc s(rcngxh
veronal buffer, pH 86 Alter further frac by zone el

in a slab of potato starch, fractions, frec of cacruloplasmimn, \ulh a purity
of 600-700 times that of the origmal plasma were obtained Prelimmary
studics in free solutron clectrophoresis show only a smngle component with
a mobility of —54X10™ em?*/s /scc i 0.1 romic strength veronal
buffer of pH 8 6 Ultracentnifuge analysis, however, reveals small amounts

of “ympurities”, which may be decomposition products of the unstable
mhibitor

Cruesticar Nature

There 18 a general agreement that the non-specific intubitor 1« heat
labile (Haas, 1946, Dorfman, 1950, Wattenberg & Glick, 1952) and
can be distinguished m this wav from speaific antibodies which are con-
siderably more heat stable

The chemmcal nature of the hvaluromdase nhibitor remains unknown
although 1ts non-dealvzability, heat labiity, sedimentation and mobility sug-
ge«t that 1t 1s exther a protein or closely associated with a proten in serum.
Studies by Glick et al {1949} have indicated that the intibitor 1s not
dentical with the serum mucoprotem of Wiazler
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Glick and coworkers have recently emphasized the relationship of hyal-
uromdase inhibitor to heparin As previously indicated, McClean (1942)
pointed out that heparn 15 a hyaluronidase inhibitor, but that serum 1n-
hibition is probably not due to heparin because of the heat instability of
the former. Glick & Sylvén (1951) concluded that the serum hyaluronidase
mhibitor is a heparin-protem-lipid complex on the basis of circumstantial
evidence, pnncipally because a preparation of ox hver capsule (which 15
rich in mast cells) showed hyaluronidase inhibition In a subsequent paper
Glick & Ochs (1952) reiterated this point of view because of a presumed
parallel nse of hyaluronudase mhibitor and serum heparin (measured by
metachromasia) in peptone shock, and prevention of this increase by
previous india mk blockade. A rise of both heparin and hyaluronidase in-
hibitor followmng the administration of desoxycorticosterone acetate was
also found These conclusions are open to enticism on both expenmental
and theoretical grounds. Careful exammation of the data indicates that
changes in mhibitor levels were small and no evidence of their significance
1s presented In addition, 1t seems dangerous to conclude that because two
activities nse under a certam set of experimental conditions, they are
identical It should be pointed out that the studies of Wattenberg & Glick
(1952) showed no direct evidence of the accurrence of heparin in purified

1ons of hyal id bitor. Whereas it is entirely possible that
the blood inhibitor mav consist of some type of acid polysacchande com-
plex, present evidence does not prove the role of heparin,

‘The tissue source of the serum hyaluromdase inhubitor has thus far not
been determned (Wattenberg & Glick, 1949).

Reaction witn ENzvMe

The nature of the reaction of the serum inhibitor with hyaluronidase has
not been adequately elucidated since studies have not been conducted upon
pure matersals. Kinetic studies led Haas (1946) to conclude that the in-
activation of hyaluronidase by serum is enzymatic. Differences of relative
activities of sera of different species on hyaluronidase from different sources
were interpreted as indicatne of the presence of a series of physiologically
important substances termed promvasins and antunvasins. On reinvestiga-
tion of this question, Dorfman et al (1948) questioned the vahdity of the
methed of calculation used by Haas and showed that the reaction between
inhibitor and enzyme was not linear with time and is more rapid at lower
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temperatures It was suggested that these facts were not consistent with an
enzyme reaction, but rather with the properties of an ntibitor. Further-
more, the “proinvasin” activity postu]atcd by Haas may be due solely to
[ jon of crude h P with proteolytic en-
zymes That serum wmiubitor is not an enzyme which dcslmys hyaluroni-
dase received further support from the studies of Hadidian & Pirie (1948)
demonstrating that the reaction between mhibitor and enzyme 13 rc\crslb‘c,
the bilty beng d dent upon tome eny In s

studies Hadidian (1951, 1953) concluded that this reversibibity 15 duc to
an enzyme present 1n certan hyaluronidase preparations which destroys
the imhibitor A sinular conclusion was reached by Werle & Moell (1g950).

BrorocicaL STUDIES

Durmg the last five years a large number of studies concerned with
vartations 1n the level of the serum hyaluronidase inhihitor have appeared
In view of the fact that many of these have been repetitive only representa.
tive papers will be reviewed As has already been pomnted out, the ex-
permental d of the hyaluronidase intubitor presents many
putfalls Although the role of magnesium 1n the activity of the inhibitor has
been clearly established, many of the published studies have not taken this
fact into account in performing assays.

Most < have been with the lesel of mhibitor n
pathological states, although the physiological vanations have as yet been
imperfectly explored In a sunvey of lesels of inhibitor 1 normal subjects,
Dorfman et al (1948) found that serum levels m males between the ages
of 16 and 45 vears were lower than n females of this age This difference,
although significant, was smaller than that found between normals and
pauents with disease states. The values obtamed in children and adults
over the age of 45 vears showed less variation with sex. All population
groups studied showed conwderable vanations withtn groups so that the
above conclusions are valid only with respect to stabistical sigmificance of
differences between means in large groups of indwiduals. The studies de-
scibed above were carned out before the need for magnesum in the assay,
system was recogmzed. Repetition of these studies utthzing magnesium has
led to identical resul® (Dorfman & Fried, unpubliched results). Glick
(1950) fatled to confirm this sex difference in adults The reasons for
this discrepancy are not obvious, but it should be pointed aut that the
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latter author expresses results as per cent inhibition and the studies of
normals were carried out in the region of 20 per cent intubition at which
point the sensitivity of the method would be expected to be low, Hakanson
& Glick (1949) found that the inhibitor level varied with menstrual cycle,
bemg highest duning menstruation, but the differences observed were small.
No rise was observed during pregnancy, but a marked increase occurs in
the immediate post-partum period. More recently, Ploman (1953) has
failed to find any variation with menstrual cycle, but did observe an in-
crease of inbntor level m Jate pregnancy.

Good et al. (1951) have studied the relationship of levels of hyaluroni-
dase inhibitor to adrenal function in the rat and concluded that the in-
hibitor level drops after ad orh t being restored
by the appropriate hormones, It was ccncluded that the r1se of mhibitor in
a vanety of conditions represents a reaction to stress which is mediated by
the adrenal It should be pointed out that vamations upon which these
conclusions are based are small, representing in some cases as litle as
differences of 5 per cent inhibstion of enzyme

Relatnvely few studies have been conducted concerning the effect of
nutrition on the level of serum hyaluronidase inhibitor, Tobin et al. (1948)
found a fall m hyaluroni intubitor 1 protein depleted rats, while
Schack et al, (1950) observed a small rise of mhibitor level n scorbutic
guinea pigs

Several reports have been concerned with the levels of hyaluronidase
inhibitor m acute rheumatic fever. Derfman et al. (1949) found a marked
increase m the level of mhibitor in young adults during the acute phase of
rheumatic fever which later dropped to levels below normal and then
returned to normal levels It should be pointed out that these conclusions
depended upon statistical comparisons of the means of the groups studied
with large variations within the groups Similar results were obtained by
Good & Ghck (1950), who found elevations in patients with acute strepto-
coccal pharyngitis as well These authors also observed the drop below
normal 1 convalescence, but believe that the level remams subnormal even
after recovery Patients with Sydenham’s chorea plicated by other
rheumatic manifestations showed no mhibitor elevation. Several studies
have demonstrated that the elevated level in acute theumatic fever is
promptly depressed to normal or subnormal levels during treatment with
ACTH or cortisone, (Hakanson & Luft, 194g; Dorfman & Moses, 19503
Adams et al. 1951). A similar depression of the elevated serum levels as
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a result of treatment of a variety of other diseases has been reported by
Faber & Schmith (1950).

Although 2 number of authors have postulated a special role for the
hyaluronidase inhibitor 1n theumatic fever 1t 1s now abundantly clear that
the rise of inhibitor level has no speaficity for rheumatic fever. Glick and
his coworhers have studied the level of serum hyaluronidase mbbitor in
a large number of discases Most of these studies have been reviewed by
Glck (1950) Sigmficant increases of mhlbxtor level have been demon-
strated m a variety of diseases nclud: ies, virus infe

bacterial nfections, theumauc diseases and a number of diseases of un-
known etiology This very wide range of conditions strongly suggests that
this increase may represent a non-speaific response to tissue inflammation
or tissue destruction It might be thus clasefied with such reactions as
elevated sedimentation rate, change mn plasma protems, etc.

Conclusions

The ubiquitous occurrence of the enzyme, hyaluromidase, and its
striking effects on the ground substance of connective tissue has attracted
conuderable attention to its possible biological mmportance. This has led to
concentration of attention on the inhibition of this enzyme 1n a search for
the exp of the of action of h drugs and as
a means of discovenng new drugs It has been pointed out that there 15 as
vet no definitine evidence to support the bebef that hyaluronidase has any

logical rel hip to 1 diseases It should be emphasized, how-
ever, t)mt thc general approu(‘h to this problem from the point of view of
the of harides may vield mnfe of more
d pphicati Th: possibility exasts that some of the inhibitors

of hhaluromdase may have effects on other enzymes imolved i hyalurome
acid metabohsm, since inhibition probably depends upon chemieal similarity
to the substrate. Even m the case of certain low molecular weight com-
pounds, existing evidence suggests inhibition of hyvaluromdase depends upon
polvmenzation or micelle formation

The existence of a serum inhibitor is of some nterest but 1ts biological
function remains unknown It 1s apparent that the lesels of this substance
nise n a variety of diseases but the reasons and significance of these changes
are not clear. Speaific_antibodies to hyvaluronidases from sarious sources




128 MARTIN B MATHEWS avo ALBERT DORFMAN

have been well demonstrated and appear to be of some diagnostic value
in complications of streptococcal infection such as acute rheumatic fever
and acute glomerulonephritis,
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HORMONAL INFLUENCE ON
CONNECTIVE TISSUE

Kurr Iversen
Connective Tissue Research Laboratory, University Institute of Medical Anatomy,
Copenhagen, Denmark

Introduction

A NuMBER of expermmental and clinical investigations have revealed the
decisnve significance of the endocrine apparatus in mamtaining the normal
structure and function of the mesenchymal tissues, It has been shown also
that admnistration of hormones may interfere with the course of a number
of setious diseases that are reflected nter ahia in the mesenchymal tissues

Hormones usually affect all three main components of the connective
tissue, ie cells, fibnls, and ground substance. The mtercellular substance
is dernved from and dependent on the cellular clements, influence on which
may have profound effects on the structure of the supporting tissue

The following review on the hormonal influence on connective tissue
will deal with expenmental mvestigations of histological and chemical
nature and with alterations m the structure and composition of the con-
nective tissue during diseases of the endocrine system.

Expenimental Investigations

The early studies on the hormonal influence on mesenchymal tissues
were of purely morphological nature, usmg histochemical staimng methods,
later suppl d by autoradi inations of connective tissue
and studies of tissue cultures Parallel with the morphological studies,

chemical analyses have been performed of various mesenchymal tissues.

ADRENOGORTICOTROPHIN AND ADRENAL CorTicar HORMONES
The development of the adaptation theory by Selye (1946), the in-

- honh

vestigation into the pathophysiology of the infl of “stress” on the




HORMONAL INFLUENCE 13t

organism, has provoked intensive studies on the “adaptive” hormenes of
the hypophysis and the adrenal cortex.

Adrenocorticotrophin The marked chimcal effect of conticotrophin upon
certain connective-tissue disorders gave the impetus to expenmental studies
of this hormone under normal conditions.

Corticatrophin per se probably exerts no effect on connectnve tisng,
Tts cenuad effect 15 that of mobijng certain hormones from the adrenal
cortex, prunarily cortisone and hydrocortisone.

Cortisone  Cortisone acts upon all components of the connective tiscue,
as cells, fibnls, and ground substance Tt has been well demonstrated by
Castor & Baker (1950) in a study of the effects of prolonged focal applica-
t1om 10 the shan of rats that the fibroblasts were matenally reduced in num-
ber, and rendual cells were often shrunken

The mast cells, which according to the studies of Ashoe-Hansen
(19500, b, 1952 a) appear to secrete the mesenchymal mucopolysaccha-
nde hyalurome acd, are abo distnetly influenced by the adminsstration
of ACTH or cortsone Hus observations are based on histocherical stidics
of the dermal connective uissue of man, rabbuts, guinea-pigs and mice
treated wath farge doses of ACTH or cortisone. According to these in-
vectigations the connective tisue shows a material decrease in the number
of demonstrable mast cells, and the residual cells appear more or fess
degranulated and usually somewhat smaller than normal. Asboe-Hanten
urced 4 per cent lead subacetate for fixation as well as frecze«dnied matenal;
he points out that aleoholic <ofutions are deleterious.

Other workers have obrerved the same inhibitory eflect of cortisone on
the mast cells (Stuart, 1951, Casallero & Braccim, 1951, Bloom, 1952,
Fulton & Masnard, 1953). Schoch & Glick {1933} were unable to con-
firm these findings and the <ame apphes ta Devitt, Pirozynski & Samuels

119531, These miestigators performed their expenments on rts, using
alcohalic solutions for frcation and tawung Presumably, the disergent
results are due ta the use of different methods and animals,

I ussue cultures of embrionte chick shin Palf & Stewart (1953) dee
monstrated an nhibition of the actmty of the mast cells while Hibroblastic
acmvity remuned undisturbed.

Lung autoradography with 87, Asboc-Hansen (1953) studied dermal
rofincctne tssue from mice painted with the carcinogenie hydrocarbion
gro-dimethyl-t 2-benzanthracene. By the stnppiog fitm technique he found
drtinct blackening over the numerous mast cells present 1n the mduced <an

o
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tumours There was, 1n addition, a diffuse, less intense blackening over the
surrounding connective tissue. The explanation is that the labeled sulphate
15 taken up by the sulphuric mucopolysaccharides which occur mainly m
the mast-cell granules, bemg less ample 1n the ground substance.

For comparison, he examined the tumour connectne Yissue from a
group of cortisone-treated mice (1954). These specimens showed consider-
ably less blackening over the mast cells, i.e they contained considerably less
radioactive sulphur than the mast cells from the untreated mce, Oser the
ground substance, the blackening was only a httle fainter,

Under the influence of cortisone, the mast cells become_degranulated
and lose sulphur. This effect of cortisone upon the mast cells proper 15 of
essential importance. It shows that cortisone acts upon the, very_source of
important ground substance components (Asboe-Hansen 1950 3, b, c).

These results accord well with Layton’s (1951), who states that cor-
tisone mhibuts the incorporation of labeled morganic sulphate, admimnistered
to expenimental ammals or to tissues i vitro, iuto chondroitin sulphate.
Thus, he suggests that the action of cortisone on connective tissues is due
to 1ts inhibitory effect upon the synthests of this mucopolysacchande.

As mentioned above, there 1s also an inhibition of the fibroblasts that
presumably take part m the formation of collagen fibris. This inhibitory
effect of cortisone has also been demonstrated mn fibroblast cultures
(de Lustig & Manci, 1951) Following local application of corisont
to rat skin Castor & Baker (1950) found that the collagenous fibril bundles
became arranged m an almost homogeneous compact mass, as 3 result
of which the dermis was greatly thinned. The elastic fibres v were_apparently
unaffected and therefore appeared more concentrated, as the ground sub-
stance was reduced n amount. In addition, g!Lsp)&bChnlJuumuﬁ.Jn‘
cluding hair and sebaceous glands, underwent regression, and the sub-

fat d 1 almost A

Wound Healing. Already in the first chnical expeniments with
ACTH, Ragan, Grokoest & Boots (1949) observed a delay in healing
of incised wounds and a depression of growth of granulations in oper
wounds,

By experimental mvestigations into the wound healing in normal
animals, Ragan, Howes, Plotz, Meyer & Blunt {1949) demonstrated
that the retardation of wound healing by cortisone involves a depressant
action on many phases of the healing process, vascularization, deposition
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of extra-cellular ground substance and formation of fibnls In the control
animals, histological exammation showed profuse growth of all elements
of new connective-tissue, fibroblasts, blood vessels, and ground substance,
whereas n the cortisone-treated rabbits all these elements were depressed.

Ths inhibitory effect of cortisone on granulation tissue 15 also reflected
3n a reduction m the oxygen consumption of the tissue (Scarpellr, Knouff
& Angerer, 1953) The oxygen consumption of pooled dermal granulation
tissue shees from rabbits were studied by the Warburg technique. These
workers found mn the cortisone-treated group a reduction of 66 per cent
of the mean end: QO, alue pared with
tion tissue

d granula-

The tensile strength of sutured wounds has also been tested, and by
this method it was demonstrated that fibroplasia was delayed in rats
under the mfluence of cortisane (Howes, Plotz, Blunt & Ragan, 1950).

It was demonstrated by Findlay & Howes (1952} that protein deple-
tion produced by starvation facilitated the interference with wound healing
by cortisone and conversely that the administration of cortisone accentuated
impairment of healing due to protem depletion. As 1s well-known, ad-
mmnistration of cortisone entails a negative nitrogen balance Such nter-
ference with the protem metabohsm mght be mmagined to affect wound
healing This 1s disproved, however, by the finding that local application
of adrenal cortical sterords to expenmental wounds interferes with the
healing process (Baker & Whitaker, 1950) These mvestigators concluded
that there was a dircct action on the peripheral cells, espeaally fibroblasts
and even on the interstiial matrix of connective tissue

The delaving effect of corticone on wound healing of normal ammals
has not been demonstrable i all the mestigatons performed 1 this
respect. Marhed differences i response have thus been found mn different
animal species As regards the effect of cortisone on wound repar, the
mouse, gunea-pig, and rat are most resistant , more sensitie are the dog,
the rabbit, and finally man (Ragan, 1952)

Fracture healing s also retarded following adminntration of
ACTH and cortrone In expenmental {ractures, callus formation normaily
<ets in after 4 days, beng well-marked on the eighth day In corticone-
treated antmals, on the other hand, the bleeding at the fractured site has

not been absorbed and onls famt wgns of fibroplassa have appeared at
aight davs (Ragan et al, 1950).
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Pleural and peritoneal adhesions. Attempts have been
made to utilize the inhibitory effect of ACTH and cortisone on the forma-
tion of connective tissue m order to prevent the appearance of expen-
mental pleural or pentoneal adhesions, induced by sprinkling the serosa
with talc

The first experiments on the effect of ACTH on the appearance of
peritoneal adh were published by D & Mach (1g50}, who
reported a distnctly inhibitory effect 1n rat experiments In the dog Schein-
berg & Saltzstem (1951) observed an inhibitory effect of cortisone on tale-
induced perttoneal adhesions Similar findings have been reported by others
In all these experiments, the inhibitory effect of cortisone on the develop-
ment of peritoneal adhesions was convineing It 1s evident from the publica-
tions, however, that this requires cortisone 1n large doses, so large that 1t
may entail systemic reactions, inter alia delayed wound healing,

In the reported expeniments, the mechanssm and point of attack of
cortisone 15 the same as that mentioned under the wound healing expers-
ments, viz mhibition of connective-tissue formation.

The inhibitory effect of cortisone on the development of tumours
and on 1nfection s discussed in the chapters by Simpson (p. 225)
and Cavallero (p 214).

Spreading experiments It has been demonstrated that
hormones which act upon the connective-tissue ground substance, also
influence the spread of injected indicators, As early as 1940 it was pomted
out by Menkin that adreno-cortical extract inhibits the spreading effect
of testicular extract injected mto the dermal connective tisue. As far as
cortisone 15 concerned, this was shown by Opsahl (1949 b) by local as
well as by systermc admumstration. A similar effect has been observed
during administration of ACTH (Carstensen & Linderholm, 1952)
Adrenalectomy leads to an ncrease of the spreading effect (Opsahl,
1949 2)

Many authors have mterpreted this effect of ACTH and cortisone on
the spread of mjected dyes as a result of an inhibition of the action of
hyaluronidase (Opsahl, 1949 a, b, Seifter, Baeder & Begany, 1949, Winter
& Flataker, 1950)

This wterpretation has been contradicted by Asboe-Hansen (19523)
who states that the inlubition of the spreading of hyaluronidase i rabbit
skin is due to a decrease and change in the hyaluronate in the connectives
tssue ground subs following adminsstration of ACTH or cortisone:
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When the quantity and even the chemistry of the substrate on which
hyaluronidase 15 to act has been altered its effect must abo be reduced.

Hydrocortsone. Hydrocortisone ar compound F (17-hydroc -
acetate) has been discovered m adrenal yenous blood (Reich, Nelon &
Zaffarons, 1950) and m the peripheral blood (Savard, Kolff & Corcoran,
1952) These findings among others have led to the view that hydrocortisone
1s the principal hormone <ecreted by the advenal cortex during ACTH
stimulation.

It 18 quite apparent that most of the major metabolic and therapeutic
actions of cortisone and hydrocortisone are qualitatnvely similar Hydro-
cortisone has been found to be more effective than cortisone The supcncntv
of hydrocorticone was espeaally de: d after local admi to
the shin and jomts (Hollander, 1951}

In the rather nsoluble acetate form, hvdrocortisone exerts a pronounced
topical effect without givng nse to generalized side effects (Conn et al,
1951). Zacharae {1954) demonstrated that hvdrocortisone acetate, in-
Jected intrapentencally in doses of 150 mg,, distinctly inhibits the develop-
ment of pentoneal adhesions in the rabbit induced by sprinkling the small
mtestine with tale Her expeniments indicate that mn this situation hydro-
cortisone acts 1 the same wav as cortisone, inhibiting the formation of
ground substance Zachariae & Moltke (1954) found local application
of hyvdrocortisone to entail pronounced morphological changes of the
numerous mast cells contained n the tisue of expe 1
wounds n rabbit shin The mast cells were reduced m size, degranulated,
and the metachromasia of the ground substance dimimished These changes
correspond ta the findings in wounds, daring systenue corticone admimstra-
tion Hydrecortisone mjected tapically entails a regression of experimental
shin tumours (Zachanae & Ashoc-Hansen. 1954)

11-Desoxycorticosterone. Thus was the it adrenal cortical steroid to be
svathesized ( Stesger & Reuchstein, 1937) Whether or not a hormone of this
exact chemucal composition 15 secreted by the normal human adrenal gland
has been open to <enious question Desoxycorticosterone exerts a pronounced
effect on the elertrohite metabolinm and 1s clasalied as a mineralo-corticod

For expenimental as well as chinical purpases, it v not the free desoxy-
corticasterone, but the acetate (DOCA) that s uwed The effect on the
mesenchymal tswe has been studied particularly by Taubcnhaus &

Amromn (1949). They reported that prolonged treatment with DOCA
resulted m considerabl i} ol the i}

tisue around tur-
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pentine abscesses in the rat. Fibroblasts were large and bipolar, the collagen
fibrils few and clumped together, whereas the ground substance was of a
strange glassy appearance. When DOCA was mjected during the develop-
ment of the granulation tissue, no stimulation occurred (Taubenhaus &
Amromin, 1950). DOCA 1s ineffective upon topical application, and it
may counteract the inhibitory effect of cortisone on granulation tissue
(Taubenhaus, Taylor & Morton, 1952). The same stimulating effect of
DOCA on the proliferation of fibroblasts and the formation of intercellular
matenial was observed by Pirani, Stepto & Sutherland (1951). They
studied the granulation tissue of healing abdommnal wounds in guinea-
pigs—a method which seems preferable as the interaction of proteolytic
and other enzymes from the large number of leukocytes of the turpentine
abscess 15 avoided.,

While DOCA stmulates granulation formation_sn zivo experiments
by Comman (1951) indicate that wn zitro it inhibits fibroblastic prolifera-
tion

Growrs HORMONE (SOMATOTROPHIN)

Formation of granulation tissue has been found to be perceptibly re-
duced 1 hypophysectomzed rats. During studies of the granulation tissue
around abscesses mduced by turpentine 1 the skin of rats Taubenhaus &
Amromin (1g50) observed that injectton of growth hormone perceptibly
increased_the fibroblast proliferation and formation of collagen fibrils.
The granulation tissue was abundant and exceeded that of the intact
control ammals

This findmg 1s 1n accordance with Majarakis’ (1946} observation of an
increased tensile strength of wounds locally treated with growth hormone
preparations

The stimulating effect of growth hormone on connective tissue is also
noticeable in granulation tissue which has been under the inhibiting -
fluence of cortisone (Taubenhaus, Taylor & Morton, 1g52) The finer
structure of such granulation tissue around turpentine abscesses showed
snormal organization and morphology.

Scow (1951) has demonstrated a stimulation of collagen formation in
shin and muscle of thyroidectomized rats by the admimstration of growth
hormene for 100 days.
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‘TuvroTROPHIN

In addition to sumulating the activity of the thyroid gland, the thyroid-
stimulating hormone (TSH) of the adenchypophysis also exerts a gdurget
effect on the connective tissue (Asboe-Hansen & Tversen, 1951)

7E‘oph(ha]mos may be induced 1n the guinea-pig by 1njecting thyro-
trophic hormone The histological changes of the retrobulbar tissue as-
socated with such expenmental exophthall bear stuking bl
to the pathological changes observed in human progressive or malignant
exophthalmos (Smelser, 1937), te violent oedematous swelling of the
extraocular muscles and a marked 1ncrease 1n the volume of the cannective
tissue Microscopic examination shows lymphocytic infiltration and signs of
connectn e-tissue proliferation (Naffziger, 1952)

In histochemical studies Asboe-Hansen & Iversen (1951) demonstrated
accumulation of mast cells and mucopolysacchande— particularly hyal-
urontc acid —n the rtetrobulbar tissue of gumea-pigs rendered exoph-
thalmic by thyrotrophic hormone Ludwig, Boas & Soffer (1g950) also
found an increase n hyaluromic acrd In addition to the histochemical
demonstration, the latter workers also studied the hexosamine content of
the k tissue foll hidrolysis and found an increase This also
mdicates that mucopolysaccharide has accumulated in the retrobulbar tssue
(hexosamine 15 a hedrohvtic product of mucopolysacchandes)

Ac \¢ of the water-hind: \| actd in the b
tissue perhaps explatns the increase m the volume of the orbutal tissue and
the resulting exophthalmos

Furthermore, 1t has been demonstrated that mjection of thyrotrophic
hormone m the guinca-pig 15 rapidh followed by a transport of fat from
the normal depats to the muscles, Iner, and kidnevs. These studies have
even shown hyperlipenua and phagoevtized droplets of fat n the airculat.
mg leuhoryies {Dobwns, 1916, Atboe-Hanen & Iversen, 10513

The accumulation of mucopolysacchandes olrerved 1 experimental
exophthalmes s most marked in the retrobulbar connectine tisue, but 3t
has also been noted in the penpheral muscles, and in the penrenal, axllary,
and peritesicular regions { Asboe-Hansen & Inersen, 1951)

These changes occur m intact as well as thyrordectomized animals, but
are most marhed i the latter. In other words, the tisuc teactions must be

nterpreted as a result of a direct effect of the thyrotrophic hormone on
the tisues,
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Thyroxin miubits the thyroid-stimulating and exophthalmic  effect
(Smelser, 1938) as well as the fat-mobilizing effect (Iversen & Asboe-
Hansen, 1952) of thyrotrophin.

According to these mvestigations, the effect of thyrotrophin on the con-
nective tissue 15 opposite to that of cortisone. Cortisone exerts a distnetly
mhbitory effect on the various elements of the connective tissue, cells as
well as ground substance, whereas thyrotrophin has 2 stimulating effect.
In addition to the changes mn the ground substance, viz. an increase in
hyaluronic acid, there 15 also an increase in the number of mast cells in the
connective tissue

This phenomenon has also been elucidated by spreading expeniments,
mjecting hyaluromdase mnto the skin of thyroidectomized rabbits (Iversen
& Asboe-Hansen, 1953) After 10 days treatment with thyrotrophin, the

ding effect of hyal dase proved to be bly mcreased This
15 explamed by an mcreased amount of hyaluronate in the dermal con-
nective tissue The hyaluronidase 1s thus given more substrate to act upon,
and this makes for a marked difference between the spread in normal and
in thyrotrophin-treated skin.

It 15 the same phenomenon that 1s operative in human myxoedematous
skin in which the spreading of hyaluronidase is perceptibly increased com-
pared with normal skin (Asboe-Hansen, 1951).

TRYROXIN

Nothing 1s known about the direct pomt of attack of thyroxin m the
tissue. Adnunistration of thyroxin to normal animals in doses that render
them thyrotoxic leads to alterations 1n the dermal connective tissue. The
ground substance stams only famtly or not metachromatically with
toludme blue, only a few mast cells are visible, predominantly in the
pentvascular areas (Asboe-Hansen, 1950 ¢)

Similarly, thyroxin considerably mcreases the subcutaneous spread of
haemoglobin (Ducommun, Timiras & Dordons, 1951 ).

Sex HorMoNES
Qestrogen. Certam monkeys develop at puberty changes in the skin sur-
rounding the gemtals The skin and underlying tissues swell, assuming 2
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reddish purple colour. It was demonstrated by Allen (1927) that the sex skin
changes 1n the macaque monhey are dependent on the ovanies The changes
cease after ovariectomy and can be reactivated by injection of an oestrogen
Treatment of immature macaque monheys, males or females, with this
hormone induces the same changes as in natural conditions (Zuckerman,
von Wagenen & Gardiner, 1938) The matenial that so abundantly ac-
cumulates m the shin under hormonal sumulation was dentified as
hyaluronic agd by Chain & Duthie (1940) The sex shin 15 an extremely
firm tissue, not pittng under pressure, but 1t was demonstrated by Duran-
Reynals, Bunting & von Wagenen (1950) that moculation of hyalurontdase
into the sex skin brings about a softening of the tissue These mvestigators
found, by hstochemucal studies of the sex skin injected 1 zwo with
hyal d plete d of the T reaction
with tolmdine blue Slmllar rcsults have been reported by Tavlor & Sprunt
(1943), who found oestrogens to inlubit the spread 1 the skin of rabbits,
Lune (1950) demonstrated that oestrogen retards the progress of tuber-
culosts at the pont of inoculation m the skin and dummishes its disserina-
t10n to the internal organs 1n rabbits, cheefly by reducing the permeabulity
of the connectine tissue In certam ammals the oestrogen increases the
turgidity_of the connective tissue elements by increasng the intercellular
fhud, which presumably 1s connected with increased formation of hyalurontc
aad (Sprunt, 1950, Hereby the spread of particulate matter in the skin
18 inhubited

This presumably corresponds to the vanations found 1 woman dunng
the menstrual ¢xcle Women often become somewhat oedematous ym-
mediately befare and during the early menstrual period At this juncture,
the excretion of cestrogens m the urme ncreases They gan weight, and
the daily output of urme 1s decreased during these days Plomarn (1g53)
has studied the dermal absorption by means of a photoelectric dermoftuoro-
meter registering the d mjected nd:
a urann solution He found that women m the beginning of menstruation
have a somewhat faster dermal absorption than those tested one week later
n the cyele Women 1 an advanced pregnancy extubited a considerably
accelerated uramin disappearance

PP ¢ of an mtradermall

Relaun In addttion to the systemc changes of the connectine tissue,
pregnancy 15 also assocrated with topical changes, € g mn the symphysis pubis
Under the influence of the hormone of pregnancy relaxin (Hisaw, 1925),
proliferation of the connective tissue 1n the symphysts pubis occurs durmg
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pregnancy, t.e. scparation and relaxation of the symphysis takes place
(Talmage, 1947). It has been demonstrated by Perl & Catchpole (1950}
that the ground substance m the pubic regions of guinea-pigs which had
been treated with relaxin or which were n advanced stages of pregnancy
undergoes changes which are believed to be depolymerizing in nature. The
conmnective tissue stained more deeply with the McManus-Hotchkiss method
(cf. p. 33), the fibrillar elements proved looser, and intravenously ad-
ministered Evans blue became localized i these regions. The tissues assume
a more fluid consistency and a certam degree_of mobility is attained.

Testosterone. The growth of the cock’s comb has long been known to be
dependent upon stimulation by androgens (Hardesty, 1931) Ludwig & Boas
(1950) have confirmed these earlier mvestigations by using a pure male hor-
mone, testosterone. They found that the increase in comb size varied directly
with the dose of the testosterone administered. In the combs from the testo-
sterone-treated cockerels they found the structure of the connective tissue
much looser and less compact ; the collagen bundles were widely separated
by large amounts of amorphous interfibrillar and intercellular matenal
which stamed metachr ally with toluidine blue. The metachromasia
was totally removed by digestion with bull testis hyaluronidase, From these
results they suggested that a considerable_proportion_of. the_matenal is
hyalurome -acid  Boas {1949) has extracted from such tissue a pure
substance which was chemically identified as hyaluronic acid In the combs
from the testosterone treated amimals the fibroblasts were more numerous
than m the controls and were ! v larger due to abundant, strongly
b hilic and pyrc philic cy

In another paper Boas & Ludwlg (1950) reported that the administra-
tion of the a-oestradiol to rmmature chicks prevents the normal growth
and development of the comb Mucroscopical examnation of the combs
of cestrogen-treated birds revealed the failure to deposit the metachromatic
interstitial ground substance normally seen.

- diol failed to diminish the comb th response produced by
testosterone and gonadotrophuns, indicating that oestrogenic inhibition of
comb growth 1s dependent on the suppression of gonadotrophin secretiont
in the adenchypophysis
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Endocrine Disorders Involving Changes in the
Mesenchymal Tissues

A number of endocrine disorders are reflected imter alta in the con-
nective tissue, That some of these diseases involved connective-tissue changes
had been known long before 1t was realized that the connective tissue was
anything but passive supportive tissue It was not untit much later that the
connective tissue was recognized as an active and dynamuc tissue with its
own, speaific functions

Tuyrom Disgases

Myxoedema It has been known for years that hypothyroid conditions

may be pamed by 1 of a \ mn the
dermal connective tissue Horsley (1885) was one of the first who reported
an accumulation of mucin n the c tissue of d

humans and monkeys

A smilar accumulation of mucin oceurs n localized, circumscnibed
myxoedema This condition 18 most common following subtotal thyroid-
ectomy for thyrotoxicosss, and 1n such cases 1t 1s often associated with
exophthalmos Carol {1g932) was the first mvestigator who chemucally
demonstrated such a mucin-hke substance 1n the skin mn localized myx-
oedema, a substance that reduces Fehling’s solution followmg hydrolysis
with hydrochloric acid

The mucmous substance 15 made up predommantly of mucopoly-
saccharides bound to pratemns, These mucopolssaccharides are hyalurome
aad and chondroym sulphuric acid (Watson, 1946, Watson & Pearce,
1947)

By histochemical methods many mvestigators (Unna, 1894, Kreibich,
1927, Reuter, 1931) have demonstrated accumulations of mucimous sub-
stances m myxoedematous skin  Asbee-Hansen (1950¢, 1951) has histo-
chemically confirmed Watson and Pearce’s finding of increased hyalurome
acid and chondrottin sulphunc aad

The histological appearance of the dermal connective tissue m myx-
ocedema 15 extremely charactenstic The mucin stains metachromatically
with toluidine blue m lead subacetate-fixed preparations, and there are
accumulations of mast cells m the dermal connective tissue For detarls
reference 1s given to the chapter by Asboe-Hansen, p. 274
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Myxoedema 1s nearly always accompanied by a fairly marked accumula-
tion of water in the tissues, presumably in the main due to the water-
binding capacity of hyaluronic acid (Ropes, Robertson, Rossmeisl, Peabody
& Bauer, 1947)

As 15 well-known, the myxoedematous state is reversible, the tissue
changes yielding to admumstration of thyroxin as the chnical condition
mmproves During treatment with thyroxin, the mast cells change from
large and well lated mto small, 1 cells. The meta-
chromasia of the ground substance will subside or entirely disappear just
as the bursting apart of the collagen fibnls will rapidly decrease (Asboe-
Hansen, 1g50c).

The above histological changes in the dermal connective tissue are
present m varymg degrees in hypothyrodism, also where myxoedema is
not evident In adults, the di of hypothyroidism or mjyxoed
is not dufficult, determmation of the BM R affords a further support.
In children, on the other hand, it may be extremely difficult to make a
di of I myxoedema, inter alia because determmations of
the basal metabolic rate may be rather cumbersome and difficult to
nterpret.

Microscopical exammation of the dermal connective tissue of children
with congemtal myxoedema has proved of a certain dragnostic significance
Andersen, Asboe-Hansen & Quaade (1954) examined 47 children with
definite or suspected hypothyroidism. The histological findings in the skin
biopsies proved to be a criterion that is positive 1 more than half the
children with definite hypothyroidism and negative in children whose
thyroid function is not reduced. In a group of children for whom the
diagnosss of hypothyrordism was n doubt, the skin biopsies were positive
in almost half the cases and thus supported the diagnosis which was con-
firmed by adequate thyroxin therapy. This study showed that a negative
skin biopsy could not rule out a diagnosis of hypothyreidism. In collabora-
tion with Wichmann the authors (1954) found high thyrotrophm values
in the blood serum of the patients who exhubited positive skin biopsies

Thyrotovicosis. In dermal connective tissue from patients with hyro-
touicosts the ground substance stains only faintly metachromatically with
toluidine blue. This faint metachromasia occurs only in the papillary layer;
only a few mast cells are visible, mamly of a perivascular habitat (Asboe-

Hansen, 1950¢)
Although myxoedema is cured by thyroxin, this is not tantamount to
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the condition bemng due to a deficiency of the thyred hormone proper.
Certam findings indicate that thyroid insufficiency causes a preponderance
of the thyrotrophic antenor pitmitary hormone and that this 1s the cause
of the myxoedematous changes. Normally, there 15 a certan balance be-
tween the thyroid gland and the hypophysis (thyroid-pituitary aws), the
thyraud-simulating hormone (TSH) stimulating the thyroid gland to m-
creased productton of thyroid hormone (TH), which in return mhubits
the pututtary production of TSH

Completely or partially abohshed thyroid function, therefore, disturbs
this balance, resulting in a preponderance of the anterior pitwitary hormone

Mal; t Exophthal) An d thy hin content in the
blood plasma has been observed n mal hthal)
{De Roberts, 1948, Purves & Gnesbach, 1949, 4. Angclo, Pz\schlus, Gordon
& Cantarow, 1951, Asboe-Hansen, Iversen & Wichmann, 1952) This 1s
one of the reasons why the thyrotrophic hurmonc has been attributed
with an important role in the path of or
exophthalmos

P

This condition is often associated with locahzed myxoedema, usually
affecting the prtihial region This localized myxoedema shows accumula-
tion of mucopalysacchande and a resuling binding of water in the con-
nective tissuc It would be reasonable to suppose that similar changes
favouring the 1 of like suk were present 1n the
retrobulbar tissue of pattents with malignant exophthalmos, In experi-
mcntal thyrotrophic exophthalmos n guinea-pigs an accumulation of muco-

1des larly hyal aad, has been found m the retro-
bulb:n‘ conncctwe ussue by Asboe-Hansen & Iversen (1951), wha belive
that the bind capacity of ic acid 13 resp for the

cederna of the retrobulbar space and also for the development of exoph-
thalmos n the anmimals

In addition to the changes mentioned abme, the expenimental amimals
treated with th: hin exhubited d ]

of fat m
the sheletal muscles—extra-ocular as well as peripheral. This accumulation
of fat n the muscles and the subsequent degeneration of the contractile
elements were so pronounced that they urged hlslochcmlc:\l studies of the
sheletal muscles of patents with phthal

The study was carmed out by Asboe-Hansen, Iversen & ‘Wichmann
(1953), who obtamed biopsy specimens from the quadrceps femons and
the bceps brachu from patients suffering from malignant exophthalmos
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and other thyroid-pituitary disorders (thyrotoxicesss, myxoedema, and
acromegaly), No or very little fat was found in the muscles. But in the
preparations fixed m 4 per cent lead subacetate muscular changes pre-
dominated the microscopic picture. Following staining with toluidine blue,

RIS O L T T 4T
RN SN

Photomicrograph Transserse section of skeletal muscle fibres from a patient with
malignant exophthalmos Staming Tolusdine blue Note metachromauc “half-moons”
between sarcolemma and fibres . prripheral nucler are located at the innde of the “half+

moons™, (G Asboe-Hansen, K Iversen & R Wachmann  Acta endocrmol 11, 376,

1951)

there were metachromatic, homogeneous masses within the sarcolemma,
but outude the muscular substance proper. In transverse sections they ap-
peared as 1 masses, in longitudinal sections spindle-shaped This
t was ptible to hyal dase, and its polysaccharide character
was further confirmed by Hale’s method, in which iron is bound to the
acid pofysacchandes m the tissues and then demonstrated in foco with
potassum ferrocyamde, that stamed the masses Prussian blue. By the
periodic acid-Schiff (PAS) methad the half moons stained an intense red
Stained with hzmatoxylin-cosin they were practically invisible and by the
van Gieson-Hansen method they stained famtly yellow. Formalin-ficed
preparations showed no such masses. Upon very close inspection, how-
eser, thewr presence was indicated by empty spaces within a “laose-fittmg”

sarcolemma,
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In other words, there are intrasarcolemmic accumulations of 2
hyature itive, acad pol haride Electron microscopy con-
firmed that these accumulations are within the sarcolemma, outside the
contractile substance {Iversen, Asboe-Hansen & Carlsen, 1953}

The muscular changes were found m 10 out of 10 exammed cases of
malignant exophthalmos, m 16 out of 45 cases of thyrotaxicosss, in 1 out
of 7 cases of d mall 5 d cases of ly, and m
none of 25 patients without priwmtary-thyrod disorders. These findings are
believed to be related to the muscular weakness which 1s often a pre-
dominant symptom of these diseases The phenomena were not observed
in the expermmental ammals treated with thyrotrophia

The thyrotrophin content of these patients’ sera was determined by a
iological method, using as an mdicator the height of the thyroid cells of
starved tadpoles of Xenopus laevis ding to a method developed by
dAngelo, Paschhis, Gordon & Cantarow (1gss) and modified by
‘Wichmann

In 10 out of 11 patents with mal hthalmos the th t
level was significantly increased

These muscular changes occurred 1 various peripheral sheletal muscles
They must, accordingly, be presumed to represent a widespread, probably
generahzed muscular lesion

The findings support the theory that progressive evophthalmos 1s of
thyrotrophic genesis

The fact that the muscular changes occurred i all the patients with
progressive exophthalmos and 1n about one-third of the patients with thyro.
toxicosts mdicates that these two lesions are genetically related and that
progressive exophthalmos 1s merelv a special mamfestation of thyrotoxicosis,
It 15 evident that mahgnant exophthalmos may be ranged as a pitwitary
disease ust as well as a thyroid discase

Prrurrary Diseases

Morbid changes m the antensor hypophysis may give rise to dysfunction
of 1ts hormone production causing increased or decreased secretion of one
ar several of the superior hormenes Such dysfunction results m a number
of charactenstic lesions that may nvolve the mesenchymal tissues

Acromegaly To-day 1t 15 generally accepted that acromegaly and
gigantism are due to increased secretory activty of the eosunophit cells

o Camaretive Tisue
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hil ad.

m the adenchypop The most cause is
The eosinophul cells in the antenor lobe are secretory cells that are believed
to produce the growth hormone (somatotrophic factor). Thus, mice suf-
fering from hereditary dwarfism have no eosmophil cells m the adeno-
hypophysis (Smith & MacDawell, 1931).

‘The climcal picture of acromegaly is well-known. Practically all tissues
and organs are involved m the morbid process that is characterized by
generalized hyperplasia and hypertrophy. It involves the skin, muscles,
interstitial connective tissue, and mucous membranes. For details con-
cerning the histological picture of the tissues mvolved, reference is given
to the chapter by Ashoe-Hansen, p. 289

In acromegalic subjects, the incidence of tumours is higher than
normal, presumably because of the accelerating effect of somatotrophin
on tumour development. Most of the tumours are benign, usually skin
fibromas Another charactersstic feature 15 the high frequency of heloids.

Simmond’s Disease. This disease is due to hypofunction of the adeno-
hypophysis with we pluriglandular insufficiency. In advanced cases,
the patients develop pituitary cachexia with senile changes of tissues and
organs. They present a picture of premature senility, with dry, thm, and
wrmbled skin with reduced elasticity, hainng 15 scanty, the pubic and
axillary harmg disappeaning entirely and the supercilia bemng thinned
out laterally.

ApreNocorTICAL Dispases

Cortisone has a distinetly mhibitory effect on the various elements of the
mesenchymal tissues This 1s particularly evident mn the condition charac-
terized by hypercorticoidism

Cushing’s Syndrome. This disorder is due to hyperfunction of the
adrenal cortex that may be a consequence of hyperplasia or tumour of
the cortex, It may also be a phenomenon secondary to hyperfunction
of the adenchypophysis or due to a tumour in the anterior lobe. Such a
tumour is usually a hasophil adenoma, but sometimes the syndrome may
be caused by chr and acidophit ad which by exerting
mechanical pressure stimulate the bnsoph)l cells to mereased secretion of
ACTH that again mduces increased activity of the adrenal cortex, Lastly,
many symptoms of Cushing’s syndrome may be induced by prolonged treat-
ment with ACTH or cortisone.

hob
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a4 d 1 4

Itis an i of gl
that is directly r&pcns:blc for the symptoms.

The patients present a characteristic appearance of enormous obesity,
particularly localized to the face, neck, and trunk They exhibit virilzation
with hypertnchosis and the shin undergoes typical changes The clinical
picture and the lustology of the various mesenchymal tissues mvolsed are
described by Asboe-Hansen, p 2go.

Addison’s Disease Insufficiency of the adrenal cortex—as seen m
Addison’s disease—is accomp d by typical ion of the skin
and mucous membranes The pigmentation 1s due to deposition of melanin
that 15 present 1n the eprdermal cells—particularly the basal ones—and
mn the cells of the conum The pigment occurs particularly m ccatricial
tissue and m areas that are pigmented beforehand, such as eg the arcola
of the breast, the genital and anal mucosa The mechanism of pigmentation
is entirely obscure

by the adrenal cortex

1In the endocrine disorders discussed above, the hormonal mfluence on
the connective tissue 15 evident and generally accepted In a number of
other endocnine diseases, the connective-tissue reactions are still little known
or have not been studied It 1s worth mentioning, however, that the com-
plications of | d with 1 of
mucopolysacchandes m the renal glomerul and i the rettnal micro-
aneurssms

diabetes are

Hormoenal nfluence on the connective tissue 1s not mansfest only
disorders of the endocrine system, but also 1 a number of diseases reflected
i the mesenchymal tissues that cannot—at our present stage of hnaw-
ledge—be related to the endocrme system, We need only recall the effects
of ACTH and cortisone upon dlscascs such as rheumatoxd arthritis and
penartentss nodosa  Processes as fund 1 as bacts
as well as allergic—are mfl d by the ad; of h
apparent from various chapters of this book The development of tumours
may also be wfluenced—accelerated or inhibited—by various hormones
These findings, mawnly denved from experimental mvestigations, have
already been utiized 1n clinxcal practice

10*
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AGING OF CONNECTIVE TISSUE

Wiuiam G, BanrieLp
Department of Pathology, Yale Umwversity School of Medicine, New Haven,
Connecticut, US A

In REVIEWING the age changes m connective tissue 1t 15 convenient to con-
sider them under three headings: collagen and reticulum, elastic tissue;
and ground substance The age changes in bone and teeth will not be
considered,

Collagen and Reticulum

Obrervations by Bucciante & Lauria (1934) indicate an increase m
the percentage of collagen in striated, non cardiac, muscle as age increases,
Using chemical analyses, Myers & Lang (1946) found that after the
age of 50 the proportion of collagen m the thoracic aorta began to rise.
Harman & Webster (194g) analyzed 34 normal human hearts for total and
alkali soluble protems, collagen and elastn In the ages from birth to
8o years they found no m the proportions of these
{rom samples of ventricles, but there was an ncrease in the proportion of
collagen 1n the atnia of some individuals over 10 years of age,

Degenerative changes in the collagen of the skin of aged mdwiduals
such as hyali; fi and m number of nuclei
were described by Goldzieher (1946) Ejii (1936) noted an atrophy and
gradual disappearance of collagen fibers m the skin at an advanced age
Vehwinkel (1931), m studying the skin of the face, found degencrative
changes mn collagen begmnming at about the 4th decade These changes
resembled those caused by X-ray and radum On the other hand, Hill
& Montgomery (1940) believed that, since no changes were present m
skin from protected parts of the body m indwviduals over 6o years old, the
alteration m the collagen described by previous authors was the result of
exposure rather than a direct result of aging, They did, howeser, describe
the collagen fibess i the skin of the aged as elongated and stretched out.
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In the normal development of collagen in the shin and tendon of
ammals, the number of fibroblasts decreases in proportion to the number
of collagen bundles from the young to the adult {Ceresa, 1936, Ingelmark,
1948, and Andrew, 1951)

In embryonic tissues, the early appearance of the white connective
tissue 15 m the form of a reticular network which stains black with the
sihver stains m contrast to collagen which stams brown (Wolfe et al. 1942)
In rats there 1s a marked increase in the proportion of collagen to reti-
culum m the skin between 20 to 35 days after birth and m the tail tendon
16 days after birth (Gross, 1950 b, Randall et al. 1952).

Maximow (1928) noted this same phenomenon in tissue cultures of
fibroblasts Here a reticulum was first laid down followed in 30 to 50 days
by the gradual appearance of thicker bundles of fibers which had lost their
argyrophihia and stained brown with silver This retreulum was given the
name “precollagen” by Schwarz & von Pahlke (1953) although “pre-
collagenous reticulum” would seem to be a better term. For some time it
was thought that the precollagenous reticulum and collagen were essentrally
the same The difference 1n silver stamng was ascnbed only to a physical
difference in that reticulum had a narrower fiber than the collagen. Re-
cently, however, von Pahlke (1954) made electron microscopic examina-
tions of collagen from human fetal, baby, juvenile and adult tendons
stained with the Gomon and the periodic silver tetramine techniques He
found that 1n the fetal stages silver particles were scattered irregularly on
the surface of the fibrils (Fig. 1 2and b). As development proceeded, there
was a shifting to a more regular periodic grouping of silver particles In
addition to this surface depostt, other fibrils had a periodic inside banding
(Fig 1¢) Ths latter type of fibril increased in number as age increased
so that 1t made up the majority of the fibnls in juvemle and mature
Achilles tendons, Von Pahlke concluded that the fibrils with banding on
the mside were mature collagen and appeared brown m the Jight micro-
scope while fibrils with a different type of silver staining were immature
and appeared black Since these techniques liberate aldehyde groups to
which the silver attaches, this may indicate a change of chemical structure
1n the collagen duning the development of the mature fibril, The work of
Schwarz (1953) indicates that the tvpe of silver staning does not depend
upon the width of the collagen fibnl <ince both types of silver deposit can
be found in fibrils of the same width.

Heringa & Weidinger (1941-42) first reported an X-ray diffraction
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pattern characteristic of amorphous material for the precollagenous reti-
culum m newborn rat skin, Between 20 to 30 days after birth, a collagen
patiern developed as the ratio of collagen to reticulum ncreased Gross

YRy
+
YRy
N
e
Fg 1
@ and b Achilles tendon collagen from 17 cm fetus, formahn freed and stamed by the
Gomon silver techmaque Sifver is deposited 1rregularly 1 globules on the surface of the
fibrils (X 21600) (Courtesy Dr Guoter von Pahlke, Freie Upiverntat, Berbn)
¢ Achilles tendon collagen from 13 year old child Formahn freed, and stamed by the
GBmon silver techmgue Silver 1s deposted in regular bands within the fibrils
(X 25600) (Courtesy Dr Gunter von Pahlke, Freic Umversitat, Berhn)

(1950a) m collaboration with Bear, found that the amorphous X-ray
pattern obtained from the <km of the newborn rat was completely el
minated by treating the tissue first with trypsin They attributed the results
of Hernga & Weidinger, therefore, ta the large amount of ground sub-
stance 1 the skin of the newborn Feitelberg et al (1949) examuned the
chordae tendinae from human hearts at differing ages and found a poor
onentation of the “collagen molecules” below the age of 4 years and an
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Fig. 2
Collagen fibnls with tapered ends Formaln fixed Palladium shadowed
(X 18,700)

increasing degree of orientation above this age. All specimens over 45 years
of age had a high degree of orientation.

Gross (1950 b} using the skin of the rat, von Pahlke (1954} using the
human Achilles tendon, and Schwarz (1953) using human sclera showed
an increase m width of the collagen fibnls as age increased. The widths
became stabilized at 60 days in the rat skin, by at least 13 years in the
human Achulles tendon, and in the 7th to 8th month of fetal development
in the case of the sclera. The corneal fibrils, however, remained in their
embryonic state (Schwarz, 1953}. During the fetal stages of development
of the human Achilles tendon there was a predominance of a single fibril
width with only 2 narrow variation. At 134 years the vanation in width
increased considerably and there was no single predominant width In
tissue cultures of fibroblasts Porter (1951) cbserved an increase in collagen
fibn! width as the cultures grew older. He postulated a deposition of mole-
cular collagen on the surface of the fibnls after their mitial formation.

An estimation of relative collagen fibril length is possible with the
electron microscope. Natural fibril ends can be recognized since they are
smoothly tapered rather than broken (Fig. 2). If many natural ends are
seen in a certan sample, 1t can be deduced that the fibrils are shorter than
in a sample where few tapered ends are found. Banfield (1g5za) has
shown that shorter fibrils are abundant in embryos and scarce in adult skin
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indicating, at least in the early stages of development, an increase in fibrit
length as well as width as age increases Randall et al (1952) noted an
abundance of tapered callagen fibrils 1n the umbilical cord of a 10 day
embryo rat and Porter & Vanamee (194g) described them in tissue cul-
tuses of fibroblasts

Though von Pahlke (1954) reported only a 640 A periodicity in
human Achilles tendon collagen and precollagenous reticutum, fibrils with
a <horter periodicity have been described by Randall et al. (1g52) in rat
tail tendon and by Porter & Vanamee (1949) 1n tissue cultures, These
were thought by the latter authors to represent an early stage of ccltagen
development The fibrils had a periodicity of 270 A and, as the age of
the culture increased, a characteristic mature collagen periodicity of 650~
800 A developed by a vanable thickening of the 270 A bands 1 groups of
three Table 1 summanzes the differences between the immature and
mature collagen fibnl

TABLE 1
Comparison between mature and tmmature collagen fibnils
Immature Fibril Mature Fibnil
Fibrils short Fibrls longer
Fibrls narrow Fibrils wider
270 A repeating pattem 640 A repeating patter
Black with silver stains Brown with sihver stams
Silver depoatted rregularly on surface Sidver deposited as a stam within the
of fibnt fibnts bringing out the mature peri-
oty
Amorphous X-ray adfraction pattern Oriented Xeray diffraction pattern

with 640 A periodicity

In addition to the morphological changes in collagen during develop-
ment there are other alterations with age that can be shown by enzymatic
and physico-chemical methods Nageotte (1927) demonstrated that the
mlhgcn o{ rat tail tendon could be dissolved in dilute acetic acid and

by precip g with sodium chionde It was also
shown (Nageotte & Guyon, 1934) that thc collagen from young ammals
was more soluble than that from old In an extension of this work. Ban-
field (1932 b) tested the and solubility of buman abdominal skin taken
postmortem from a large number of individuals rangmg in age from the
premature nfant to the very old. The skin was extracted with 1+ 1000
dilution of acetic acid under constant experimental conditions Sodiwm
chionde was added to the extract and the precipitate which formed was
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graded o t0 4-+~ It was found that the skin of all individuals below one year
of age yielded soluble collagen and that the extract from 50 per cent of
them gave a 4 precipitate However, above one year of age there was
a certamn percentage of mdividuals whose skin did not yield soluble collagen
and from none was the high solubility indicated by a 4- precipitate ob-
tamed.

This same procedure was carried out on dura and Achilles tendon.
Agam, all samples from mdividuals below 1 year of age yielded soluble
collagen Above this age soluble collagen was obtained only once from the
tendon of a 5 year old The results for dura above 1 year of age were more
variable.

Jordon-Lloyd & Marniott (1935) measured the swelling at various
pH’s of tail tendons from young (6 week) rats and one old rat. Above a
pH of 2, the tendons of the old rat swelled to a greater extent than those
of young rats. Below pH 2, both old and young tendons swelled to the
same degree The reason for this was thought to be the breaking up, below
the pH of 2, of the constricting reticular sheath which surrounds the
collagen fibers of the tail tendon Above a pH of 2, however, the reticular
sheath of the young animals was more resistant to the action of the acid,
thus resulting 1 less swelling of the collagen fibers

Banfteld (unpublished) found essentially the same thing for human
Achilles tendon from the younger age group There was an increase in
swelling m 1 1000 dilution of acetic acid up to the age of 28 years After
this age, however, swelling decreased to the age of 50 after which the
tendons remamed virtually unswollen

Keech (1954) followed the hydrolysis by collagenase of skin collagen
from individuals of different ages. To determine the amount of digestion,
she measured the mcrease in nittogen in the supernatant fluid by the

TABLE 2

Summary of differences between young and old collagenous histues
Toung Collagenous Trssur 01d Collagenous Tissue
Swells 1n 1 Tooo dilution of acetic Decreased amount of swellmg 1n
acd 1 1000 dilution of acetic acid
Soluble m 1 1000 acetic aad Decreased solubility in 1 1000 acetic

acd

Susceptible to the action of collagen- Decreased susceptibility to the action

of collagenase

ase
Smalter number of fibroblasts

Large number of fibroblasts
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Kjeldahl method. The results showed that the abdomunal skin collagen
from infants under 1 year of age was twice as susceptible to the action
of collagenase as the adult, and that the shn collagen of children from
1 to 10 years of age was 1% times as susceptible Table 2 gives a com-
parison between young and old collagenous tissues

Collagen has been considered to be relatvely mert metabolically. This
has been confirmed by studies using labelled glycine, which indicate that
once collagen 1s laid down its turnover 1s extremely slow (Neuberger &
Stack, 1953).

Elastre Tissue

Elastic fibers of the skin, during the process of aging, undergo fragment-
ation, clurping, and acquire an affimty for basic stamns These changes
generally begm between 30 and 40 years and are confmed to skin over
exposed parts of the body (Schmudy, 1891, Vohwimkel, 1931, Hill et al,
1940, Dick, 1947) The number of elastic fibers i the dermis decreases
with age (Lindholm, 1g31) Those m the papllary layer are absent under
the age of 5 but by the age of 20 they are abundant (Dick, 1947)

Known age changes mn the elastic tissue of the zorta are summed up
by Lansing (1951) 1n the second conference on connective tissues spon-
sored by the Josiah Macy, Jr. Foundation He described a fraying, fragment-
ation and granulation of the elastic lamella and the acquisthon of a marked
affrmty for calaum These changes begin at about 20 years and are more
marked in the abdominal than in the thoracic aorta There are also differ-
ences demonstrable by dye uptake In the old elastic tissue there 1s a greater
affimty for resorcin and orcein, the old elastic tissue 1s stained by hematox-
ylin whereas the young 1s not, and old elastin stamns vellow-orange while
the young stams red with congo red Chemucal analysis of elastin from the
abdommal aorta showed an increase n the aspartsc and glutamic acids
above the age of 55 without sigmificant change n glycine, proline, lencine,
woleucine or valine The ncrease m aspartic and glutamic acids was not
observed in samples of elastin from the pulmonary artery. The calaum
content of the aorta increased greatly even though atheromatous areas
were avoided but there was only a moderate mcrease m the calcium content
of the pulmonary artery.

In the coronary arteries beginning at 20 years a progressive fragment-
ation of elastic interna was ohseryed
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Ground Substance

There 15 almost no information concerning age changes i the ground
substance except that 1t 15 more abundant i the infant than m the adult
(Bensley, 1934, Day, 1947, Gross, 1950 a, Bunting, 1953).
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THE CONNECTIVE TISSUES IN
WOUND HEALING

Epwarp Lee Howes
Department of Chinieal Surgery, Columbia Umversity, New York, N Y, USA

Introduction

In THE LOWER roRMs of ammal hfe, whole organs or limbs may be re-
g d after a In the sat der, for example, an entire hmb
may be regenerated, Man has no such capaaty for regeneration of lost
parts after wounding but he does possess a remarkable capacity to restore
contmuity of the mjured area. To do this, only three tissues are regener-
ated during wound healing; bload vessels, fibrous tissue and epithelum.
These three tissues compnse the scar or ucamx The processes that pro-
duce them are termed endothelial fibroplasia and epitheliza-
tion An abundant new growth of blood vessels is ctscnnal for the regenera-
tion of the other two tissues and precedes shghtly Epithelization restores
surfaces, exther squamous or mucous, while fibroplasia restores the contin-
usty of deeper structures The regeneration of these three tissues form the
scar ot cicatrix All three tissues however, are differentiated after their
production to reach the mature state that they mautamn ultimately 1n
the scar.

In general all the deep tissues wounded are healed by fibroplasia, The
wounded derma of the shin, muscle, fat and preexisting connective tissues
are reunited by a cicatrx of connective tissue. The development of the
connectine tissue scar blocks the regeneration of muscle, fat, nerves and
the epithebum of organs, hence the statement “cicatnization blocks re-
generation” On the other hand, the connective tissue acatrix begins the
restoration and return of function of wounded connective tissues and thewr
denvatives cartilage and hone

Prolferation of the mesenchymal tissue begins three or four days after

ding, after the infl y or exudatve phase of healing This
process of fibroplasia can be seen on the third day microscopically and
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grossly on the fourth day The granulations that appear in the depths of
the open wound on the fourth day consists of sprouting new capillaries
surrounded by mesenchymal tissue, probferating by the process of fibro-
plasia Thereafter, the process 15 most active in the next seven to nine days.

Fig 1
Seren day Wound Young capillanes of granulations surrounded by numerous fibroblasts
Sparse fibnls of connective tissue

In the first two of these, the fibroblasts multiply, but the entire length of
time is accupied with the deposition of fibrils of collagen between the cells.
These fibrils are oriented around the new vessels at first (Fig. 1), but
with the passage of time, their concentration becomes more dense (Fig. 2).
After two weeks of healing they are still of fine size and they run in many
directions They are still undifferentiated and their pattern resembles the
embryonal. Blood vessels are still numerous between the fibnls and although
there are fewer cells per unit of area than on the seventh day of healng,
many are present.

The ongin of the fibnls has long been a matter of controversy. Pre-
viously, attempts were made to solve the question of ther origins by
morphological comparisons. The idea of transformation of plasma clots
(Bautsell, 1946) or fibrn fibls (Nageotte et al, 1930) to connectite
tissue fibres as judged by staming reactions have now been replaced by the
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more exact knowledge about the chemistry and structure of the collagen

fibre. It 1s known the fibre contains a mucopolysaccharide {Meyer et al,
1937) and has definite spacings seen by the electron microscope (Schmte,

il 4

F

Fig 2
Fourteen day Wound Blood vessels smaller Fibroblasts diminished n number pee unit
of area Many fine connectne tissue fibrls have apptaved with some paraltel arrange-
ament but sl onented about the blood vessels

1942) and that 1t ongmates either as an extendmg process from fibro-
blasts or m juxtaposition to the fibroblast Porter ¢t al (1949) has de-
senbed the formation of collagen fibres i tissue cultures of fibroblasts.

Ongins of Generated Connectwe Tissue

Fibroplasia begins with the appearance and multiphcation of mono-
nuclear cells and fibroblasts. These cells are brought to the site of mjury
during the preceeding exudative phase of healing through the new growing

1 Connectsve Tusue
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capillaries that begin to sprout about the third day. These fibroblasts also
come from nests about blood vessels and from the loose connective tissue
of the body. The differentiated connective tissues of the body cannot de-
differentiate to give ongin to young cells that start the process of elaborat-
ing new connective tissue after injury.

This 18 an extremely important concept, for it means that fascia, liga-
ments, the heavy connective tissues, bone and tendon and the derma of
the skin and all mature collagenous structures and their derivatives cannot
give ongm to new connective tissues after injury. Instead a group of mobile
cells coming from the bone marrow, the reticulo-endothelial system or
embrycnal nests are the sources of supply. Radioactive studies have con-
firmed these findings for it can be shown that the mature connective tissues
of the body do not metabolize rapidly (Kellgren, 1952) and in them
change takes place slowly.

During the seven to nine days of fibroplasia, the strength of the wound
nses and then plateaus off (Fig. 3) As judged by the rate of ascent of
strength, the process of fibroplasia takes place at thc same rate m such
diversified anatomical structures as muscle, fat and fascia. It has the same
rate too mn all the laboratory ammals and 1 man {Fig. 3). One 1s startled
to find for example, the same rate for the process in the healing of the
wound of the mouse, with 1ts greatly increased metabolic rate, as in the
healing of the wound of man

Fimally, the strength acquired after two wecks of healing is the same
per unit of area in the wounds of different tissues and in dufferent labora-
tory ammals

Strength of the Wound and Fibroplasia

Because they are the strongest tissues and do not necrose as readdly as
the others, the connective tissues in either cut edge of the wound are the
structures to sutures. When they are properly sutured they give the greatest
jmmediate strength to the sutured wound (Howes, 1940).

After two weeks of healing, the relatronship of the strength of the scar
to the origmnal strength of the skin wounded can be illustrated by con-
sidering the healing strengths of wounds of shins in different laboratory
animals. At this tume, at the end of the period of fibroplasia, the normal
strength of the skin is not regained by any of the wounds. In the rat
13 per cent of strength 1s restored, in the rabbit g per cent, in the cat
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Fig 3
Note that on the left, the strength of fibroplasia 18 ising at approumately
the same strength 1 all four ammals

2 per cent and m the dog § per cent (Fig. 3). In general less of the
ongmal strength is regained in the larger ammals. The differences how-
ever are occasioned by differences in the ongnal strengths of the skins
wounded rather than by differences in the strength of the ccatrices (Fig.
4). The stronger skins are found in the larger ammals. The collagen fibres
of the conum of the uninjured skin are large and well differentiated ac-
cording to structure They are practically of the same size in each animal,
the corium 15 thicker, however, and there are more of them in the large
ammals thereby giving the greater strength (Hawes et al, 1939)

The tissue of the cicatrices on the other hand has relatively the same
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Fig 4
period of Fibroplana is the heavy blach e on the left Period of Differentiation extends
trom cad of ibroplasia untl the breaking reaches the onginal strength
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strength per umt of area; corresponding to the refatively undifferentiated
pseudoembryonal pattern of the generated connective tissue.

The data suggest that the process of {ibroplasia acting in response to
mjury 15 independent of the tissue or the species of animal involved and
is accordingly governed by 1its own 1aV\s. What 13 hnown about these faws
will be discussed later

In tssue Iike muscle, fat and the walls of the gastromntestinal tract, the
generated connectnve tissue of the early scar is stronger than the surround-
ng tissues

Usuallv the size of the scar ultimately resulting from woundmng is
smaller than the mze of the onginal wound Contraction of the wound
accounts for this reduction 1 size Philosophically this would suggest that
scar tissue 15 a poor substtute for the original tissue wounded, for fibro-
plasia occurs abundantly and extensively at first and then the exces of
connective tissue 15 reabsorbed

The Size of the Cicatnx

Contraction begins with the gross appearance of granulations in the
depth of the open wound This powerful force that reduces the amount
of cicatrix to be generated, acts for about two weeks following its 1mtia-
tion Its rate has been plotted bv Du Nuov {1932) Starting with maximum
intenaty, the sides of the defect approach cach other and then its rate
gradually tapers off

There are certamn areas of the body where contraction does not occur
and the scar 15 as big as the original wound These places are where the
soft tissues are m a single layer over bone as for example in the scalp,
over the patella and the back of the hand. Contraction is influenced by
the tension lines existing in the tissues injured so that the final shape of the
scar is pulled n the direction of these hnes

This new connective tisue 13 laid down abundantly, not only hetween
the cut cdges but layers are bound together by 1t If infection devefops,
more tissue is destroyed and the cicatnix becomes even more abundant
The exeess of the abundant cicatrix 15 partially absorbed dunng the period
of differentiation of the scar. This absorption that proceeds along with
differentiation takes six months to a vear It follows WollPs law that states
regenerated and transplanted tissues continuc to exist only in respense to
function If function s fered with, then diff

and absorption
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does not occur, Thus if there has been an infection and a mass of scar
tissue results, function of the part is destroyed, the bulk of und:fferentiated
scar tissue remains and m turn function does not return. In other words,
over-production of scar tissue interferes with the return of function and a
Tack of function allows scar tissue to remain undifferentiated. Healing, that
15 to return function to the wounded part, should 1deally produce only an
amount of cicatrix consistent with uniting the continuity of the injured
part.

Differentiation

Differentiation of the newly generated connective tissue in the scar is
a protracted process and 1s variable depending en the tissue and other
special circumstances where the acatrix is located.

In the healing of cartilage and bone, as soon as the pseudoembryonal
pattemn of connective tissue 15 laid down, calcium salts are deposited and
cartilagimous cells appear. If cartilage is to be regenerated this may be
the end pomt of the process of repair save for an increase m the size of
the collagenous fibres and their orientation in a direction to meet stress

If bone 1s to be d, then an undiff fated ossification oc-
curs with a disappearance of the cartilagi cells. Later this primary
callus 15 differentiated and cortex bone forms with absorption of great
masses of the primary callus. Considerable stress is laid on the function of
osterclasts in the reahgnment but the fact is overlooked that the connective
tissue of the primary callus is also reabsorbed and in the final formation
of the cortex bone heavy collagenous fibres are formed and they also are
realigned to meet the exergencies of stress. No special cells are eser given
credit for the reonentation of the connective tissues in the healing bone.

In the soft tissue scar, the fibnls present after two weeks of healtng
thicken They become fewer in number per unit of area of cicatrix. Fibro-
blasts decrease 1n number per unit of area along with the number of blood
sessels. The new scar that was red with its abundant capillaries immcdxatc.‘)'
after healing becomes white with the disappearance of blood vesscls. Dis-
appearance of the blood vessels occurs also in exposed granulations. For
this reason granulations two months old will not accept skin grafting as
readily as freshly formed granulations,

Immediately after contintuty of the wound is restored the fibrils of
cicatrix are oriented in a whirling fashion about the new capillaries but

f the
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Fy Fig su
Collagen fibres of derms Collagen fibres of derma
Guinea pig X 200 Rat X 200

as the fibres thicken, they become rearranged n response to function and
take on the pattern of the onginal connective tissue wounded.

For example, Zinn (1927) showed that if a square of fascia lata was
exased, after two weeks of healng this square was entirely filled with a
white matrix through which the muscle beneath could be seen. Microscopi-
cally this new tissue was composed of fine fibrils of generated connective
trsue running m all directions and many blood vessels The surface of the
square was partially adherent ta surrounding structures. When a similar
defect was inspected after one year of healing, the tissues 1 the defect
could not be d: shed from the fascia lata, save for the
markings at the corners of the square It was a dense white The surface
was no longer adherent and microscopically large bundles of collagen were
found, and the majonty of the heavy fibres ran mn a parallel direction
similar to those in the original fasaa lata The differentiation that had
occurred duning the year had completely rearranged the pnimary connectnie
tissue cicatrix to a pattern of connective tissue resembling the onginal tissue

In the healing of the skin the differentiated collagen fibres of the
uninjured derma may be scen in Figs 5 and 5a Some of the large fibres
run 1 all directions so that in the pt phs some are cut tr. 1
In Figs 6, 7, 8 the differentiation of the fibres may be seen that took place
with the long secondary increase 1 strength Fig 6 shows the pseudo-
embryonal pattern Just after fibroplasia while Figs 7 and 8 show the m-
crease 1n size of the fibres with differentiation At first, m Fig. 7 most of
the fibres run parallel and only later in Fig 82 can fibres be seen run-
ning in another ducction (Howes ct al, 1939)

When a tendon 15 wounded as early as eight days the fibnls begin to
ahgn themselves parallel to the original ones of the tendon This early
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orientation in response to function has led to the beltef that there are
special “tendoblasts” that give origin to these parallel early thin fibrils
However the notion 1s lost when the process is observed in the healing of
a tendon attached to a paralyzed muscle, for then no differentiation occurs
and the cicatrix remains in the pseudoembryonal state with fine fibres
running m all directions. However as soon as the muscle begins to function
agamn the parallel realignment occurs

The process of differentiation of the connective tissue scar never com-
pletely reforms the oniginal structure injured (Fig. 9). The elastic and
nerve fibres that grow back mn are very rudimentary. The scar of the
tendon can always be dentified microscopically from the original tendon
injured, and the bone of the callus is always somewhat different.

Hyperdifferentiation of the collagen fibre occurs mn keloid formation.
Very large ones form but n addition there is a persistance of some of the
mononuclear cells that are usually found in the early day of fibroplasia.

In the recovering of surfaces, the growth of granulations exerts a
reciprocal relationship to epithelization and mesothelization. New sq
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.
Fig 8 Fig 8a

Connectre tissuc healing; 82 days Connective tissuc healing, gt days
at X 200 Guinca pig X 200 Note some of

the fibres seen cut m cross sechon

Fig 9
Wound Ra¥s skin 138 days X g5 On the keft the tonneenve ussue of the sear and on
the nght the conncetive nssut of the onginal derma particularly at the wp Note that
many of the fibres of the scar are almost as large as those of the derma, that they are
packed more denscly and they never seem to stam as deeply as the fibres of the
onginal derma

or mucous epithehia will not extend across granulations that are depressed
nor will they grow over protut lati Granul must be
Just at the night height to allow the epithehal cells to spread across the
surface Comversely howeser, this spread of epithehal cells across the granul-
ations stops further outward growth The mechansms that govern these
reciprocal fups are poorly

In the pentoneal or pleural casities or i Jomnts—mesothehal cells will
rapudly coner all free surfaces However if two denuded areas become ap-
proamated by fibnn and then granulations extend between them, a
fibrous scar results and the serosal recovermng fails Such 1s the mechansm
of of adh: in mtestmal, pleural and <crosal cavaties
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Factors and Laws Influencing Fibroplasia

These may be divided into Iocal factors within the wound and general
ones concerned with the well being of the wounded host. Save for the
influence of age, all detract from the rate of fibroplasia indicating that the
process may be interfered with more readily than it can be stimulated

Infection in the wound, hematomata, the presence of excessive amounts
of forcign bodies, crushed tissue and interference with blood supply, all
delay the onset of the process of fibroplasia. Infection is the chief offender
particularly in the early, invasive, necrotizing stage. ‘The last four mentioned
conditions predispose towards infection but even by themselves they can
retard the onset of the process. On the other hand, as soon as the infection
localizes or becomes chronic, fibroplasia takes place about its periphery,
and only the pocketing of pus and the persistence of slough keeps the
granulations from extending into these areas. Unlike the circumstance at
the onset of the process, the presence of an abundant number of bactena
in the area does not scem to be a deterrent to the process of fibroplasia.

The general factors all except one, also delay the onsét of fibroplasia
after wounding. A deficiency of vitamin C has a specilic effect. The fibro-
blasts appear and some rudimentary fibrils, but the fibrils do not increase
m density nor do they ever increase in size. Microscopically the delay
suggests a cortisone effect. The concentration of vitamin C in the tisues
wounded during the repair is the important determmng factor and not
a temporary change 1n the blood level Lund ct al. {1946) have shown that
as much as 500 mg. of vitamin C a day may be required for an injured
individual to obtain tissue saturation.

All metabolites and protens are mobilized to the site of the wound in
the first 48 hours after its infliction. Sodmm, potassium and calcjum are
cancentrated there and the injured area will borrow the needed substances
from the normal tissues. The depletion must be very severe therefore to
affect the reparative processes, but fibroplasia is the more sensitive of the
three. A low scrum protemn delass the onset of fbroplasia (Thompson et al,
1938). If an animal is starved and given a low protein diet until 20 per
cent of its original weight is lost, fibroplasia cither does not occur or is
definitely stowed (Findlay & Howes, 1952). Combinations of pratein and
vitamin C deficiencies work together to retard fibroplasia. There is na
statistical evidence that the retardation caused by metabolic deficiencies oc-
curs through lowering the resistance of the wound to infection even though
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infections are 1more prevalent in i 1 animals. Depletion of potas-
sium salts has not bcm found to mﬂucncc thc process {Findlay & Howes,
1950). Under exp 1 condi tion quickly restores the

capacity of the amimal for fibroplasia, yet chnically in chronscally debilitated
states—in chromc ulcerative colitls, in advanced tuberculoss and in dis-
eascs that affect the lver, where fibroplasia 1 retarded—the process is nat
always restared by realimentation

In young ammak, fibroplana defimtely starts a dav eather than in
the adult (Howes & Haney, 1932) There 1s no proof however, that the
tyme of onset or the rate is slowed 1n the aged. Anemia (Sandblom, 1944)
and dehydration (Bid & McKay, 1932) slow the onset of fibroplasia
Excessive bleeding occurs in the wound and healing 15 delayed when there
is a deficiency of Vitamin K.

Effects of Hormones on Fibroplasia

Both the adrenocorticotrophic hormone of the pituitary gland (ACTH)
and compound F found in the adrenal gland have been shown to delay the
appearances of granulations 1 the healing wound. In 1949, Ragan
Grokoest & Boots reported that AGTH retarded healing of biopsy wounds
made m chnie patients Eight years earher, Cuthbestson et a) (1941)
and Mueller & Graham (1g42) were not able to show that anterior
prituitary extract had any cffect on the rate of healing of wounds in ani-
mals Thus 1t appears that eitber humans are more senative to ACTH
or the previous workers were using impotent extracts. Later in 1949,
cortisone became avadable mn larger amounts, and Ragan, Howes, Plotz,
Meyer, Blunt & Lattes demonstrated thay after its parenteral admimstra-
tion, the appearance of granulations was delaved in the healing wound
of the rabbnt These same authors found that with an adequate pasenteral
dase of cortisone, blood clots at fracturc sites were not resorbed as rapudiy.
Still fater that same year, Howes, Plotz, Blunt & Ragan showed that the
dore of cortisone given parenterally was crucial in determiming whether the
appearance of granulations would be delaved Large doscs repressed their
appearance while smatler doses &1d nov {Table 1). Esen a small amount
of cortrsone employed locally would delay the appearance of granulations.
Microscopic. sections of wounds treated with cortisone, showed that new
blood vessels did not sprout, fibroblasts did not proliferate ang reticulin
was not deposited (Fig 1o). In Table 1, it will be noted that even with
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Fig 10
Cross sections of normal rabbit’s car, left , 8-day granulating wound, control, cenfer, and
8-day granulatng wound, antmal treated with cortisone, right Note thickness of con-
nective tissue and the cell density 1n the normai ear, In the control wound, the granu-
lations are higher, there are many fibroblasts with collagen fibrils, and many capillaries
are scen Two old large difated blood vessels arc present The cortisone ear 18 not much
thucker than the normal connective tissue of the ear and all the old large blood vesscls
are difated There are no new capiffancs However, the cell concentration, particularly
of the round type and those resembling fibroblasts, 18 increased. These cells show few
signs of increased proliferation There 1s fess exudate on the surface than on the control

granulations

the largest dose of cortisone, the appearance of the granulations was only
delayed for 18 days and that thereafter granulations grew, With smaller
doses they appeared sooner and grew, Thus the greatest delay was less
than threc weeks or stated conversely granulations grew after three weehs
despite the adminntration of the largest amount of cortisone, The corollary
is, and this is the important point, cortisone given parenterally never com-
pletely obliterates fibroplasia, it only puts off its appearance. Later Meyer
showed that if a small particle of cortisone was placed on the canjunctiva
of an irritated eye, blood \vessels would dilate and sprout but not in the
arca where the cortisone was located.

Clinical confirmation about the dose came quickly. Thus it was found



WOUND HEALING 173

TABLE «
Porentesal Dose—Rabbit Reslts
1&g per kg per day)

810 10 mg per kilogram Complete cessation of growth of
granulavon uptl 18 days

5106 mg per kilogram Same results for 12 days

36 mg per bilogram Onses of fibroplans gth day

2010 %3 mg per kilogram Onset of Sibroplana delayed 7-8

davs

that wounds gave no gross evidence of disturbed healing when hermia
patients recesved smail doses of 2 mg. per kg. corbsone—the usual dose
used for arthrtss,

Invesuigations to explam the action of cortisone were soon undertahen.
Cortisane sets up an “alarm reaction” duturbmg mueral metabolim
Sodwm 15 witheld and potassum 1s excreted  Profein 1s lost m the urine.
Protein catabolism occurs and proten svnthesss 1» depressed, Fibroplaua
proceeds with pratem synthesis and protem anabolsm  Ghyeogen 1 stored
1n the fiver Edema of the tssues 1 lessened, Mast cells along the blood
vessels are increased m number and become vacuotated Weght loss 1s not
stnking A mashing analgesia oceurs Local action of cortisone howeser,
would hare to be explamed on the baus of wts peculiar character as a
steroxd campound

Clmeal trals were carned out in an attempt to uhilize the capaaty of
cortrsone to distort the growth of granulations Some of these were patterned
after the faboratory findings whie others disregarded them and encom-
passed the complete range of patholrgy of the connectne tissue and sts
healing An example of the latter was the employment of cortsone for the
treatment of hefoids Cortisone was shown 1o delay the onset of fibroplasia
but there was no evdence that it would keep targe coltagen fibres from
forming onte they had appeared Hence % was not surpnsing that m one
chmeal expenence kelowds actually formed under the influence of cortsone
and was not prevented m others The use of cortsone locally however, in
the reconstruction of jomts was well founded on the posabibty of utihzing
the delay mn the appearance of granulations Stenchheld {1g50) who did
the engmal work m animals st feebs that he obtains ymproved clinical
re<ults with cortisone used locally with oxseed for this purpose

The results obtained with cortisone to present postoperative adhesions
have been contradictary  As stated, wnestinal adhesions represent an
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abundance of fibrous cicatrizations occurring where mesothelial regenera-
tion did not take place As yet, it 13 not known whether proliferation of the
mesothelial cells is also repressed by the action of cortisone. Lymphatic cells
are certainly reduced i number by cortisone, Hence allergic responsc to
transplanted homologous tissues, can be delayed for a short time.

The possibility of obtaining poor healing in patients receiving cortisone
for the treatment of another disease should be discussed. In general, the
therapeutic levels used climcally, are not high enough to delay the onset of
the formation of granulations unless the patient’s serum proteins are con-
siderably below normal (Findlay & Howes, 1952). Usually, the patient
has taken the cortisone for some time also, so that the anticortisone factors
that offset the mhibiting effect are already mobilized, and granulations will *
grow as they do in laboratory animals after recewving cortisone for three
weeks

Lastly, when cortisone is withdrawn in the laboratory animal recening
an inhibitory dose, granulations agamn appear within four days. Healing
begns after the usual lag period beginning on the day when cortisone is
withdrawn In the patient however, rapid withdrawal cannot be carried
out because of the danger of adrenal failure The adrenals are usually
atrophied after a long continued administration of cortisone, and therefore
the dose should be reduced gradually and some ACTH should be given
also to stimulate the adrenals to secrete again.

It must be remembered that healing in all patients takes place in the
presence of some arculating cortisone, This amount apparently does not
account for the length of the exudative phase of healng, for the length of
this period is not reduced when the adrenals are removed.

Lastly, some remarhs should be made about the influence of AGTH on
fibroplasia. Despite the earlest clinical findings that ACTH delayed the
healing of biopsy wounds, the laboratory experiments did not show re-
pression of the formation of granulations until extremely large doses were

ployed, these greatly ding any used chmically. However,
the clinical patients were sick and a possible explanation may be found in
our worh showing that even small doses of cortisone interfere with healing
when the serum proteins are low and the animal is malnourished. (Findlay
& Howes, 1952). ACTH must act by causing a secretion of compound F
from the adrenals It 1s doubtful that in the normal indidual enough F
can be produced by stimulation with ACTH to distort the onset of fibro-

plasia,
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Transplantation of Connective Tissues

Many connective tissues are being transplanted in modern surgery and
the fate and survival of these graits must be understood as part of the heal-
ing process, Bone, cornea, cartilage and skin, that is largely derma, are now
used from so called “banks”. The notion that tissues separated from their
blood supply for any length of tune but stored in some special way, mn
serum, in the deep freeze, after lyophilization or by treatment with some
form of electrical or radiation emergency are “hving grafts” seems to
surround many of these bank activities.

To remove ussues from one location to another m the body, the cells
must survive until they obtan a new swtable nutritional environment.
Cells vary n their capaaity to survive when separated from ther original
blood supply. They also vary in ther nutnitional requirements not only
ndividually but 1f they are proliferating and growing versus proliferating
only for the purpose of replacement of cells that die It 35 wnportant to
realize that all cells separated from their blood supply for a sufficient length
of time, die and even in the bedy they have a life span and must be re-
placed, The 1dea of a “living graft” ts always relative then and certamnly of
a tissute 13 to survive and proliferate after transplantations it must receive
a new blood supply. These are the conditions for autogenous grafting. In
homol grafting 2 ph factor anses, namely, the resistance
of the host to these foreign tissues, resulting 1n thrombosis of the blood
supply after varying lengths of time and finally death of the graft

The Mty yc:sr old dcmonslrauons that tissues of the mesenchyme can

homol 1

or fresh or stored 1n any form
and that they scemingly regain their shape and become mcorporated 1nta
the tussues were proven to be true agamn and agam by Nageotte, Oller,
Phemister and many others They found them to be replaced by “creeping
replacement” after a long period of time. At first, a new blood supply was
observed entering transplanted connective tissues, and later new mesen-
chymal tissues were ited and daffe until the st re-
sembled the onginal. Whether the new structure continued to persist
depended on function. Thus a dried piece of tendon placed on the liver
swelled, and a month later looked like transplanted tendon, but after
year only a scar remained. It was absorbed because it had no function, On
the other hand, when a simibar piece of dried tendon was sewed between
the ends of a cut tendon, again 1t took on the appearance of a transplanted
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tendun after a short period of time, but two years later was st there In
this nstance 1t continued to exist in response to function (Wolf's Taw)

Several unique circumstances are found in the transplantation of eon-
nectn e tissues that give the impression they may be living grafts, even when
they are transplanted homologously or in preserved states.

1) There are relatively few cells in differentiated connectne tises
The collagen fibres and the mineral salts are bypreducts, so to speak, main-
taincd m a Ining mobile state. The cells can die and disappear and groshy
the greater mass of tissue s still intact and appears unchanged unless it 5
allowed to dry. Like all other tissues, the connective tissues dic when de-
prived of blood supply but the duration of the time they will sun'iv? isnot
exactly known. With our present histological methods, festations of
death m the fibres are not apparent and changes in the cells are difficult
to make out because they are relatively scarce in the large matrix of coll-
agen and 1t is not generally realized that they are the components that must
be studicd to distinguish whether connective tissues are living .

2) Dead differentiated connective tissue requires the action of 2 fP‘ml
enzyme to bring about its solution, A true collagenase is required to dissohe
collagen unless 1t 15 very denatured. Wounded tissues are devoid of colk
agenases so that a long process of denaturation must occur before dlS‘D]“‘;
tion begins. Thus the transplanted connective tissue is first encapsulate
Iike any foreign body, the blood supply grows inta its interstices and then
slowly, disintegration and redisposition goes on.

Transplanted connectne tissue or connective tissue arranged 28 ®
pedicle tends to squeeze out its newly inhabiting blood supplics aftera )Car{
This change sometimes destroys the intended function of pedicles made u‘
connective tissue, For example, pedicle flaps asranged to impro‘ft 5""3"’1'
circulation around the damaged liver or in hydrocephalus or in coronaty

N . zed
disease have always failed because the blood supply was ultimately squee
out by the cicatny.
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THE PATHOLOGY OF CONNECTIVE
TISSUE

C. H. Artsuurzr and D. M. AvGeving

Department of Pathology, Sant Joseph’s Hospital, Milwaukee, Wisconsin ; and
Department of Pathology, University of Wisconsin, Madison, Wisconsin, US A

SPACE 1S NOT AVAILABLE to give more than a shetchy outline of what we
consider some of the more pertinent observations n relation to certain
lesions that occur m connective tissue. Since this is not intended to be a
complete review of the subject numerous significant papers have not been
mentioned.

We have mtentionally avoided any detailed morphologic descriptions
of alterations 1 spectfic diseases because they are readily available in the
current literature It scemed advisable that instead we should stress the
pathogenesis of some of the more general reactions as they occur in con-
nective tissue

Because of the ubiquity of connective tissue and the frequency of its
participation 1 pathologic processes, it is not surprising that its reactions
should be an object of extensn e investigation at present As studies progress,
a clearer picture of connective tissue capabilities and reactivity is emerging.

It is the ambition of this presentation to provide an attitude toward
degenerative diseases of connective tissue which, we hope, will allow 2
certain correlation of cluucal, pathological and experimental data As will
become apparent, there are many gaps in the information available, but for
the purposes of contmuity and clarity an overall picture is attempted It is
conservative to say, we think, that exciting and stimulating possibilities for
the obtainment of new knowledge exist at the present time.

The interaction of an injunious agent and hving tissue results ina
histologic picture that characterizes a disease process Since it 15 possible to
prevent disease 1n some instances by the elimination of the injurious agents,
bacteria and viruses for example, clinicians naturally, and other mvestiga-
tors have been precccupied by these causative factors This has led, gener
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ally, to insufficient consideration of tissue reaction or potentialiies This 53
particularly true in relation to diseases of the connective tissue

It has hecome increasingly clear that many connectne tissue changes
formerly considered specific are, i reality, an expression of the limitation of
the connective tissue response to injury For example, Klnge (1933) be-
lLieved that fibrmoid formation was diagnostic of a hyperergic state. Since
the tissue change may be observed, however, m a number of lesions it which
the element of hypersensitivity may be ruled cut (bases of peptic ulcers,
cysts, bursae and ganglia, e g.), iibninoyd has lost that dingnostic speaificaty.

Klinge’s work was valuable nevertheless i that he clearly recognized
the sigmficance of Schade’s {1923) previously described concept of the
“connective tissue system” to pathology This desirable feature divorced
from the allergic mmplications was retamned by the proposal of the concept
of diffuse collagen disease (Klemperer, Pollack & Baehr, 1g42) How-
ever, “even this cautious synthesis was premature hecause it resulted m an
indiscriminate acceptance of a term with a diagnostic and pathogenetic
import not origmally mtended when 1t was conceived” (Klemperer, 1950)

The arguments stated above with regard to the hyperergic imphcation
of fibrinoid may also be applied to other degenerative lesions of the con-
nective tissue Basic simifantties 1n the pathogenesss of many of these lesions
certainly do exst and have led some authors to believe that some sort of
etologic Telationship exists between diseases characterized by scleross or
by amylod, hyalme or fibrnoid formation (Leupold, 1925, Loeschke,
1927, KneZevi€, 1944) If we realized clearly, however, the non-speafic
character of these tisue reactions and the Lmitations of the connective
tissue response, we would be spared that unproved, premature and probably
maccurate conclusion

This non-speaific nature of the connectne tissue reaction rases the
question of the relative value of approaching the problem of degenerative
duease of the connective trsue from an etrologic pomt of view It 15 entirely
within the realm of posability that many etiologic agents may participate
1n creating a described abnormality Thus, 1t 15 possible that hypersensitivity
reactions, cold, anowua, etc, may all contrbute their share toward the
development of antenoseleross and 3t may be more rewardmg to be more
serioush concerned with the basic pathogenctic mechamisms rather than
possible specific etiologic features,

The histologic studies of the degenerative lesions of the connectne
tissue referred to above are valuable i that they have established the com-
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mon features of the pracesses. An interstitial edema which is relatively cell
free and non-metact tic, foll 1 by a il 1 are
the characteristics shared These findings, too, indicate the applicability of
Rossle’s theory of serous inflammation (Rdssle, 1943) at least as it apples

to the connective tissue. This idea refers to certain phenomena aflecting

Gapiltary membrane

Cell membrane

!

the hemato-parenchvmal barrier (Fig. 1). Non-specific damage to any of
the three anatomic components (endothelium, connective tissue or par-
enchyma) may precipitate a scries of events which include (a) increased
capillary permeability, (b} decreased tissue permeation, (c) impaired tisue
respiration (partial anaerobrasis), (d) increased tissue content of sodium,
chlonde and water, (e} decreased tissue content of potassium and phos-
phate and (f) increased tissue mucopolysaccharide content in subacute
lestons. (Altshuler & Angevine, 1951, Eppinger, 1949, Eppinger et al,
1935)- )

Various authors have stressed the importance of each of the morphologic
components in the pathogenesis of the tissue lesions. It must be remembered
that accurate temporal relationships have not been estabhshed, as yet, 5¢
that real evaluation of these claims is not possible. In other words, the
primarily affected anatomic element is unknown in any given lesion.

As stated above, many agents may induce these tissue changes. Bacteria,
viruses, toxins, heat, cold and hypersensitivity reactions are only some of the
pathologic influences. Desoxycorticosterone, testosterone, estrogens, !h'}"-:"
tropic hormones are some “physiologic™ influences which may have a sim
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lar effect (Altshuler & Angeuvine, 1951) The pathologic process, then,
may be exaggeration of a normal tissue response For thus reason, the term
“serous inflammation” may not be altogether desirable and has been critic-
ized {Aschoff, 1938}

Since the alterative and reactive tissue processes may vary in severity
and chronicity, observable lesions differ. In the milder forms edema alone
is noted, whereas 1n the more severe varieties, necrobiotic alterations of
connective tissue and blood vessels as well as of the parenchymal cells may
occur. Following mld transient snjury, complete restitution may ensue,
while lesions of longer duration ultimately result i sclerosis of blood vessels
and connective tissue.

1t 15 apparent from the abose illustrations of the irritatne mechanisms
that some may be characterized by a generabzed connectne tissue effect
while others are of only local significance Diabetes, myxedema and hvper-
sensihvity reactions are 1lb of lized forms Local ab 1
m part, 1s explainable by limited application of the damaging agent (cold
10 extremuty, e g ). In some instances, howcvcr, special tissue susccpnb:lm
must be postulated When and are to a cap! d cock,
for exnmplc. the increase n size of the cornb 15 due to a “serous nflam-
matorv” al and 18 d by an lation of meta-
chromatic material (Hardesty, 1931, Boas, 1949, Ludwig & Boas, 1950).
The reaction in the comb, of course, is out of praportion to the response 1n
other tissues.

Since many agents may have this generalized effect upen the connective
tissue, 1t 13 apparent that the term, “diffuse collagen disease”, must not be
mterpreted as indicating an etiologic relationship between vanious disease
states so characterized In this more general sense, diabetes and myxedema
mught also lay claim for mclusion amongst these diseases and are certainly
dhfferent 1n etiology from the rheumatic diseases

Other corollanies follow recogmtion of this basc connectnve tissue
process For example, 1t has been fashionable in the past several vears
to make much of the so-called “general adaptation syndrome” Promul-
gated by Sehve (1946), the concept refers to the damage induced in ex-
perimental animals by chronic exposure to trauma The trauma is non-
specilic i character but the damage is believed to be mediated through
perustent and excessive secretion of desoxycorticosterone-lihe hormones
The connective tissue lesions thus des cloped in the heart, synovia and blood
veseels, to sclect a few, are said to be highly suggestive, 1n turn, of the
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Aschoff body of rheumatic fever, the synovial lesions of rheumatoid arthri-
tis and the vascular lestons of periarteritis nodosa.

The published pictures of the histologic sections, however, are not
convincing of therr similarity to human lesions and, even if they were, they
would not necessarily establish this as the human pathogemic mechanism
Until it can be shown that sufficient numbers of patients with these
disease processes are actually excreting clinically sigmificant quantities of
desoxycorticosterone-like substances, definitive conclusions are not war-
ranted. Such evidence is lacking. The sweat-salt excretion tests, as indicat-
ing the quantity of desoxycorticosterone-like hormone(s) produced, hate
not been impressne

It 15 difficult also to reconcile some of Sclye’s own expenmental
findmgs with his conclusions For example, he found that 1f animals were
given large doses of desoxycorticosterone over a period of tme, he could
expect a certain number of connective tissue lesions If he damaged the
amimal by other means simultaneously, he potentiated the development of
these lesions If the pathogenetic mechamsm were truly through the adrenal
cortex alone 1 the manner postulated, why would exposure to cold or
fatigue increase the number and severity of the connective tissue lesions
described? It would seem more logical to refer all these influences to the
hematoparenchymal arena primarily.

In a similar sense, the fact that certain drugs may alleviate clnical
symptomology does not necessanly indicate that they are of consequence
with regard to etiologic considerations, It is possible, obviously, to affect
certain aspects of the pathologic process, say salt retention ot capillary
permeability, and be mitigative without having any signiftcant meaning
with regard to the basic dysfunction or etiology.

To appreciate more fully the mmpheations of the hypothes:s of the
serous nflammatory process, we must review the anatomy of the con-
nective tissue We recall that the morphologic elements include cells, fibers
and ground substance arranged mn chfferent proportions in the various
“organs” of the connective tissue system-bone, cartilage, areolar, etc. Fibro-
blasts, mast cells, mesothelial or serosal lining cells and reticulo-endothelial
cells represent some of the cellular components Collagen reticutum 2nd
elastin are the fibrllar structures The ground substance, though not al-
ways visible, is a jelly-hke structure in which these other elements arc
embedded

Mere listing of the anatomic structures does not give us an jdea as 0
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the reactivity of the tissue, We shali not discuss the functions of the vigor-
ous reticulo-endothelial system, however, because of space limitations, Its
role in degenerative discases of the connective tissue has been discussed
recently {Acgerter & Long, 1949}, We will concem ourselses chiefly
with certain of the chemical and physical properties of the ground sub-
stance particularly becanse we behese these characteristics are particularly
germane to the path of certain d levions.

The amorphows ground substance of the connective tissue is a jelly-
hie substance because st contams hydrophdic collords. Chemucally, these
colloids are polysacchanides and they contain acid groups such as sulfate,
carbaxyl or acetyl, For these reasons, these substances are known as acd

pot harides (AMP) Hyal aad, chondrottin sulfuric aad,
heparm and mucoitin sulfuric aad are examples of this type of compound
The jelly-like character of the materal is related to the degree and asym-
metry of pol “When the compounds are depolymerized, thewr
viscosity is destroyed and their jelly-like character is lost. (Meyer, 19473
Clarh & Clark, 1933, Bensley, 1g34).

Th recent years, numerous researches (Chain & Duthie, 1940, McClean,
1930) have resufted in the identification of the “spreading factor” with
hyaluronidase, an enzyme complex capable of depolymenzing and partially
hydrolysing hyaluronic acd, one of the mucopolysaccharides of the ground
substance. The action of the spreading factor, then, is believed to be due
to the decrease in the viscosity of the ground substance and a lowerting of
this mechamical barner. In spite of continued work on the subject, the
significance of bvaluromdase m phusiologic and pathologic and pharma-
cologic anti-hyaluronidases remains obscure (Glick & Gollan, 1948 ; Good
& Ghick, 1950)

Schade belicved that the extracellular connective tissue components,
the ground substance and fibers, were importantly muolved not only in
uswue permeation but also i water-electrolyte, acid-base and csmotic
cquilibna. The essential features of his view are that the two clements—
the fibers and the ground substance-act as a two-colloid system whose
mdudual p are frequ 3 isic so that thar “regulator”
actiyity 1s d Fig 21l some of the properties of these sub.
stances

P

In addition to these tabulated factors, specific ions are of some in-
fluence m determimng the collowdal state of the connective tissue Increase
in the concentration of the sodium ion, for cample, 15 accompansed by

e
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mcreased dispersion of the colloid and water retention whereas an accu-
mulation of potassium or calcium s followed by shrinkage and loss of fluid.

The charactensstically described movements of water and electralytes tn
serous inflammatory lesions (Kaumitz, 1936) tend toward dispersion of
the colloid and decreased viscosity, and, indeed, these latter findings have

ALKALI EFFECT ACID EFFECT

Fig 2

been described m rheumatoid arthritis (Ragan & Meyer, 1949). Smce the
reporting mvestigators did not describe associated electrolyte, jonic or pH
changes, their conclusion that there is an abnormality in the formation of
mucin 15 not entirely acceptable as yet.

The acid mucopolysacchanides when polymerized have the property of
inducing metachromasia with certain basic aniine dyes. Metachromasia
(meta, change + Gr. chroma, color), of course, refers to the property of
staiming a tissue element a color different from the original dye. Thus,
toluidine blue, a blue dye, stams acid mucopolysaccharides a reddish-purple
color. This “histochemical™ test has been most useful.

In a survey of a2 number of pathologically occurring and experimentally
induced lesions (Altshuler & Angevine, 1951}, it was determned that the
acid mucopolysaccharides or metachromatic substances were produced
frequently m the subacute stages of the serous inflammatory lesions. As
examples and to indicate the scope of the process, these substances are
manifestly increased 1n lesions associated with rheumatic fever, rheumatod

arthritis, di 1 Iupus erytk ; in patients with diabetes,
dema and p ¥» after prolonged adminstration of estrogens,
drogens, desoxycorti and lyophilized anterior pituitary extract

Clearly, the formation of these jelly-like substances cannot be correlated
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with any particular extrinsic agent and the nssue itself must be examined
to determine the pertinent factors.

In many, lesions assoctated with an increase in A MPs, an increase
1n mast cells may also be cbserved, This has led some investigators { Ashoe-
Hansen, 1950, 1952) to belicve that the mast cells may actually produce
the amorphous ground substance. Thus is somewhat dufficult to visualize
chemically and besides, 1t may very well be that those mfluences which

the | of aad P handes of the ground sub-
stance may also act simlarly to produce the intracellular mucopolysac-
chande of the mast cell.

To understand the sigmficance and the nature of the tissue metabohc
alterations associated with acid mucopolysacchanide formation is, of course,
Tughly desirous and essential for real advancement 1n the problem of de-
generative discases For 1t is 1n this sphere that the promise of chemothera-
peusis now secms most bnght ACTH, cortisone and vitamn C studues,
although far from the final answer, have given substance to this fanciful
dream.

A study of the serous nflammatory lesions supphes us with many
interesting leads in this regard It seems that the pelysaccharides in question
are most easily found 1n tissues which have a relatively poar vascular
supply The metabolsm of these tissues (designated bradyotrophic by
some) 15 charactenzed by an imcreased glycolysis' (Dickens & Weil-
Malherbe, 1936, Lipmann, 1942)

Bradyotrophic tissues (cartilage, synovia, renal medullary substrate,
mtestinal mucosa), as stated, are charactenzed by the abihity to produce
acid mucopolysacchanides Neoplastic (Dickens & Weil-Malherbe, 1936,
Warburg, 19305 Lipmann, 1g942), embryonal (Philips, 1941), partally
anoxi¢ and inflamed tissues (Kaunitz & Selzer, 1938; Flechenstein, 1944)
share this pmpeny of d gheolysis and,

y, they too may
contain i\ ies of acd polysaccharides It seems, there-
fore, that gwven the necessary synthetic enzymes (Iibroblasts, intestinal
glands, e g.} and substrate, ncreased glycolysis may potentiate acid muco-
polysacchande formation.

Since lactic acid is formed n the ghycolyuc mechanism, 1t became of

* Glycolyns refers to the breahdown of carbohydrate with the formation of lactic
acid Respiration refers 1o the complete oxidation of the carbohydrate through the state
of pyrusic acid with the formation of the end products of carbon diovide and water
{Fr 3)
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interest to determine whether this substance might not act as a building
block for the polysaccharide. In an effort to determine whether this was
true, radiolactate (Zn (CH,C*HOH CO,), 3H,O) was repeatedly in-
jected into the knee joint of a rabbit while serous inflammatory lestons
were bemng induced Although production of AMP could be shown sub-
synovially in these animals, autoradiographs and direct counts on tissues
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Fig 3

and synovial fluid failed to reveal any significant incorporation of the
radioactive carbon. (Altshuler, 1953).

This finding may be constdered to be in harmony with these of Topper
and Lipton (1952) and of Roseman et al. {1952), who mdependently
shawed direct fixation of glucose — 1 — G into the acid mucopolysac-
charide (hyaluronic acid) capsule of streptococcus hemolyticus. Whether
these findings are applicable to humans, however, remams to be deter-
mined

Some interesting evidence 1s at hand concerning the glycolytic mechan-
1sms in connective tissue, Lutwak-Mann (1940} has shown that it is dif-
ficult to get the usual fluonde effects in cartilage (possibly due to the pre-

sence of calcum or ), that diphosphate breakdown oc-
curs at a pH greater than 7 4 a finding that may be pertinent because
serous i y lesions are jated with increasc in ussue pH

(Knepper, 1937, Koller et al, 1934); that methyl glyoxal may be a
breakd, product of h diphosphate in the

normal intermediate



GENERAL PATHOLOGY 187

formation of lactic acid, see also {Salem & Crook. 1950) ; that jodacetic
acid, salicylates, bile salts and cincophen are without marhed effect on the
utization of the phosphorylated sugar derivatives. These findings are pro-
vocative and suggest a possible vanant of the usual ghycolytic mechansm
in connective tissue

The metabolic zlterations of the tissue are undoubtedly conditioned
significantly by concomitant electrolyte, nutritional and hormonal in-
fluences, and it is of some mterest to recall that one electralyte abnormality
mvolves an increase 1n tissue sodum App 1y, then, the Na-mbib
of glycolysis reported by Utter (1950) mn the bram preparations may not
apply to connective tissue. Diets rich 1n sodium are said to potentiate the
serous mflammatory lesions whereas low sodium diets are believed to
ameliorate some of the changes

Sirmlarly, abnormalities 1n vitarun B (Eppinger et al, 1935, Eppmnger,
1949), pyndoxme (Runehart & Greenberg, 1950), and vitamin C metabol-
1sm are reflected 1n changes of the connective tissue The work of Wolbach
and collaborators {1926, 1933) mdicated the importance of ascorbic and
in the metabolism of the mtercellular matenal, Vitamin C was thought to
be necessary for the prod and of these sub It
15 of interest to nate, however, that the action of ascorbic and may be
in the stage of conversion of the ground substance to collagen rather than
m the formation of the metachromatic matenals (Robertson, 1952). In
scotbutic guinea pigs, for example, abundant chromatropic material may
be seen n the lesions but collagemzation 1s impaired {Altshuler & Ange-
vine, 1951 ). However, contrary opuions have been eapressed (Penney &
Balfour, 194g).

Prabably the hormonal effects on connective tissue have attracted the
moast attention The dramatic relief of climical tmportance of ACTH and
cortisone { Hench st al, 1949). Studies with these substances have indicated
that they impair wound healing and the normal desmoplastic reaction to
Timit infections Here agan much of the impawment of the normal con-
nective tissue Teaction 1s believed to be a matter of defectne fibrllogenesis

and/or the defective production of acid polysacchanide (Taubenh
& Amromin, 19493 Plotz et al, 19505 Spain et al, 1950). Desonycorti-
costerone, thyroid, and and; are also of q (3

As stated, numerous studies dealing with the pathogenesis of the de-
generative lesions of the connective tissue have indicated the basic similar-
ities referred to above, and have stressed the importance of the ground
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substance in the process. For example, Klnge (1933) and Bahrmann
(1937) emphasized the role of the ground substance in fibrinoid forma-
tion, Aschoff (1g21), Hueck (1938), Faber {194g) and others were con-
cerned with the metachromatic substances in the pathogenesis of arterio-
sclerosis, Volland (1936) and KneZevié {1944) related them to amyloid
or paramylodd formation, and Loeschke (1927) and Leupold (1g25)
1 1 the b iﬂ hyali ion
The exact mechamsm by which these pathologic changes occur in the
connective tissue 15 not known but the chemical properties of the acid
mucopolysacchandes have suggested certain possible reactions, some of
which follow

(a) Protemn reacting as a base -}- AMP — protein — AMP complex
(Meyer et al, 1937)

{b) Complex protemn -+ AMP — protemn — AMP complex - liber-
ated group, eg, cephaln-protein -~ AMP — protein - AMP
complex - cephalin (Chargaff, 1938, 1942).

(¢) Hydrophilic colloid - AMP — hydrophilic colloid -+ AMP

(dispersed ) (flocculent)
(Cohen, 1942).

(d) (collod) + (AMP) — (collod — AMP) (Bungenberg de Jong,
(coacervate)
1936 and Koets, 1936).
(e) Carbohvdrate + primary or secondary amine — nitrogen glycoside

(Isbell, 1943) eg :

< AL

N.__, +
HCOH T
’ Ht;:DH

To illustrate some of the problems involved in the attempts to deter-
mine the pathogenesss of the connective tissue lesions, we should like to
review briefly some of the recent work on fibrinoid.

Furst, you will recall that the term fibrinoid refers to a homogeneous
eosinophilic, refractile, relatively acellular band-like structure which has
some of the tinctoral properties of fibrin The material occurs in many
diseases affecting the connective tissue. It may be found in the so-called
diffuse collagen diseases, mcluding rheumatic fever, rheumatoid arthritss,
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d d lupus er periarteritis nodosa, in the bases of
peptic ulcers; 1n placentae; in the vascular lesions of malignant hyper-
tension It also may be seen following a number of non-speafic damagmg
stimuh

It has been stated a number of times that fibrinoid 1 probably not
2n identical substance, m a chemcal sense, i all lesions The age of the
lesion, the anatomic site where 1t is formed and the method of damage
probably all conttibute to the exact composition of the matenal Con-
tinued experience, howeser, has mdicated that the matenal generically 15,
quite simifar  For that reason, 1t seems reasonable to apply a broad spec-
trum of observations i an aftempt to determine 1ts pathogenesis

The pathogenetic mechamsms that have been championed 1n the past
include (a) necrosss of collagen (b) precipitation of the ground sub-
stance (c¢) exudauon of fibrin or some other factor present 1n blood or
(d) any combination or combmations of the above

The authors (Altshuler & Angevine, 1949) have expressed the opmion
that fibninoid forms by the co-precyptation of the AMP of the ground
substance with a protemn acting as a base

The arguments for thus belief were.

{a) the temporal, spatial and configurational relationship of fibrinod
and metachromatic substances,

{b) the positive polysacchande reactions of fibunoyd with penodic
acd leuhofuchsmn ,

{c) the mncrease m tissue pH and the Liberation of alkaline substances

1 lesions generally associated witht fibninoid formaton,

the failure to obtam consistently postive fibnn (phosphotungstic

acid hematoxalin), Lipoidal or Feulgen reactions in the fibrinoid

material, and

(e) the occurrence of hbrinoid or fibninoid-hke structures in areas
where necrosis of muscle or of collagenic, reticular or elastic fibers
cannot occur or where its occurrence 1s unlikely This opinion, it
was stated, could onlv be conclusively established by the 1solation
and chemical analyses of fibriod matenal Irom vanous anatomic
sites

(d

Since that report, manv other studies have been made available Using
a “controlled” staimng technique which 15 said to indicate the apparent
woclectnie point of protemn, Singer et al (1948) were unable to distinguich
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between fibrin and fibrinoid. A similar study was reported by Sokoloff et al.
(1951) who were also unable to differentiate the above materials from
collagen on this basis The authors believed that these findings detracted
from the that i d eosinophilia of the fibrinoid substances
mdicates the participation of a basic protein in its formation.

Other methods have been more successful in demonstrating a difference
between these various structures. Kellgren & colleagues (1gs51), for ex-
ample, showed in comparative histologic sections, electron micrographs
and X-ray diffraction patterns that fibrinoid could readily be distinguished
from exther fibrin or collagen

Glynn & Loewi (1952) corroborated the older observation of Schloss-
mann (1g42) that fibrinoid was resistant to tryptic and peptic digestion,
whereas, fibrin is readily solubibzed. They also distinguished fibrin from
fibrinoid by the argyrophilic properties of the latter substance. Parenthetic-
ally 1t may be of interest to recall that certain in vitro acid mucopoly-
saccharide protein complexes are resistent to protein digestive enzymes.

It 1s true, also, as stated by Dempsey (1950) that fibrin will give 2
positive reaction for aldehyde as deterrmned by the periodic acid leuko-
fuchsin techmque Indeed, Consden & Stanier (1952) have been able
to 1solate carbohydrate from punfied fibrin This reaction, therefore, should
not be used to distinguish fibrin from fibrinoid and was not so mtended
by the authors 1n their study on the pathogenesis of fibrinoid.

Further unpublished histochemical studies have been carried out by one
of us (CHA) Smce tryptophane and tyrosine are not present to any ap-
preciable degree in collagen, it became of interest to determme the content
of these amino acids m fibrinord. Histochemical tests (Pearse, 1953 ; Glick,
1949—using the Voisenet-Furth and Millon reactions) for these substances
were appled to tisue sections rich in fibrinoid material The reaction in
fibrinoid is strongly positive and on these sections the degenerative material
can readily be disunguished from the surrounding collagen These tests,
again, will not distingwish fibrinoid from hyaline—like material occurring
in blood clots.

The sulthydryl reactions using tetrazotized diorthoanisidine (Barnett &
Seligman, 1952) and the reaction with 2,4 dinitrofluorobenzene (2 mod-
fication of Danielli, 1950) were also positive.

The latter reagent is beleved to react in the following manner:

It can readily be shown, as stated, that fibrinoid reacts strongly with
this material and forms a highly colored product. This test was mtended
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to demonstrate the free amino groups i the protemn but, unfortunately, the
required preliminary destruction of the sulfhydryl groups with peroxide
had not been carried out Thus, fmal interpretation of this result 1s not yet
avalable

Certam mucrochemucal studies have alko been published. Consden &
co-worhers {1950) studied the composition of fibrinoid from freshly exaised
subcutaneous rheumatoid nodules These were separated as far as possible
from surrounding connective tissue and then were washed, dried and
defatted Collagen was removed by autoclaving with water {Lowry et al,
1941) and the residues and extracts were analyzed for hydroxvprohne,
tryptophane, tyrosme and reducing sugar Parallel analyses were carned
out on normal subcutaneous connective tissne The results are as follows*
(expressed as amuno aad N as percentage total N).

Normal Connectite Tissue Extract Resdue
Hydroxyproline 82 1
Tryptophane oo -
“Tyrosine oy 25
Reducing sugar s -
Fibrinord Extract Rendue
Hydroxyproline 76 oy
Tryptophane oo 08
TyTosine 16 34
Reducing supar 29 27
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Before analyzing these data, it must be assumed that the “fibrinoid"
examined is far from “pure” matenal A glance at the histologic section
from a rheumataid nodule indicates the difficulty in obtaining such a pre-
paration by simple gross separation. Thus, the hydroxyproline present in
the extract of the fibrinoid maternal may well indicate that collagen was
present 1 the sample analyzed and not that 1t was a necessary component
of the fibnnoid matenal. The same argument applies to the content of
elastic tissue as indicated by the hydroxyproline of both residues Hydroxy-
proline, of course, 1s present 1n significant amounts only in collagen and
elastic tissue

For purposes of calculation, the authors then assumed that fibrin was
present 1n the fibrinoid material and showed that, even if it were, 1t would
not account for the relatively great quantities of tyrosine present. It 1s to be

bered that (a) tryptopl and tyrosine is either totally absent or
is present in small amounts in collagen and (b) the tryptophane to tyrosine
ratio m fibrin 1s 4: 7 (Haurowitz, 1950). Thus, even if all the tryptophane
present would be assumed to have been denved from fibrin, the origin of
much of the tyrosime would be unaccounted for.

M pi lons and histochernical tests also indicate the
difficulty of nterpreting the meaning of the values found for the reducing
sugar, Since abundant free polysaccharide is present in the rheumatoid
nodule adjacent to and mtermingled with the fibrinoid (Altshuler &
Angevine, 1949), the finding of reducing sugar in the extract and residue
needs correlatne histologic data and better sampling techniques before it
can be said to be an integral part of the fibnnoid material.

The work of Ziff, Kantor, Bien & Smith (1953) complements the
above fmdings. In this study, fibrinoid was extracted from subcutaneous
nodules by either dilute alkali or trypsin (Longer extraction periods,

TABLE o*

Effect of Ground substance Collagen
Hydrogen 10ns shight swelling strong swelling
Hydroxyl 10ns strong swelling shight swelling
Disulled water strong swelling shrinkage and

coagulation
Dilute salt solutions strong swelling slight swelling
Concentrated salt swelling
solutions shrinkage

1 Modified from Schade
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- 1l

1 shaking and in the state of the sample is said to
account for the difference in the action of trypsin) The hydroxyproline
content of the extract was then pared with the hydroxyproline content
of the whole nedule. The authors also compared the relative areas of coll-
agen and fibrineid on projections of the microscopic sections From these
T the jon of fibrinoid per gram of wet
llssuc was Calcuh(cd From the hydroxyproline content of the fibrinoid
extracts, and the concentration of fibrinoid mn the untreated tissue, the
maximum percentage of collagen in the fibrinoid was calculated

From the data obtamned mn this manner, the authors conclude that 1f
collagenous matenial 1s at all present m the fibrnad of a rheumatoid
nodule or in synovial membrane (Bien & Ziff, 1951) 3t was present m
neghgible quantities

Thus, though the final chapter has not been wntten, investigations have
revealed some of the participating chemical elements and a clearer nsight
15 bemng obtained in the formation of fibnnoid It appears that fibnnod 15
distinct from both collagen and fibrin, and that the amorphous ground
substance of the connective tissue probably participates in sts formation
It 15 definnte that a protemn 1s mvolved n ats formation The alkaline nature
of this protem, however, cannot be said to have heen established with
certanty, although no conclustve proof has negated that possibility

The above discussion, we know 15 only of heunistic value but 1t 1s cur
hope and belef that ths approach to connective tissue lesions may ad n
the planning of mvestigations and n the critical evaluation of chmcal and
expenimental data
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CORTISONE, ASCORBIC ACID AND
CHANGES IN THE RETICULO-
ENDOTHELIAL SYSTEM

WITH SPECIAL REFERENCE
TO THE PATHOGENESIS OF AMYLOJDOSIS

Guxnar Temoy
Unnersity Insutute of Pathological Anatorny, Copenhagen, Denmark

Introduction

AFTER THE INTRODUCTION of cortisone and corticotrophin into the field of
rheumatic and pararheumatic diseases it was found that these hormones
would modify changes of connective tissue in natural diseases as well as in
expenmental conditions There is still another mesenchymal derivative
which may play an important role in mesenchymal diseases, being invohed
in the synthesss of protein, the production of antibodies and the develop~
ment of certam charactenstic lesions, such as amyloidesis and hyalinosis
This 15 the so-called reticulo-endothelial system comprising a specific tissue
substance of the spleen, lymph nodes, bone marrow, liver, and ather organs.
Factors controlling structural and functional changes of reticulo-endothelial
cells, and basic in the pathogenesis of amyloidosis and related conditions,
will be the main subject for discussion,

Nucrre Acip aND SyNTHESIS of PROTEINS AND ANTIBODIES

Systematic tmvestigations carmied out by Caspersson et al. and by B”'d‘d
have yielded important contnibutions to the guestion of the c)wchcn}lsm'
of the proten formation Brachet (rg40) showed that the basophilia of
various cells depended on the presence of ribose nucleic acid. Cells d_l“
were heavily stainable with pyronine lost this property after treatment with
ribonuclease. The studies of Caspersson et al, {¢f. bibliography 1950) have
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led to the theory that the synthesi> of protein is related to nucleic acd
With special spectrographic and cytologic metheds he and other imvesu-
gators have obtained evidence from which 1t would appear that the multi-
plication of chromosomes is associated with the formation of desoxyribose
nucleic acid, whereas the production of cytoplasmic protem 1s linked with
that of nbose nucleic acd It 1s known that ribose nueleic acid occurs
largely n cytoplasm, but also in nucleol, whereas desoxvribose nuclexc acad
15 restricted mainly to nuclel

Scandinavian workers, at first Bing & Plum {1937), Bjomeboe &
Gormsen (1943), and Fagracus {1948), demonstrated relationship be-
tween plasma cells and antibody production, and it may be assumed that
the proliferation of cells of the plasmacytic type 15 associated with the
production of antibody globulins Whether these are produced by immature
or matare plasma cells, or by both, 1s still uncertain

HyALINOSIS AND AMYLOIDOSIS

Studies on b and loidosis m hymal
diseases, mcluding cases oi probable hypersensitnaty and associated wnh
hyperglobul showed an of plasma cells and other
mcscnch)‘mal derivative cells showing a pyronine-poutive matersal in eyto-
plasm duning the active stage of disease {Teillum, 1948) Studies of
sections from acute and subacute gl loneph and ¢ loid
lesions 1n the kidney d with hyp bul showcd, m addi-
von to ph 3\ \ phalia of prot cells of
the glomeruli in the kidney, the ad\enmn of the vessels etc. Tranutions
from such cytopl; changes to prehyal hvalime or p: ylod sub-
stances were obeerved in a number of cases

Cases of probable hypersensitinity to sulphadiazine showing a wide-
spread pl and hyperglobul ia have later been reported by
Robertson (1950} Klen & Block {1g53) reviewed the relatondup bes
tween marraw plasmacytesis, levels of plasma globulins, and the clinical
conditions with which they are associated

Isiuervory Efrect oF Cortisone o8 Pyronmornuic Mesencuviar Cets
Adrenal cortical hormone of cortisone type has been <hown 1o cxert a
pronounced ntubitory effect on plasma cells and other pyromnophilic cells
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Fig. 1a
Actumulations of plasma cells un the spleen of hyperimmunuzed rabbit

Fig 1b,
Marked seqression of plasma cells i the splecn of the same anumal after injection of
20 mg cortisone acetate daily for 6 days Pyronine-methylgreen stain
(G Telum, H C Engbzk & M Simonsen: Acta endocrimol, 5, 181, 1950).

in various organs Admunustration of cortisone (20 mg in daily hypodermic *
mjections for 6 days) resulted m a widespread regression of the pronounced
accumulation of plasma cells (Fig. 1a, 1 b) in the spleen of rabbits im-
munized with a formaldehyde-hilled Pfeiffer bacillus culture given in three
weekly intravenous injections for several months (Teilum et al, 1950). In
the ammals treated with cortisone there was a marked rise in the a-globulin
fraction and a less pronounced fall 1 the y-globulin.

In rabbits hyperimmunized for periods varying from seven to 16 months
the full picture of glomerulonephritis comparable with the natural disease
(EllS's type 1 and tpe 2 nephritis) was achieved in some cases. The
proliferating cells of the glomeruli in acute glomerulonephritis (type 1}
displayed a pronounced pyroninophilia which was abolished by trcntmc_nt
with ribonuclease The morphological lesions could be attributed to definite

3! v cellular i ¢ lled by adreno-cortical hormone. The
effect of cortsone was observed in histological examinations of repeated
biopsies from the Lidney and the spleen. The administration of this hormone
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Fig 22

cells (showsng ps P matenal 1 cytoplasm) of glomerult in
acute expermental glomerulonephntis 1 rabbit (biopsy 1)
Fig 23
Biopsy 11 Marked regression of pyroninophibic cells nside and outside the glomerulus
and formation of homogeneous precipitate 1n the tufts after ijections of cortisone acetate
(G Teilum, H G Engbak, N Harboc & M Simonsen J Chin Path 4,301, 1951)

resulted m 2 marked regression of pyronincphilic cells inude and outside
the glomeruli (Fig. 23, 2b), and p a ion to } g
1n the tufts, approaching the picture ch of type 2

nephntis (Tedum et al, 1951) The findings indicated that the adrenal
cortex 1n some way conditions the response of the glomerular tufts in
antigen-antibody reactions In cases comparable with type 2 nephritis
turther homogeneous material was precipitated in the tufts, whereas the
number of cells decreased

The admunsstration of cortisone in these experimental conditions re-
sulted 1n a hibti Lferati

P of p senchymal cells in the
perifolhcular zone of the spleen and in the glomerul: of the kidneys and
the appearance of a hvaline or homogeneous amylowd-hike substance



200 GUNNAR TEILUM

Pathogenesis of Amyloidosis

The varying results i stamning reactions suggest that amyloid 15
not a uniform chemscal substance, but a senes of closely related protein
compounds (Hass et al, 1943) Its composition may vary from one case
to another and even in different areas withm the same case. Amylod
15 ily considered to be a compound of a_globulin and a mucopoly-
saccharide In secondary amylordosis, Hass (1942) identified two slightly
different proten fractions and a sulphate-bearing polysaccharide, and
showed that only 1~2 per cent of the amyloid substance is of carbohydrate
nature Conditions mn which secondary amyloidosis may develop have often
been found associated with hyperglobulmaemia. Johansson & Wahlgren
(1938) have shown that amyloid gives a distinct metachromasia with
toluidine blue; this 1s considered a criterion of the presence of sulphuric
acid ester of 2 ngh molecular weight, probably chondroitin-sulphuric acid,

Amylordosis has been produced experimentally by vartous means, in-
cluding repeated parenteral injections of bacteria, antigens, casein, nuc-
leotides, human serum, sulphur, etc. The subcutaneous njection of nutrose
(sodium caseinate) mto mice, a method introduced by Kuczynshi (1923},
has been shown to be a most effective way of producing amylodosis

Errects or CORTISONE AND NITROGEN MUSTARD IN INDUCING ABIYLOIDOSIS

Experimental observations by Tejlum (1951, 1952) have lmked amyl-
oid formation with a suppression of pyronine-positive mesenchymal cells
which are in a protracted stage of active proliferation, the process being
apparently controlled by the mteractton of ascorbic acid and adrenal cor-
tical hormone resembling cortisone

It was demonstrated that cortisone and_ corticotrophin_exert_a.pro-
nounced effect n inducing {or promoting) the deposition of amyloid In
mice, treated over a period of weeks with

jections of sodium caseinate,
nsufficient to cause formation of amyloid in the spleen (verified by bisto-
logical examinations of biopsies), subcutaneous injections of 03 mg of
cortisone daily for four to five days promptly resulted in the appearance of
amylord in the spleen {Fig 3 a, 3 b). Cortisone also induced amylowdosis
when given simultancously with caseinate, whereas the treatment V:’ilh
casen alone did not produce amvloid deposition within the same period.
After mjections of casemn for a few weeks the spleen showed marked ac-
cumulations of pyroninophilic reticulo-endothehal cells, ncluding many
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plasma cells, when stamed with Unna-Pappenheim's pyronine-methyl-
green method

The pyroninophilia first appeared in the penfollicular zone of the
spleen, whereas reticulo-endothelial celis of the lver and the glomeruli of
the kidney were mnvolved later and only very sl;ghtly

Obyously, the amyloid depoution follow ion of pyroni
philic cells by cortisone first occurred in the same sntcs as the preceding
pyronmophihia

These findings cannot confirm the interpretation of amyloid as a
process of nfiltration or precipitation from the blood at the level of the
reticulo-endothelial system, as it has been postulated by several workers

Since the principal systermie effect of the mustard compounds (a de-
generation of the haemopotetic organs leading to involution of the spleen,
lymphatic tissue, and the thymus) 1 manjy respects resembles the depressive
effects of cortisone, the possibility was explored that nitrogen mustard, like
cortisone, might promote amyloid formation under certamm condiions. In
mice, previously treated with mjections of sodium casemate for several
weeks, three injections of mitrogen mustard (NH,)-—each equivalent to
2510 5 mg per kg body weight—mduced an almost diffuse amylod de-
posiion 1 the spleen {Teilum, 1954)

Altogether, there 15 evidence of inhibition. of cellular prohferation in
the reticulo-endothelial system to account for amyloid formation induced
by vanous means { cortisone, mitrogen mustard)

The finding of proncunced pyroninophiha m the spleen and other
organs, preceding the stage of amylod formation, 15 1 goed conformaty
with the studies of the electrophoretic pattern in mice during the develop-
ment of expenmental amylosdoss Letterer (1949) thus found a higher

lobulin increase in lod ffected mice than in nonsaffected mice
after fifteen injections of nucleic acid Bohle et al (1930) found that the
v-globulin values in the serum rose sharply after twelse to twenty -
Jections, whereas after thirty injections they were lower than the normal
values,

Vv Ascormic Acip anp Citances 1N Tiie ReTicvro-ENDOTHELIAL SysTEM
The main cffect of expenmental ascorbic acid deficiency has long been

known as an mabxln_y of the Quppomng tisue 10 produce and maintan
intereellulr_substances. Gollagen fibres :\r: _hot formed, and the ground
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Fig 3a¢
Biopsy of spleen 1n mouse treated with casein injections for several wecks
and showing no signs of amyloidosts

Fig 3b
Marked amylodosis 1n the same ammal after further administration of 03 mg cortisonc
acetate daily for 4 days (Terlum, 1951, 1952)

substance 15 present in a depolymerized-state {Gersh & Catchpole, 1949),
leading to low viscosity and water solubility, which may account for the
elevated serum levels of glycoprotem (Pirani & Catchpole, 1951) The
connective tissue shows proliferation of a large number of mesenchymal
cells which fail to mature A priori, 1t would be expected that also the re-
ticulo-endothehal system was involved 1n the general dysfunction of mesen-
chymal tissue characteristic of vitamin G deficiency.

Pirani et al. (1949) observed marked amyloid deposition in gumnea
pigs fed on scorbutogenic diet for eight weeks or longer. Six out of seven
animals of this group showed distinct amyloidosis, and in those showmg
amyloid deposition the spleen was severely involved, the hiver moderately,
and the adrenal cortex only very shghtly involved in a few cases. Accord-
ing to these workers, thewr observations do not warrant any positive con-
clusion as to the posstble role of ascorbic acid in the pathogenesis of amyloid
deposition, but they point out that amyloidosis has not been produced
previously in animals by means of a deficient diet.
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Teilum ct al {1953) studied the changes in the reticulo-endothelial
system m scorbutic guinea pigs, and found an initial proliferation of plasma
eelis 1n the spleen (Fig. 4), followed by reticulosis and deposition of an

1 in a later stage {Fig 3). At that time,

Bve o
EL L TSI R
Fig 4

Tnitiaf probferation of plssma celis rr the spleen 1 scorhutic guines pig
Prromae-mrhylgreen stain
{G Telum, N Harbor & 7 Lirck Acta path et rucrobiol scandinav 32, 109, 1953)

P phia had disappeared, and the mphod tissue showed atrophy
with 2 marhed reduction in the size of the malpighian bodies and the
number of celiular elements. Prolonged admumistratson of ascorbic aad
caused a reappearance of plasma cells and a proncuniced merease of the
famphosd tissue an the spleen, which was ascertamed by iopsv. The electro-
phoretie studies of the sesusm grotems m animals with chrome scuryy showed
a decrease of albumm and a marked nse  the a-globubin fracton,
Pancipaliy, the dectroph pattern corresponded to that folloning the
adrunstration of cortsont to hypernmmunzed ammals

In hvpenmmumized rabbits, teo, showing regresaon of the pyromino-
phila of the spleen, ascortic acid induced a marked reappearance of
prrompophilic cells (Tedum, 1952)

Obviouds, adrena! cortseat hormone and ascortie aad mav influence
the proten wnthesis of reticulo-endothehal cells i a remarhable way. In
mast cases these ellects are antagonistic Eudenth, the cellular reaction of
the retrend dothelial sytem in cxpery

1 ascortie acid dificiency
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comprises two phases: A primary stage of proliferation followed by a

dary stage of suppression of cellular el omparable with the

reaction of the connective tissue in scorbutic animals.,
The marked accumulation of plasma cells in the spleen and other
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Fg 5
Depostion of PAS-p substance 1n spleen 1n chrome scurvy

(G Telum, N Harboe & H Lieck Acta path et microbio] scandmav 32, 109, 31953)

organs m the acute stage of scurvy (Teilum et al, 1953) seems to be of
mterest, not only m connection with the development of amyloidosis in
this condition As the systemic mtoxication induced in expenmental scurvy
resembles 2 pattern of organic changes in mesenchymal diseases and those
observed under conditions related to stress, the possibility of a local ascorbic
acid depletion as a basic factor mn the genesis of mesenchymal and reticulo-
endothehial reactions mvolved m a wide variety of disorders has been con-
sidered (Teilum, 1952). Fagraeus (1948) noted marked plasmacytosis in
rabbits after injection of antigens, this effect being distinctly accentuated in
ammals which had been previously sensitized Long (1950¢) found that
ascorbic acid nfluenced the secondary but not the primary immumty
response. While the occurrence of plasmacytosis m infectious and allergic
idered as an i reaction, pl tosss of the

disorders may be ¢
haemopoietic organs has also been found in other conditions, e g. in atomic
energy casualties (Liebow et al, 1949) and in chronic radum poisoning
in rats (Thomas & Bruner, 1933). Dogs subjected to whole-body X-ray
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wradiation regularly showed repk of lymph in Jymphoid
nssue by cells of 2 type that meets some or all of (hc morphologmc cnteria
of the plasma cells (Wohlwll & Jetter, 1953).

Esen though the problem remains esentiadly unsohed, the marhed
plasmacytosis 1n €xf 1 vstanun C delick condd explan the ap-
parently nonspecific nature of plasma cell response. Accerding to this
theary the smilartty of esseatial alterations m stress phenomena in general
and the changes m scurvy should be traced back te a common elfect of
astorbic acid depletion as a Tesponse to a variety of suess conditions. In
ttus connection, attention should also be pard to Dugal & Thénen's rh-

senvations {1949) that, when large doses of ~en- ! a
guinea pigs, enlarpeme=s * . - . Ve
although the ang o untreated controls,

FREQUENGY AND SIGNIFICANGE OF Astviombosts IN Ruetavatic Disease

Whereas amylowdosis has been samly considered a complication in
chronie infectne, tssue-destructine processes, such as tuberenloss, osteo-
myehns and chronie bronchiectasis, a vumber of cases of theumatod
arthntis and Safl's dreeace asvxcrated weth amvlordosts have been obsened
Our own senes (Tedum & Lindabl, 1955} showed an exceedingh fugh
frequency of thws compheation, as 17 out of 28 cases (61 per cent) of
theumatowd arthritts {not treated with cortsone ar corticotrophin) huto-
logicalls showed amnlord lfesions, Depositions of seserc or moderatels
severe degree were present m 10 cases (35 per cent), whereas milder
fevions were 1evealed in further 7 cases Among the 17 patents with
amlod changes there were 13 who had atbummurta (76 per cent}, and
m all cases of athumouria hetologically varymg degrees of amsloid de-
position were found  Uraemia accounted for death s 25 per cent of all
cases Juas worthy of note that amylordons had been diagnosed chnteally
w1 onhy 1 case, at avtopsv in onlt 3 cases An improvement of the jowe
smptoms occurred stnkinghs often at the time of onset of albummnuna,

an snhid: of attive ph n the disease

Conudenng the hagh maidence of amylod fesions 10 our series, the
diagnans of amvlowasis s jusufied m a patient who has had rheumatord
arthnys for a considerable period of time and who begins to excrete
moderate to large amounts of albumin in the urme withowt evidence of
other remal discase to account for the a¥buminuna,
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Following prolonged cortisone treatment of rheumatoid arthritis which
had set on 3 years earlier with pericarditis and acute rheumatsm (in a
2g-year-old man) West & Newns (1952) found development of an enorm-
ous amyloidosis m the liver, which at autopsy contained g5 per cent of
amyloid substance and werghed 6470 gm Possibly a suppression of a marked
fibroblastic proliferation of the liver associated with the pericarditis may
account for the elective localization and degree of deposition in this case.

Generally, amyloidosis seems to be hnked with a dysfuncnon of

mesenchymal tissue. Its polysaccharide p and
staimng with tolwmdine blue indicates a near relation to the ground sub-
stance of connective tissue Metach ia of the extracellular matrix is a

characterstic alteration in the active phase of mesenchymal disorder, and,
ke the cellular changes, 1s controlled by adrenocortical hormone resemb-
Ling cortisone and by ascorbic acid It is also known that the carbohydrate-
ester, chondroitin sulphuric acid, 15 capable of combining firmly with
several proteins to form stoechiometrically well-defined compounds (Meyer
et al., 1937).

Varnous clinical observations, too, suggest a relationship between
amyloid and collagen diseases. Lubarsch (192g) thus found amyloid nodes
in the skin 1 chimeal scleroderma. Transitional forms between scleroderma
and primary amyloidesis are also known ( Jorgensen, 1944). Stoeber (1934)
described cases of allergic conditions combined with so-called genuine
amyloidosis, and Cazal (1942) mentioned a case of amylodosis n a
7-year-old gurl with “un état anaphylactique” as the only aetiologre factor.

Amylowdosis in rheumatic disease differs from the ordinary secondary
amyloidosts m that 1t represents m itself a typical morphologic phase of the
mesenchymal dlSeaSC. It is not another disease that sets on but a change
in a 1 pecially reticulo-endothelial, cellular function which
has been involved 1 the disease already at an early stage.

The common essential factors mvolved in the pathogenesis of rheumatic
discase, amylodosis and stress condutions in general may account for the
frequent and charactenstic occurrence of amyloid lesions m rheumatoid
arthrits, and may explain the amyloid deposition following treatment
through a direct or ndirect nf} of the mechanism of ad
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CONNECTIVE TISSUE AND
INFECTION

Doucras H. Serunt
Institute of Pathology, University of Tennessee, Memphis, Tennessee, U.S A,

MicrortorocrsTs have studied extensively the part played by the bacteria
and viruses mn therr invasion of the body and, particularly, how the various
strams of bacteria and viruses differ in their virulence or ability to produce
disease and why some can live free while others are dependent on the living
cells of the host In regard to the host much has been learned concerning
the manner 1n which the substances pass the epithelial barrier and the dis-
semination of infectious agents through the body by ways of the lymphatics
and vascular systems. Until recently, however, very little was known about
their spread through the connective tissue which 13 now understood to play
an important part 1n the spread or localization of various discase agents.

The discovery of Duran-Reynals (1928) of the spreading factor and
that of hyalurome acid have led to the development of extensive studies
m this field by scientists from a variety of disciplines. This work was ex-
cellently reviewed at a p i { by the New York Academy
of Science and published in 1950, The activity has resulted in a great
extension of our knowledge of the connective tissue and a better appreciation
of its importance, but 1t has also revealed that there are tremendous gaps
n our knowledge which must be filfed before we can have a satisfactory
understanding of this important field,

A general discussion of the significance of the localization or spread
of bacteria and viruses in the connective tissue of the host and the re-
lationship of this to disease is of prime mmportance If in contact with the
skin bacterta gan entrance through the epidermis to the dermis, the damage
done by these bactena will be greatly influenced by how rapidly or how
slowly and over what area of tissue they disseminate themselves in a given
period of time. By using bacteria of varying degrees af vitulence Duran-
Reynals (1935) was able to show that bacteria of low virulence when
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concentrated in a small area of tissue cause a lesion, whereas if these bacteria
are spread over a larger area, no lesion occurs Sprunt, expanding this
work has found, but as yet not published, that the more virulent the or-
ganusm 15, the lawer the concentration of bacteria per gwven area of tissue
necessary to cause a lesion, In other words, there is a cntical ratio of con-
centration of hacteria to tissue for each degree of virulence of the organism.

The picture of viruses, however, 1s somewhat different. Duran-Reynals
{1935) n lus early experiments showed that while he could suppress a
bacterral lesion by spreading the bactena over a large arca, he was never
able to suppress a virus by spreading 1t over a large area From thus ob-
servation he reasoned that one umt of virus 1s sufficient to infect This
conclusion 15 not absolutely correct, as Sprunt, Marx & Beard (1g940)
have shown that under controlled conditions it may tahe several hundred
wiral umits to cause an infection It 1s true, however (Sprunt, 1939} that
the greater dissemmation of virus in the tssue, the greater the chance of a
Iesion. This decided dufference between a bacterium and a virus 15 due to
the fact that the bacteria live m the tissue spaces, whereas the viruses
multiply mn susceptible cells and are, thus, protected from the defense
mechansms of the host Therefore, the greater the area over which the
virus 1s spread, the greater the opportunity of the virus reaching a sus-
ceptible cell Although there 15 no experimental proof, there 1s reason to
beliese that in regard to survival i susceptible cells the nickettsia and intra~
cellular bactena follow the rule of the yiruses

An mteresng analogy has been drawn by Sprunt (1950) between
these bacteria and viruses going through the epidermis to the connectine
tissue of the dermis and a number of colonsts landing on a strange shore
If colomsts land on an uncnvilized and unfriendly shore, they can organize
and through their united efforts build a stockade and posibly withstand
the onslaught of the hostile natines Whereas, if they disperse over a large
surface, and each individual or cach small group of individuals tries to
build a protection, they soon will be overcome by the natives and Majled
The topography of the land, on the other hand, might present numerous
cases or other easily defended ponts, and the colonists could mn widely
spread groups of two or three hold out m one of these natural redoubts
agan«t the nitnves, The need for the bacteria to remam localized s similar
to the situation of the colomsts who had to reman together 1o proteet
themselves, whereas the viruses are similar to the colomsts whe dispersed
over a large arca but were able to defend themselves by entering caves,

14 Conoective Thsue
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susceptible cells i the case of the viruses. The action of the viruses and the
bacteria may be called, thercfore, the colonial effect.

The changes mn the connective tissue which are influenced by the achion
of hyaluronidase on the polymers of hyaluronic acid, although far from
being completely understood, are of pnmary importance. There may be
changes of symlar sigmficance 1w the chondroitin sulphuric acid whick
also part of the connective tissue matrix, but any consideration of this
awatts additional work At the present a discussion of the thanges due to
the action of hyaluronidase on hyalurensc acid »s all that avadable informa-
tion warrants discussng  Smce the dramatic demanstration &y Duran-
Reynals {1928) of the effect of a small amount of testicular extract on
the spread of India mk, 1t has been shown (Dorfman, 1g50) that the
viscosity of the polvmers of hyaluronic acid in the connecthe tisue 3
greatly reduced by the action of the enzyme hyaluronidase and that this
change 1 the viscosity 1s the result of a depolymerization of the hyaluronic
acid.

“The work of McMaster, which he and Parsons (1950} have summarized
s the Annals of the New York Academy of Science, shows conclusively that
there 15 1o free flind m the normal connective tissue. They proved this by
demonstrating that there 15 no sigmificant decease in the spread of dye 1
the matnx of the dehydrated mouse as compared with the normal moust
Taylor & Sprunt (1943) supported this finding in the experiments in
which they were unable to alter the spread of India ink in the skin of
rabbits which were markedly debydrated, They, as well as McdMaster,
were able, however, to decrease the spread of India ik or a dy¢ in the shin
by suitable hydration. Two methods, thus, have been demonstrated by
which the viscostty of the connectve issue may be altered—the action of
hyat dase on hal pol and hydration of the animal Thest
two factors are frequently interwoven as will be noted later.

Through the histochemical studies on the connective tissue matms,
which are b 4 m McManus' artucle of this book, the
numerous modifications of the siscosity of this tissue are clarifed. The
works of Bensley (1950) and others mndicate that the connective tissue 3
altered with age and that thss alteration probably explains in part the
changes which occur with age in regard to infection. The interaction
between the hast tissue and the hyaluronidase in regard to 2 bacterium
greatly facil an undi ding of inft per se. Bumet {zg48) b
pointed out that digestive and respiratory mucins can be modified By
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bacterial enzymes, this modification undoubtedly affecting the invasion
of the bagteria

The significant part played by the comnective tissue 1 infections 1
Tighhghted by the work of Lune (1950) and Sprunt (1950). These authors
have reported that changes in estrogen and gonadotropic hormones act
respectively to decrease or increase the permeabihty of the connective tissue
Sprunt {1950) first ascrybed the effect of the estrogemic hormone by hy-
dration of the tissue. However, as a result of the work of Duran-Reynals,
Bunting & van Wagenen (1950) 1t seems more hkely that the merease
of water 1n the conuectine tissue under the mfluence of estrogen s not a
sumple hydrauon as all the water 1s bound The hormones produce hyalu-
ronic acid polymers and, thus, cause the tissues ta become more sisad As
indicated by Catchpole, (1g50) the gonadotropic hormones act on the
polysacchandes of the cognective tissue to make them more soluble, and,
thus, the trssues become maze visaid.

From the above findings st 15 seen that the viscosity of the connective
ussue which determines the spread of mfectious agents can be modificd by
the action of hyaluromidase either 1n the host or n the bactena In addition
to the hyaluromdase, there are perhaps other enzymes which hydrolyze or
otherwise affect the vanous constituents of the connective tissue matrix

At present there are known (Duran-Reynals, 1950) to be other sub-
stances besides hyaluromdase which cause an increased spread of matertal
through the skin, presumably by changing the viscosity of the connectne
tissue matrix but, according to present knowledge, without a hydrolyzing
cffect on any of the components Some of these substances are cevatamic
acid, lecithin, and various peptones Because these have no effect on hya-
luronic acd, Duran Reynals (1950) has suggested that they myght act by
altering another component of the matnix, So far, howeser, this theory has
not been proved. Another possbihity 15 that some of these substances activate
bound hyaluronidase. The suggestion seems worthy of consideration A
posuble corollary of this is a dynamic equihbnum in many of the tissues
between the amount of frec hvaluronidase and the polymers of hyaluronic
acud, this equiibnium bemng subject to alterauon by factors which esther
increase or decrease the available free hyaluronidase. Modifications of thes
cquilibrium, therefore, may be brought about by the subrances mentioned
abore which release additional hyaluromdase and, thus, decreasc the
viscosity of the tisue Or, the reverse may be accompliched by such
materials as antthitamine and salicylates which, as shown by Mayer
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{1950), mhibit the action of hyaluronidase and, thus, ncrease the vis-
cosity of the tissue. The action of the estrogenic hormone in causing an
ncrease 1n the polymers of hyaluromic acid, therefore, 15 due to an mhibi-
tion of hyaluromdase.

Another important factor in the spread of infectious agents is the -
creased pressure caused by the diffusion of hyaluronidase through the con-
nective tissue. Hechter (1950) demonstrated this influence expertmentally
by altering the pressure at the point of imnjection of the hyaluronidase.
Changes mn pressure 1n connective tissue occur i 2iwo as the result of lo-
calized edema and inflammation. As confirmed by Hechter, these changes
act to increase the diffusion of the hyaluronidase present and, thus, modify
the viscosity of the connective tissue with a consequent increase of the
spread

In addition to the changes m pressure brought about by the release of
hyaluromdase, Mayer (1950) has reported that inflammation affects the
diffusion of material The exact mechanism is not understood, but Mayer
& Kull (1947) consider 1t to be of particular importance m allergic
reactions sice 1t has been observed that antihistamine inhibits the action
of hyaluromdase

In concluding from the above discoveries, one perceives that the extent
of the spread of infectious agents through the connective tissue is decisive
in the survival of these agents and, consequently, in the survival of the host
This spread can be affected by a number of substances which alter the
viscosity of the connective tissue, Up to the present these facts have not been
extensively applied to disease. Lunie (1950), however, has observed that
the severity of tuberculosss 15 increased m the experimental animals given
gonadotropic hormones and decreased in animals receiving estrogemc
hormones He believes this discrimination is due to the fact that the estro-
genic hormones increase the viscosity of the connective tissue, whereas the
gonadotropic hormones decrease 1t Therefore, when estrogen predominates,
the tubercle bacill: are locahized, whereas with gonadotropic hormones the
reverse is true Lurie also states that one reason young women are more
susceptible to tuberculosis 15 the fact that the osganisms are localzed dur-
mg part of the menstrual cycle and then spread during the other part
This alternation of condition s favorable to the discase because the or-
ganisms at first multiply when localized and then diffuse throughout the

tissue.
It also seems feasible that the viscosity of the connective tissue in the
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dermus may determine the development of acne. One may draw this con-
clusion smce it has been shown that low grade organisms if concentrated
m the dermis may multiply, whereas if allowed to spread, they may be
lilled off by the defenstve factors of the host in the skin

References

Bensley, S Ann N Y Acad Sei 52,083, 1950

Burnet, F Af Lancet 7,7, 1948

Dorfman, A Ann N Y Acad Sa 52,1017,1950

Duran-Reynals, F Compt rend Soc biol 99,6, 1928

Duran-Reynals, F - J Exper Med 61,617, 1935

Duran-Reynals, F, Bunting, H & van Wagenen, G Aon N Y Acad Sai 53, 1006,
1950

Duran-Reynals, P Ann N Y Acad S5t 52,946, 1950

Hechter, O Ann N Y Acad Sou 52,1028, 1950

Lune, M B Ann N Y Acad Sai 52,1074, 1950

Mayer, R L & Kull, F € Proc Soc Exper Biok & Med 66, 302, 1947

Mayer, R L Ann N.Y Acad Sau 52,1041, 1950

McMaster, P D & Parsons, R § Ann N Y Acad Sar 52,992, 1950

Sprunt, D H Proc Soc Exper Biol & Med 42,718, 1939

Sprunt, D H, Marx, W & Beard, 7 W ] Infect Dis 66,53, 1940

Sprunt, D H Ann N Y Acad Sa1 52,1052, 1950

Taylor, H M & Sprunt, D H } Exper Med 78,91, 1943



INFLUENCE OF HORMONES ON
INFECTION

Crsarg, CavaLLERD
Department of Pathological Anatemy, Untversity of Milan, Italy

Introduction

It nas LONG BEEN suspected that the endocrine glands might play an m-
portant rdle i the defence mechanism agamst infection. In the past, main
attention has been given to the thyroid, adrenals and sexual glands, owing
to the fact that these organs undergo a number of morphological changes
durng mfections diseases. However, several attempts made in order to ob-
tain some protection by using impure extracts of these glands, both in
human and experimental infections, failed to give conclusive results.

fn the past few years, the adrenal cortical hormanes attracted con-
siderable attention after the discovery of Hench et al. (1949} concerning
the effect of cortisone in rheumatoid arthritis A great deal of reports have
appeared concerning the action of cortisone and corticotrophin on in-
fections and many notable advances have been made in this revived fiehd
of research Our task is to analyse here the main facts which have been
reported on ths subject, m connection with our own rescarch work; a short
draft also will be added on recent work dealing with the pituitary somato-
trophin

Effect of Cortisone on Infection

Early i the cortisone era, it has been reported that adrenal cartical
hormones mught be useful in the treatment of certain infections in man, 2s
they possess an amehorating effect on many signs and symptoms of the
disease. Patients with viral and pneumococeal preumonia, typhold fever,
Rocky Mountain spotted fever, peritonitis, viral hepatitis and scarlet fever,
treated with cortisone, expenienced a sense of well-being, an increase of the
appetite, and 2 sharp drop i temperature. Considenng this fact, hormonal
treatment was recommended in certain infections, as a valuable adjunct
of chemotherapeutic measures
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At present, the favourable cffect sometimes obtained by using adrenal
cortical sterqids in clinical practice 1 generally condered as due to some
antitowse actisty of these compounds, similar to the one which may be
obwened m the treatment of or end Actualfy,
the impeavement of the toac symptoms 15 pever assocsated with 3 corre-
sponding improsement of the fectious state  nesther the course, nor the
basic mechanm of the infection are sub it dified tn the h H
treatment

On the other hand, @ should be panted out that several chnieal reports
have been dealing with the appearnce of wfections 1 human bemgs
treated with Targe doses of cortisone for collagen diseascs, latent nfections
could be analened by the 1 and ther general spreading
facittated A great deal of work has been done on the chmeal use of
cortisone 1n human tuberculosts, but at present it 15 generally accepted
that adrenal cortical steroids hase no place an the treatment of actnve
tuberculoss Actualh, this therapy tends 1o lessen Jocaliation of the discase
and to facitate widespread dissemmation (Canada et af, 1952}

Expenmental cudence «ems to support the abate mentioned state
ments Researches 1n this field hase dealt with the occurrence of spontane-
ous nfections w corlsone-treated anmab and with the nfluence of thr
hormone an mduced infections

It has been reported that m several ammal spreres exceecingly farge

amounts of cortisone result 1n the frequent appearance of spontancons and
raprdi fatal snfections In our studies the occussence of such miections
was very fugh, mdependently from the ammal spectes and the tvpe of cxv
perunent, provided that farge amounts of hormone were gnea for 2 pro-
longed ume m such nstances, necrotic and ili-defimed focr were found
i lungs, ver and heart From the lesons several strains of organims wese
cultured, which generally were found to bave no il effect when ijerted
anmrals without hosmonal treatment These spontaneous infections, owing
o ther mwltiple and different enology, were frequentds found to be ine
scnsun e to antbaote treatment , hoth pemealim and steeptomces, even at
tugh desane, did not tower conustenthy ther merdence We have been able
to canfum the Ciew that there appears to exut 3 close scdationdup between
the dosage of corticone, the waight Joss of the anmal, and the development
and spreading of infections It a5 remarkable that i the mtact animnd
vorticotiophin, evenr in large amounts, never caued the appearance of
mtereurrent anfecnons (Cavallere & Saha, 1431, Cavallero, 1953 a).
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Experimental studies concerning the effect of cortisone on mduced in-
fections have generally shown that this hormone alters the host’s response
to infecttous agents. In a number of spectes, infected with many different
organisms, this alteration has been deleterious to the host resistance Among
the infections adversely affected by cortisone are those caused by preumo-
coccy, streptococet, staphylococci, brucellae, typhoid bacilli, Corynebacteria,
tubercle bacilli, poliomyeltis, influenza, mumps, encephalitis, vaccmia,
Coxsackie and rabbit fibroma viruses, spirochactes, trypanosomes, malana
parasites, Tnichinella sprralis and several vaneties of fungi As regards other
cortical hormones, 1t has beent shown that Compound F lowers the resist-
ance to infections to the same degree as cortisone (Robmson & Smith,
1953) , on the contrary, Compound B was observed to have a slight in-
fluence on some infections, but none in others {Kass et al, 1953). Adrenal
cortical extracts and desoxycorticosterone appear to be inactive

In cur laboratory some work has been done on the effect of cortisone
on experimental mycotic mnfections A constant aggravation was cbserved
m several types of mycosis and in different animal species Cortisone in-
creased the morbidity and mortality rate and facilitated the spreading of
the infectton , the most striking results have been obtained when the animals
were treated for a period of two or more days before the infection The
deleterious effect has been evident by using both low and high virulent
pathogens, when using apathogen strams, cortisone has never been found
to be able to induce some change m the natural immunity of the host.
Thus, cortisone lowers the resistance of the host against pathogens, but it
1s not able to sensitize the organism to apathogen germs (Cavallero,
1953 2)

It is important to note that the amounts of cortisone required to bring
about lethal infections are extremely large ; therefore, it has been suggested
that the enhancing effect of the adrenal steroids is not physiclogical, but
rather an unnatural pharmacological effect which bears no real relation to
any physiological function of the adrenal cortex, Some workers have raised
the interesting possibility that smaller doses of cortisone may have a quite
dhfferent effect on infection, perhaps a protective one (Robinson & Smith,
1953) Others have suggested that cortisone might act indirectly on the
host through its effect on the pituitary and the adrenal cortex, thereby in-
ducing variations of other hormones which in turn might be the agents
directly responsible for the effects observed (Shwartzman et al, 1950)-

In connection with this hypothesis, we should hke to summarize some
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experiments we have made on adrenalectomized and stressed animals In
these experiments, adult rats were infected intravenously with a fixed dose
of Momlia Intact, adrenalectomized, and animals submitted to severe
stress were used, cortisone treatment, 0.25 mg. daily per 100 gm. of body
weight, was started two days before the infection and continued until the
sacnfice, 1e seven days after the infection, The pathological changes of
the kidneys were evaluated according to the growth of the germ in the
lesions and the extension, number and type of the infectious foct (Figs.
1-4).
TABLE 1t

Pathology of the kidneys 1n ntact, adrenalectomized (ADX) and stressed rats, infected

with a low Lirulent stram of Monsha, effect of cortisone on the extenson and type of the
snfectious foct and on the growth of fungs i the kidney lesons

Teesred
I —
o [fuomi | Exeamon | Tyee 1 Foom
Intact + evudauve — ++ exsudative +
necrotic
ADX + exudatne  —  Ht++ neerotic +++
Stress +4+ exmudatve  + F 44+ necrotic +++

neerotic

Tt appears from the table that, 1n all groups studied, cortisone evidently
aggravated the nfection, this aggrasation being most evident in adrenal-
ectomized and stressed anmals, 1n the latter groups hormonal treatment
facilitated the germ growth and caused widespread necrosis From these
results 1t appears that functional changes of the adrenal cortex may modify
the effect of cortisone on fection, they give support to the suggestion of
Ingle (1952) that the adrenal cortex might have some rdle as a con-
ditioning {actor of the cortisone effect

Effect of Corticotrophin on Infection
Corticotrophin has been largely investigated as regards its influence on
both human and experimental mfections Experimentally, st has been <hown
that generally there s livle difference between the effects of corticorophn
and corticone on a given dusease but, 1n cases in which different actions have
been obrerved, contisone has appeared to be a more potent nubutor of
resiMtance than corticotrophin. Actually in certain infections, such as ex-
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TR

Fig 1. The kidney of an adrenalectormzed, untreated rat, 7 days after the imtravenous
inoculation of Afonilia, showing diffuse infiltration of lymphocytes and plasma cells;
several gant cells are secn (Hematoxylincosn staim X 120) Fig 2. The kidney of an

and d rat, 7 days after the mrccnon widespread nec-
rosis with scarce £l of (H: stain X 120)
Fig. 3 Extensive necrosis in the kudney of an mfect:d rat, submitted to severe stress and
concomitantly treated with cortisone (Hemnmyhn-conn stan X 120} Fig. ¢ The
Lidney of a cortisone treated, d rat, showing ion of fungi in

the necrotic focr (Gram-Wergest stam X 200),
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perimental tuberculosis in mice, sats and guinea pigs (Le Maistre et al,
1953), type 2 pneumococcus and influenza A virus infections i mice
{Kass et al, 1953) and tuberculous infection in some races of rabbits
(Lunc et al., 1953), corticotrophn has failed to produce evidence of

i i ‘Thus, an mmp working hypothesis has been
raised, ic. the possibility that corticotrophin might liberate from the
adrenals, at least 1n some ammal species and m given conditions, seme
unknown substance to which the antimnfective activity of the gland might
be ascribed

Some observations we have made on pneumococcus infection in mice
do not sapport this view In mtact mice, infected intravenousiv with type I
preumococeus, we have observed that both cortisone and corticotrophin
{Armour), m small and high amuunts ncreased the mortality rate practic-
ally at the same degree ; the combimed treatment wath cortisonc and cortico-
trophin was additive, 1€ 1t resulted 1n a further increase of the mortahty
rate, while the contemporary admimstration of an aqueous cortical extract
{Upjohin) did not counteract the adverse effect of cortisone From these
data we concluded that neither corticotrophin causes the adrenal cortex to
secrete substances having a fasourable influence on the course of mmfection,
nor the adrenal cortical extract has a protective action (Cavallero et al,
1952)¢

Mechanism of the Cortisone Effect

Several mechanisms have been suggested, that mav be involved m the
actian of cortisone on the process of infection. Cortisone might act upon
the germ or upoen the host By direct action 1t might so affect the germ as
to make 1t more virulent, but, 1n general, the germ virulence seems to be
unaffected Up to date, the evidence at hand suggests that the unfasourable
elfect of cortisone on infection 15 a direct result of some action en the host
In producing this effect cortrsone may act by several wavs, mterfering with
the humoral and/or the cellular defence mechamsms,

The furst powabality 15 that cortisone might act on the antibody -forming
process Scveral data support the view that, under cortisone treatment, the
release and/or the svuthesis of antibody proten are mbibited, but at present
1t <cems unhikels that corticone enhiances infection mainh or exclusively as
a result of interference with formation or mamtenance of adequate antic
body Tt scems mare Iikely that this action s mamh due to changes in
tisular immunity
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The main effects of cortisone on the early and subsequent steps of the
inflammatory process are well known. Recent studies have emphasised that
this hormone does not interfere with the early stages of the inflammation,

atic ground substance at the site of moculation (Hematoxylin-conn stam X 200},
Fig 6 Cortisonc-treated rabbit infected with myxoma virus The mtercelular ground
substance 1s mainly represented by acidophilic material without metachromana
(Hematoxylin-eonn stam, X 200)

but only with the subsequent ones (Lattes et al, 1953; Lovell et al,, 1953).
The point that a reduction of capillary permeability may be caused by
cortisone has been raised by several investigators; morcover, 1t has been
claimed that cortisone could alter the polymorphonuclear leucocyte. The
reticulo-endothelial system, which is considered to play the mam rdle in
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the defence mechanism against infection 1 general, seems ta be particularly
affected by cortsone. It has been shown that this hormone reduces the
number of undifferentiated histiocytes, plasma cells and mast cells (Ca-
vallero & Braccini, 1951, Cavallero & Pellegnm, 1951), concerning the
clearmg activity on bacteria of the reticulo-endothehial system, 1t has been
recently concluded that the mam effect of cortisone 1s to reduce the
capacity of the system to remove, fix or detoxsfy bactena or certain bactenial
products {Thomas, 1953).

In our opimon, the effect of cortisone on the amorphous ground sub-
stance of the connective tissue must be kept in mind when studying the
nfluence of this hormone on mnfection It has been claimed that the ground
substance might be a barner to the spreading of germs and perhaps an
important factor for the start and completien of the mflammation In
aormal and pathological conditions 1t has been shown that cortisone de-
creases the amount of metachromatic matenial i connective tissue. Such
an effect was clearly observed i some Tetent expenments we have carned
out on fectious myxomatoss of the rablut, a virus nfection which causes
strong accumulation of metachromatic substance at the site of moculation
and 1n other parts of the body In these experiments, cortisone treatment,
10 mg daily starting two days before virus mnoculation, delayed or sup-
pressed the signs and symptoms of illness, prolonged the survival time and
resulted m an evident reduction of metachromatic materal m the affected
areas; withdrawal of cortisone determined a prompt appearance of the
usual lesions (Figs. 5-6)

These data gve further support to the above mentioned statement ,
besides, they suggest that the effect of cortisone on mfections appears to be
closely related to the pathologic c¢hanges caused by pathogens Where 1n-
flammation 15 not the prominent feature and actumulation of some partic-
ular matenal occurs, as i infectious myxomatasis of the rabbat, cortisone
might obtain favourable results,

Effect of Somatotrophin on Infection
Recently, some reports hate appeared dealing with the possible inter-
ference of pituitary somatotrophin 1n infectious processes, it has been
clamed that this hormone might be able to counteract the adyerse effect
of cortisone on some infections (Selye, 1951, Lemonde et al, 19523 Du-
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Fig 7 and 8 Duffuse mfiltrative focr n the kidnev of a control rat, 7 davs alter the
of Moniba, cells and giant cells are seen (Hema-

toxylin-cosin stain X 120) Fig g and ro. Granulomatous focr 1n the kidney of an
broblasts, large and guant

anfected rat, treated with pituitary N
cells are numerous (Hematoxyhn-eosn stan X 120)
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commun & Ducommun, 1953; Horava & Sclye, rg53; Pawilanis &
Dufour, 1953). However, contrasting results have been reported too (Kass
et al, 1953).

In immunological studies 1t has been observed that somatotrophin, m
given conditions, might have effects opposite to those of cortisone (Hoene
etal, 1953, Pellegnm & Andrech, 1954 ). Morphalogically, somatotrophin
was shown to be capable of x:st(mng the cortisone-suppressed fibroblast to
normal and of \¢

of L uissue in antact and
hypophysectomized animals, but not 1n adrenalectornized ones (Lichtwatz
et al, 1951, Taubenhaus, 1953). In mtact and hypophysectomized rats
1t causes strong accumulation of plasma cells in lymphatic organs (Caval-
lero, 1953 a, b) In our laboratory, previous experiments on rats with
mycone miections indicate that somatotrophin (Armour), 1 mg. daly
per 100 gm. of body weight, exerts a stimulating effect on connective
tissue, prod an excess probhf tissue around the
mfectious foar (Figs 7-10).

It appears possible, therefore, that pitwitary somatotrophin mght have
some role in the defence mechanism aganst infection, however, more -
formation 1s needed before the question can be settled

of gr
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CONNECTIVE TISSUE AND CANCER

Wittian L StmesoN
Detrort Institute of Cancer Research, Detroit, Michigan, U'S A

Introduction

THE RELATIONSHIP between connective tissue and cancer gave rise to the
first of the “modern™ theores of cancerogeness a century ago when
Virchow postulated the transformation of the connective tissue cells as-
sociated with chromie mfl mto plastic epithelial elements.
Although modified sigmficantly by the later concepts of immutability of
the germ layers, the basic copnection between the chromic reactions to
intation and the subsequ dexelog of 1 15 as provocatne
today as when 1t was first suggested

Following the discovery of carci tars and hydrocark research
efforts were focussed on the search for new cancer producing chemicals
and attempts to discover the direct biochemical and physiological effects
of caramogens on tissues and cells Interest m the interactions of tissuzes
carcinogenesss lagged for many years In the last ten years, however, many
1 estigators have once agam turned to this field m an effort to find com-
mon factors for explanation of the ever broader range of agents capable of
evoking cancer

Two aspects of the relationship of connectine tissues and cancer will be
given our major consideration - furst, the changes i connective tissues 1
which neoplama occurs, and second, the connective tissue changes as-
sociated with p and cancer in { epithelial tisues

Tumours of Mesenchymal Tissues
Orion AND Diversrry
Spontancous mesenchymal tumours of man, including all of the vaneties
of hmph leuk and sarcomas as well as ther many bemgn

11 Connretive Tassue
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counterparts, display cellular elements refated to almost every type known
to occur n normal connective tissues. Although histologically similar
tumours either occur spontaneously or can be produced by carcinogenic
agents m expenmental ammals, their speafic cellular origins are as yet
unknown

Connective tissues respond by neoplasm to a wide \anety of agents,
mcludmg all of the common h Is, the nic vi-
ruses, certam parasitic infections and several types of penetrating radlatmn.
In many cases the response may be controlled by proper choice of car-
cmogen and by its application in relatively high concentration to the site
selected The hving carcinogenic agents, such as the Rous virus, exhibit a
high degree of tissue speaificity, other agents, diverse as they are, appear
to be quite nonspecific in their sites of action and provide no evidence
that the fund: i 1 of neoplasia differ from tissue to tissue,
nor from one kind of carcinogen to another.

GRrOUND SURSTANCES AND Mast CELLS IN MESENCHYMAL TUMOURS

The difference between caranomas and sarcomas in therr effects on
stromal mast cells would appear to be an mmportant clue to the study of
these types of neoplasms The mast cell response to precancer in epithelia
and the absence of such cells from the stroma of formed carcinomas will
be discussed later Here we may consider the possible sigmficance of mast
cells and free stamable polysaccharides m the stroma of mesenchymal
neoplasms.

An extensne sunvey of the occurrence of mast cells in tumours of
mesenchymal ongin was reported by Sylvén (1945). In association with
the rapudly prohferating portions of most mesenchymal tumours, Sylvén de-
monstrated the presence of free mucopolysaccharides (stamable by Lison’s
method) and numerous mast cells The distribution and varying granular
content of the mast cells were mnterpreted by Sylvén as evidence that they
were responsible for transporting high molecular ester sulfuric acuds to the
growing portion of the malignancy. Such a view was consistent with his
earlier interpretation of the role of these cells in wound healing and other
reparatise processes (Sylvén, 1941).

Experimentally nduced rat
though irregularly distnibuted, mast cells (Holmgxcn & Wohlfart, 1947)-
These authors suggested that mast cells are probably formed locally from

11

contain Tumerous,
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other types of connective trssue cells and that they take part in the reaction
of the system against tumour cells

Regulation of the physical state of the ground substance of the stroma
of a transplantable sarcoma was ascrihed to the activities of fibroblasts by
Gersh & Catchpole (1949). It was assumed that some fibroblasts of
rapidly growsng tumours hberated “enzymes” that depolymenzed the
ground substance and made it more fluid Other hibroblasts with an elevated
content of stanable gly i bly secreted this gl

p in
an “effort to reverse this change in the physical state of the ground sub.
stance of the stroma” Although Gersh & Catchpole used the mmpraved
histoch 1 method for d polysacchanides as described by
Hotchkiss (1948), they did not employ classical staming methods for de-
monstration of mast cells Ther description of “fibroblasts” containing
“glvcoprotem”™ granules stamable with periodic acid-Schiif’s reagent leave
uncertamn the kind of cells they actually obsenned

That there 15 an association between stamnable mucopolysacchandes,
mast cells, and rapidlv growing mesenchymal tumours seems to be un-
equivocally estabhished. More 15 known about the nature of these muco-
polysaccharide substances than when Sylvén {1945) studied them Yet we
are m the unenviable position he found himsell 1 of passing off this as-
sociation by saying that those substances “may have some unknown bio-
Jogical function to perform i connection with normal, as well as tumorous
growth processes”,

Relations between Connective Tussues and Carcinomas

Tue Desmorrasric Reaction

The development of cancer m an epithelial organ 1s asociated with
concurrent alterations in the supporting tissues of that organ Connective
tissues provide the stroma and vascular supply for the carcinoma, Fibro-
blastic proliferation induced i adjacent connective tissue by a carcinoma,
or desmoplasia, may be associated with the degree of host resistance to the
masive thelial ! M y explants have been
shown to late mereased growth of fibroblasts m tissue cutture {Lud-
ford & Barlow, 1944), and when placed 1 the anterior chamber of the
eye in contact with a bit ol lung tissue from a newborn mouse, call forth
p of undiff; cells from the Iung (Brow-

e
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ning, 1952). The nature of the material that induces such proliferation of
e tissue cells 1s unl X

Control of the stromal reaction to heterologous transplants by cortisone
alone or in combination with total body x-radiation has been reported by
Toolan (1953). Such techmques make possible the transplantation of
human malignant tumours to rats and hamsters as well as reciprocal trans-
plantations of these tumours between the latter species Although ther
usefulness is still to be tested, permanently transplantable human tumours
1 laboratory animals now appear to be more than a possibility.

Beyond simple description, we know little about the desmoplastic re-
action to carcmomas. The importance of understanding host reactions to
cancer, and especially the mechanisms by which the host attempts to combat
cancer, 15 so obvious as to require no qualification In this area is one of
today’s richest cancer research opportunities.

Conneetive Tissuz Reactions ™y ExeERIMENTAL Eprrietial. GARCINOGENESIS

The availability of a number of diverse chemical carcinogenic agents
has made possible the study of experimentally producred cancer in almost
every organ of the body While attention has most often been directed
toward understanding the nature of the changes induced in epithelial
tissues, it has been recognised that the effects of carcinogenic chemicals are
by no means Limited to epithelia Alterations in the supporting connectve
tissues accompany and are probably an essential part of the carcinogenic
process in every organ subjected to chemical caremogenesis. Inasmuch as
skin has been subjected to more intensive study than most other organs,
our consideration will be limited to this organ

Highly actne carcinogens, such as methvlcholanthrene, dissolved in
benzene or acetone inflict severe damage on all epithelial and connective
tissue elements of the mouse skin when first applied to the surface by
painting  Cramer & Stowell (1942) hkened the effects of methylchol-
anthrene on the dermus to those induced by the severe trauma of a deep
burn, noting that in both cases dermal fibers were disrupted and a saxiety
of wandenng cells, including macrophages, was to be found in the dermis
Reorganization of the dermis was more orderly following a burn than after
the “trauma” induced with methylcholanthrene. Repeated contacts with
the carcinogen leads to the dexelopment of cells in both the epidermis and
the dermis that are apparently relatively resitant to the destructive effects



GANCER 229

of the carcinogen (Smpson & Cramer, 19453 Howes, 19463 Schober,
1951). Ma (1949) reported that collagenous and elasuic fibres were in-
creased m mumber 1 early stages of methylcholanthrene induced skin
cartinogenesis m mice and later decreased These morphological studies
were confirmed by chemscal determmmations of the amounts of collagen
and efastm extractable from such shins,

SKIN GRAFTING AND EPIDERMAL CARCINOGENESIS

Further evidence on the role of dermal changes in epidermal carcine-

genests has been obtained from recent studies of transplantation of skin of
mice subjected to the Iocal action of a carcinogenic hydrocarbon Novel
techniques for gratung different shin components were devised by Billing-
ham & Med: (1951) and quently used by Bilimgh Orr &
Woodhouse (1951) and Marchant & Orr (1953) 1 an attempt to
analyze the respective toles of the epiderrs and deeper skin tissues 1
h Uy wduced The authors d d that the
carcimogen methylcholanthrene 1n acetone induced no persistent neoplastic
change n the superficial epidermus that allowed 1t to progress to the
development of a caranoma when grafted to an untreated site m the
same mouse Conversely, carcinomas often developed at the site of
previous application of methylcholanthrene when the dennded area was
covered by a thin graft of epidermis from the tail or some other part of
the body Technical lmmtations prevented the complete separation of all
epithelial elements from the dermal connective tissues, however, and a
conclusive evaluation of the role of the dermis m des elopment of epdermal
cancer could not be made With their interpretation that the dermus plays
an mp role in the snd of neoplastic changes 1 the overlyng
epidermis we are in agreement; but believe more critical tests must be
devised before this can be considered unequivocally proved

Mast CELLs axn EFDERMAL CARCINOGENESIS

The relationship of mast cells to experimental cancer and precancer i
s0 striking 28 to deserve special attention The accumulation of these cells
1 the shan of ammals subjected to the applicatson of carcinogeme tar had
been recognized for many years Massive local accumulations of mast cells
m with methylcholanth induced p

hyperplasia
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of mouse skin were reported by Cramer & Simpson (1944), who as-
sociated the presence of these cells with resi: to

The same report included observations that mast cells dxsappcared promplly
from the stroma of an invasive carcinoma when it arose from such pre-
cancerous skin, in contrast to their persistence in the stroma of newly
formed sarcomas.

Comparable differences exist between human carcinomas and sar-
comas in their relationship to mast cells. Earlier we have noted Sylvén’s
(1945) ohservations on the frequent occurrence of mast cells m the stroma
of rapidly growmng mesenchymal tumours In contrast, few if any mast cells
were found by Janes & McDonald (1948) in the stroma of carcinomas
of prostate, stomach, duodenum, breast, rectum, sigmoid, ureter or kidney,
and none in the lymph nodes involved by metastatic growths, Many mast
cells were found in nodes draiming organs containing carcinomas as long
as neoplastic cells had not reached the nodes.

Sylvén (1941) considered the presence of mast cells with few granules
in healing wounds as evidence that these cells had given up chromotrope
substance to the ground substance. We cannot here review the long stand-
g controversy on the nature of this metachromatic substance. Many
workers have published on this subject, the two most popular opinions
holding that mast cells contain hepann or hyaluronic acid. Asboe-Hansen
(1950, 1952) recogmized that the metachromatically stamable granules of
mast cells are not chemically identical with either heparin or hyaluronic
acd and considered that they were probably undefined precursors of the
hyaluronic acid of the ground substance The dlsmptmn and vncuolxsauon
of these cells, with loss of 1 bl 1l the ad-
ministration of ACTH or cortisone has been interpreted (Asbocﬁanscn,
1950, 1952; Cavallero & Braccim, 1957 ; Stuart, 1951) as evidence that
the mast cells are end organs in the mediation of the effects of these
h C d cortisone of mice reduces the number of
mast cells, and also interferes slightly with the development of papillomas
in response to 9 10 dimethyl 1.2 benzanthracene (Engelbreth-] -Holm &
Asboe-Hansen, 1953) The mechanism of this effect is still obscure

The source of the tissue mast cells in precancerous skin has not been
established with certainty, nor has the phsiological significance of the
variants of these cells been determined. One opinion holds that the mast
cells are formed from other connective tissue cells locally, In this view the
small cells containing few granules represent early stages in cytogenesis of
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mast cells This concept is strengthened by the observation that young
actively growsng mast cells n tissue culture are found to have a small
content of granules and that with maturation the granufe content increases
(Zutcer, Elsasser & Kirk, 1953). These superficial cells in hyperplastic
mouse skin contain a labile chromatrope substance, as demonstrated by
their lack of ' stamng by tolmdine blue following aqueous
formol fixation (Cramer & Simpson, 1944). Extraction of the chroma-
trope substance is not accompamed by the swelling and vacuolisation of
the granules descnbed for normal peritoneal mast cells of the mouse when
subjected to distilled water or sabme (Zollinger, 1950) and must be at-
tributed to a fack of farm binding of chromatrope substance to the mast
cell granules
golden-brown f] of these “ h ” mast cells 1

frozen sections following aqueous formol fixation has been described (Cra-
mer & Simpson, 1944; Simpson & Cramer, 1945) Figure 1 allustrates
such fluorescent mast cells in a frozen section of mouse skin rendered hyper-
plastic by the action of methylcholanthrene n benzene In figure 2, which
1s of the same section after stamng, the mast cells are seen coloured with
tolwdine blue. Many such comparsons leave no doubt that the golden-
brown fluorescence 15 actually from mast cells and not from “macrophages
loaded with fl " as was d by Hol &
Wohlfart (1947

The larger cells full of metachromatic granules seen midway m the
dermus, may be looked upon as differentiated or adult cells, moving down-
ward as they mature. Deep in the dermis are found the largest and most
varrable mast cells, many of which show evidence of degeneration and
d ion, Staming and between “d &
mast cells and 1ron contaimng pigments are common 1n such areas Thsc
ohbservations {Simpson, unpublished data) seem to confirm the reports of
Sabrazés & Lafon, quoted by Dermger & Dunn (1947) as well as the
findings of the latter mvestigators Many of these cells appear to be de-
generating mast cells, but the passiality cannot be ruled out that they are
macrophages containing, 1n some cases, phagocytized mast cell granules,
Of nterest but undetermuned significance 1s the fact that such cefls fluoresce
ntensely y Tate in ult let hght Ths £l e 15 strikingly
different from that previously described i the superficial amttachmm-
atc” mast cells

The foregong iterpretation of the local origm of mast cells 1s not
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Fig 1

Photomicrograph of autofluorescence from unstained frozen section of mouse skin

which precancerous changes were induced by the application of 06 % methylchol-

anthrene 1n benzene White spots represent fluorescence from mast cells 1n the dermis
Magnification 190 X.

Same section as 1n Fig 1 after staning with toluidine blue for mast cells Companson
with Fig 1 shows that the majonity of the stamned mast eclls here are identical with the
cells 1 Fig 3 from which intense (golden-brown) fluorescence has been recorded.
Magmification 190 X.

accepted by others, who hold that they come either from the blood or by
migration from nearby tissues (Holmgren & Wohlfart, 1g47). Syhén
(1941, 1945), Asboe-Hansen (1950}, and others have looked upon dis-
solution of mast cells with release of metachromatic material as evidence
that these cells carry materials to the ground substance.
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In contrast to both of these views is the recemt critical opinien of
Devntt et al. {2954}, who contend that the variabibty of the mast cells in
normal tissues 13 as great as that described by others as the result of diserse
physiological manipulations Workers who have actively mnvesugated these
zells in vanous pathological states will fmd it difficult to agree with the
conclusson that the “morphologic features of the tissue mast cell are too
rarable and artfacts too frequent to allow any vahid mterpretations™.

The growth of our Jnowledge of tissue mast cells and ground sub-
stance 1n recent years 35 most excsting Considered by many workers as
iologscal cusiosines until reccmly, mast cetls have now bccn shown to
isplay kabl phol } and histach ¥ all
i connection with the precancerous state of slun. Ther further stedy m
this condbtion and m other states in which alterations of the tissue muco-
polysaccharsdes occur should be ged as a h to
the understanding of tissue permeatuhity and pas5|bly ph)smlagxc:d mechan-
s for the regulaton of growth,

Invasion of Cosmzemive Tissuss sy Canervowas

Stll unfinshed 1s the exaung chapter of cancer rescasch on the sub-
ject of mvasion and metastasis. With the duscovery of mucal\uc enzymes
m cancer tisue and the knowledge that approp k
were normally present m the gm\md substance of connective tissue, st once
appeared that the vital question of mvasne growth was neanng solution
Prelimmary studses of the direct effects of mjection of hvaluromdase
adjacent to it of the mouse resulted m
the enhancernent of muasieness and metastasis by the tumour (Simpson
and Gopal-Avengar, 1947, Srmpson, 1950} Contradictors results were
obtaned on transplantable sarcomas by othess (Coman et al, 1g947), and
our subsequent experiments failed to confirm the effect of hvaluremdase
on carcmomatous myasnien when other transplantable tumours were studied
{Smpson, 1950} Fusther doubt was thrown on the concept when Kinluk,
Kremen & Ghck {1950} remvesugated the hvaluromdace content of a
sancty of human cancers and found the cazvme present onlv when bac-
teral contamination was also present Of as vet undetermuned sgmifeance
15 the fact that a high Tevel of h\alummq:\ec intubitor appears m the blood
of patients with diserminated cancer (Kueduk, et at, 1950) and with cer-
tam leukenuas and hmphomas (Henstell & Freedman, 1g5t). The latter
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wvestigators found a parallel between the effect of cortisone or AGTH
on the serum antihyaluronidase utre and the clinical condition of the
patient, Decreased titres following treatment were associated with cor~
g clinical imp

T
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Fig g
Section of mouse shn cut through ste of mtradermal injection of .or ml hyalucomc
aad mlation (26 mg per ml ) twelve days before animal was sacrified. Section shows
tense cellulac safiltration an dermis, destructon of muscle and massive hyperplasia of
epidermis with Joss of hair follicles and sebaceaus glands Haematoxyhn and cosm stain
Magasfication 52 X.

Although hyaluronidase production by carcinomas seemingly cannot
explain invasive growth, the hypothesis is still attractive that some sort of
mucalytic enzyme, as vet vardentified, is probably seereted by cancer cells
to open the way for ther invasion inte adjacent tissues. Collagenase has
also been conuidered as such a mechanism, but was found to be incon-
sistently associated with a vanety of induced rat hepatomas and human
tumours (Gersh & Catwchpole, 194g). Coman (1g53) discounts the pos-
sibility that mucnases are present i cancer tissue and loohs to amoeboid
movement and decreased adhesiveness of cancer celis for an explanation of

invasieness,

Eerecrs ox Eptrmeinns of Hien Locar CoNcentrations or Hratvrosic Acm

In earlier pants of this chapter the elfects of carcinogenic chemicals on
the skin have been reviewed and compared with the effects of a severe
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localised burn trauma. Evidence has accumulated that the dermis parti-
cipates in some essential way in the process of epidermal carcinogenesis,
suggestng the need for more mtensive efforts to understand how the con-

g 'g;,:e i
NI
S

Fig ¢
From same mouse as Fig 3 Toluidine blue stained section shows presence of mast cells
1n dermus and occurrence of very numerous mitotic figures 1n basement layer of epuder-
mis 2nd 1 pegs of epithehum presumably densed from hair follicles
Magmfication 290 X

nective tissues and epidermis may be functionally related mn the deselop-
ment of cancer

Several years ago the author speculated on a tvpe of mteraction of
path and the lysaccharides of adjacent connective tissues that
rought explan the lop of invasne of (Simp-~
son, 1950) On the assumption that mechamsms for production of muco-
htic enzymes are normally present i embryomc tvpes of epithehia and lost
or mactinated 1n the course of differentiation, the growth of adult type
epithelia m the presence of an abnormal type or quantty of mucopely-
saccharide might favor, either by adaptation or selection, the development
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of cells in which the production of mucolytic enzyine is feactivated, Several
direct studues of the effects of high local concentrations of hyaluronic acid
have been made n the author’s laboratory.

A bref abstract of studies on the effects of human umbilical cord
hyaluronte acid (generausly donated by the Schering Corporation, Bloom-
field, N. J.) on the dermis of mouse skin and on the growth of epithehal

£y
Mouse skin mneteen days after intradermal mjection of .01 m) wiscous sofotion of
b aad ds '3 it of Mallory’s connective tissue stain shows
accumulation of collagenous fibers an dermis and loss of normal epidermal appendages
Asea reserables kin with a bure scar at this tme.
Magmifrcazzon 52 X.

cells i tissue culture has been published (Shifrin, Keller & Simpson,
1950). Although inhibiion of growth of embryonic chick ins epithelium
was the only effect consistently observed in tissue culture, the effects of the
wntradermal njection of & minute quantity of a viscous hyafurenic acid
solution 1nto mouse sk were extensive and striking { Simpson, unpublished
abservation). Certam significant features of this reaction are illustrated in
figures 3 to 5. In general, the early effects of hyaluronic acid on the dermis
are thowe of acute mflammation. This is followed by regeneration of 2
hughly cellular dermis and a concurrent intensive hvperplastic reaction on
the part of the epithehum Early stages of this reaction, up to approximately
2 weeks, resemble faithfully the early reaction to a carcinogenic hydracar-
bon After abaut 2 weeks the reaction subsides and leaves by the third
week a scar with all of the characteristics of that produced by a severe
localised bumn. It 15 behesed that the changes obseried are rather specific
for hyaturonic acd, for much less effect was observed following the intra-
dermal jections of other polysaccharides and other viscous solutions (agar,
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dextran, starch, gelatin). The lack of a vigorous stromal reaction to im-
plants of agar was also noted in the control ammals studied by Koche
(1953). The significance of the reaction of skin to hyaluronic acid must
be assessed after further study, but it obviously suggests a pessuble common
mechanism for the expression of the effects of severe trauma and of car-
cinogenic agents,

Conclusion

It is hoped that this limited review may senve to show that cancer, at
Jeast when expermentally nduced, 15 not the smple response of an
indwvidual type of cell of any single tissue. Interactions between cells and
tissues, both locallv and in remote parts of the organism are regular parts
of the carcinogemc process and cannot be assumed to be madental. Tn-
vestigations of the relations of connective thissues to the development of
cancer have now moved to the forefront of basic research Continued and
expanded efforts 1n ths area should be encouraged 1n the hope of bringing
about an early ding of the basic mect by which 1
occurs, and through thus effectine measures for sts control
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OBSERVATIONS ON THE
HISTOGENESIS AND PATHOGENESIS
OF ARTERIOSCLEROSIS
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QF PYRIDOXINE DEFICIENCY

James F RINERART

Department of Pathology, University of Califorma School of Medicine,
San Franaisco, Californa, US A

Introduction
RECOGNITION OF GROUND NCES as of connec-
tive tissues 15 a Telatively recent dc\clopmcnl Substances of this character
are widely distributed, and an \| of their 1mp in

health and disease has stimulated considerable research in a wide range of
clogy (Ann N. T Academy of Scrences, 1050)

Studies which we have tonducted mdicate that a ‘ground substance’
15 not only an important constituent of normal blood vessels, but that
alterations of this matenal constitute a major feature m the evolution of
artenosclerosis (Rinehart & Greenberg, 1949, 1951)

Our interest in the mucinous component of blood vessels was stimulated
by study of artenal lesions which developed m monkeys subjected to pro-
tracted pyndovine (vitamme B,) deficiency It was soon apparent that the
lesions, which are remarkably like those of human artericsclerosis, were
typified either by a swelling of pre-existing mucinous ground substance or
by deposition ol increased amounts of such material in the walls of artenes.

This muestigation has been supported by the Natonat Heart Institute of the United
States Public Health Service and the Amencan Cancer Soccty
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Aaterial and Methods

Diustrative matenal relative to this report is derised from experimental
and human matenal. The experimental material is naturally somewhat
better for illustration because of prompt and controlled fisation.

Until recently, demonstration of ground substance of various connec-
tne tissues including blood vessels has been dependent upon its meta-
chromatic staming reacuon with toluidine blue of thionine (Bunung,
1950). While this reaction has been of great value in the study of ground
substances, 1t 15 subject to certain vagaties which are dependent upon the
stam, fixaton and other techmcal variables and does not cleasly delineate
the finely distributed ground substance, In addition to staming with
tolwdine bive, three relatively new histochemical methods which are useful
in the study of connective tissues have been employed in this study. One,
based on the Hale (1946) technique, is dependent upon the affinity of
acd polysaccharides for colioidal iron and their subsequent delinea-
tion by the Prussian blue reaction with ferrocyanide. In the modification
developed by us (Rimehart & Abul-Haj, 1951 a) which includes appro-
priate counterstaining with cochineal and fuchsin, the ground substance
stams blue, ‘baserent membrages” stam yellow to orange and colfagen
fibres stain red. Elastic fibres are unstained, and as suck are clearly aut-
lined A combmation of the colledal iron technique and the periodic acid-
Schuff reaction has also proved useful 1n our stidses. With this technique
‘basement membranes’ stain a cnsp red, collagen also stains red, but less
sharply. A modification of Gomon’s (1950) aldehyde fuchsin staining,
which we believe selectively stains the sulphated acid polysaccharid
(Runehart & Abui-Haj, 1952), has proved particufarly useful in the study
of blood vessels With this staiung procedure the sulphated mucopolysac-
charides stam violet, and the most delicate elastic tissue fibres are very
sharply outlined There is certamly an intimate relationship between the
sulphated mucopolysaccharide and the elastic tissue fibres in blood vessels
Flastic fibres are hathed sr a mucinous ground substance. It is possible
that the elastic fibre proper 15 not stained by the aldehyde fuchsin but is
outhmed by condensation of sulphated mucopolysaccharide at its surface,
Sturdy of many blood vessels stained by this and other technique strongly
suggests that the elastic ussue fibre represents a differentiated produ’cl

demed from the mucinous ground substance. Insofar as is hnown, elastic
fibres have no direct relationship to cells.
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Branth of an ewennally nosmal renal artery of man The internai elasne lamna »

“bathed” 1 2 mucinous matrux (blucl, 2ad & swmter sabitance 1 presont between mscle
cells of the media St colladal ron X 160

Fig a2

Narmal aorts of a thesus monkey The unstamed clistie tssue 15 suscounded by @ metar

chromaticataming mocmows matrex Smooth muscle cells with blush cytoplasm are
interspersed besween the clasye fibres Stan toladine blac x 700

Fyg 3
Goronary artcry of man showing mild mtimal shickensng of a mucmous character
(below) A wimilar mucmous substance 15 present between muscle cells of the medi
Bundles of cotlagrn fibres (red} are seen in the advenutia Staww collowdal eron v tfa



Fig 4

Abdorumal aorta of 2 pyndoxine-deficient monkey, The mtimal plaque s composed
dominantly of a mucnous matersal (blue) There 1 abo an excess of such substance

n the media Stam colloidal wron X 15

Fg 5

Abdomunal aorta of deficient monkey The section which 13 one adjoming that

shown 1 figure 4 has been staned with aldehyde fuchsin which, we believe, reacts with
sulphated mucopolysacchanides, staing violet This stain also sharply delineates elastic
tssuc Stan modificd Gomon: aldehyde fuchsin X 15

Fyg 6
Ihac artery of a pyridoxinc-deficient monkey The large mumal plaque exhibits a
marked accumulation of blue-staiming mucinous material in which there 15 some cellular
prohferation Relativelv large pools of mucinous substance arc also present 1 the media
Collagen 10 the adventitia stains red Stam collowdal won X 80

Fig. 7
Small ariery from a case of diabetes showmg swelling of mucinous ground substance
and cellutar proliferation 1n the thickencd ntma, Stam: colloidal iron and Schiff

reaction. X 8

Fig. 8
Another small artery from the same source as that stown m figure 7 The sulphated
mucopolysaccharide stains violet with this technique. There 13 also an excess of ground
substance m the media The mternal elastic Jayer 15 clearly shown Stamne modified
Gomon aldehyde fuchsin X 8o

Fig. g
A secton of human kidney from a case of essential hypertension The high mucmous
content of the hyperplastic intimal thickening of the small artery 15 evident Arterioles
are greatly thickencd and narrowed Stam collodal wron X 160
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The mucinous substance of the arterses undoubtedly serves as an im-
portant clement in maintaining the structural and functional integrity of
the vessel wall It might be looked upon as a ‘mobile cement substance’
which binds the fibnllar and cellular components, yet allows them freedom
to ghde upon one another as the vessel expands and contracts

Structurc of Normal Artentes

A brief review of the normal structure of arteries is pertinent to con-
sideration of problems related to the histogenesis of arterioclerosis or other
forms of vascular discase The large artenies such as the aorta and its
primary tributaries are of the ‘elastic’ type In such vessels elastic tissue 1s
present throughout the media. We find that the elastic tissue fibres are
bathed in a matrix of ground substance. Smooth muscle cells he in the
spaces between the elastic fibres. These relationshups are well shown n
the section of monkey aorta stamed with tolaidine blue (Fig 2) In mu-
scular arteries such as the renal and coronary arteries, a single elastic
tissue lamina is seen separating the media and the normally thin mtima
(Figs t and 3). This or other elastic tissue 15 encased 1n a ‘bath’ of muco-
pohysacchanide The muscle cells of the media alo appear to be bound to
one another by such materal which 1s sharply stained by the colloidal iron
technique (Figs. 1 and 3) A few delicate elastic-bke fibres may be seen
in the media of such vessels, The adyentitia of both the elastic and muscular
artenies shows irregularly distributed clastic fibres persed between the
collagenous bundles of this layer. The basic structure of the muscular
artenies appears to be essentially the same irrespective of the size or site of
the vessel,

Basic Alterations in Arteriosclerosis

The carly structural alterations of a chronic disease such as arterso-
sclerous are important 1n an evaluation of the hrtogenesss and patho-
genesis of the process. It is our belief that alterations in the mucinous
ground substance are of fundamental importance in the evolution of ac-
teriosclerosis Olrervations and llustrations of the process are densed fram
human artenes as well as from vessels of monheys subjected to pyndovine
deftcrency. The basic akerations appear to be simlar

16 Connective Thuue
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Arteriosclerotic Lesions of Pyridoxine Deficiency in the
Rhesus Monkey
These lesions have been described and will be briefly reviewed (Rine-
hart & Greenberg, 1949, 1955). In monkeys subjected to protracted de-
ficiency of pyridoxine {vitamin Bs) distinctive alterations occur in the

Lz: e R, !‘.""{4«‘ g

Fig 1o,
Segment of abdommal aorta of a pyndoxne-deficitnt monkey The thickened intima

(upper half of section) staing with aldehyde fuchsin, and 1t would appear that elastc
tissue is differentiated i the muanous plaque The elastic fibres of the media are
sharply outlined Stain aldehyde fuchsin X 8o

Fig 11
Branch of a renal artery from a pyndowne-deficient monkey. This section stafned only
with b ln, was by phase mi y The mucinous material blends

with the more sharply shown elastic fibres of the internal elastic lamma New and -
perfectly formed elastic fibres are present in the thickened mtima Stain  hematocylin
%

abdomunal aorta and m the ihac and femoral vessels as well as in the
smaller muscular arteries of the viscera. The distribution of the lesions is
quite similar to that i man. In fact, the character and distribution of
vascular lesions in the pyndoxine-deficient monkey is much more analogous *
to that scen in man than is the experimental cholesterol sclerosis of rabbits
The essential nature of the process is similar in arteries of various
sizes, The jnitial alteration imvolves a swelling (or increased deposition)
of the mucmons ‘graund substance’, ‘This is most evident in the mtimal
zone, but in the more severe lesions there is also a swelling of the ground
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substance of the media (Figs 4, 5 and 6). The intima may become con-
siderably thickened with increasing accumulation of mucinous material
C ly, there is a proliferation of cells m the intima In such lesions
fibrllar material, some with the staining properties of cofiagen and some
of the nature of elastic tissue, 1 demonstrable in the mucoid plaque (Figs

/O
A

2EN

Fig 12
An iliac antery of & pyndoune-deficient monkey The thickened antima exhubis marked
metachromania stamed with toludine blue There is also cellular prohferation in the
intimal plague Stam toludine blue X 8o

Fig 13
A section adjrcent to that shown sn figare 12, stamed to demonstrate clastic tissue It 15
evident that trregular and mmperfect elastic tissue hay formed in the mucimbus matrx

of the plaque Stam Weigert-van Gieson X 80

10, 11, 12 and 13). It seems most probable that both the collagenous and
elastic tissue fibres are differentiated products denved from the abnermal

ground sut We have lated additional evidence m
support of this concept, which is as yet unpublished

Linin

A detailed study has not been made of lipid in the experimental vascular
lesions However, ipid 1s demenstrable m the more advanced lesions In
some instances 1t appears that ipid may have combmed with the muco-
polvsaccharide In figures 14 and 15 adjacent sections embedded 1n carbo-

160
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wax (Rinehart & Abul-Haj, 1951 b) have been stained with Sudan IV
n one mstance and tolmdine blue in the other. It appears that the lipid
staming reaction with Sudan 1s dominantly at the sites of concentration
of the mucopolysacchande, which exhibits a deep metachromatic staming

Fig 16

ST R
by el an L

V\.
R\
RIS oL

i
¥

Fig. 14
Segment of an ihac artery of a pyndoxine-deficient monkey The tissue was embedded in
carbowax and staned with Sudan IV The dark segments in the upper part of the
photograph are staned with Sudan The sites of this staiming appear to corsespond to
the areas of deepest metachromatia shown m figure 15 Stam: Sudan X 8o,

Fig 15

A scction adjommg that shown above (Fig 14) This section also was embedded 1n

carbowax and was staned with toludine blue The zones of the mtima showing dcep.ci!

metachromasia appear to correspond with the Sudan staining zones shown above Stain:
toludine blue X Bo.

Fig 16

Ihac or femoral artery of pyndoune-defiient monkey statned with Sudan. There 1%

marked thickening of the intma The dark particles lymg m the pools of mucinous

matcnal represent lpid stained with Sudan It is probable that some hpid was fost
preparation of the stction Stam. hematoxyhn and Sudan X 80

reaction This observation suggests that the mucopolysaccharide may have
a positive affimty for lipid, as was postulated by Schultz (1922) and by
Faber (1949) Accumulation of lipid in the mucmnous substance s als_o
shown in figure 16 In other mstances, fine lipid droplets may be seen i
the cytoplasm of spimdle-shaped cells in the deeper layers of a plaque.
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Human Arteriosclerosis
Human blood sessels have been studied by similar methods in a con-
siderable serics of cases with patticular attention being durected to the
coronary arterics (Moon & Rinchart, 1952). Tt 15 of interest that the

Fig 17
Cotonary artery of » fomale infant of 26 months showing early whmel stlerons The
dask thickened intymal Zone saims violet and containg newly formed elastc tissue Fine
elastic fibres are also wisible 1n the medrn Some coarser mregular elastie Hibres are scen
i the adventia Stun aldehyde fuchsin % 8o -

Fig 18
Coronary artery of a man agrd 27 stawned with aidehyde fuchsin to demonstrate the
sulphated mucopolyacchandes and elastic tssue The ‘selerotie” sntima about equals the
media 1a thickness The darkestumng mudinous matrix contaips newly formed elastic
ussae Gbres There 14 an evident excess of mucinous matensal 1 the media abso Stain
aldehyde fuchun X 8o

inception of arterioscherosss, at feast in the coronary arteries, occurs at an
carly age Mud thickening of the mtima 15 not uncommon i the first
decade and shows a progressive ncrease up to the fourth decade and a
~omewhat more gradual increasc thereafter Thew changes represent the
average However, W 1s well known that i some indinidualy sclerotic
changes may be advanced to the point of pracuical occlusion i the thud
deeade, while others may show relatively minor ehanges in the seventh or
oghth decade.

The earlier alterations in human blood veseels appear to be esentalls
the same as those we have deseribed 1 the experimental disease of monhess
(Figs 3, 7,8, 9, 17 and 18)
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It 15 of cannderable interest that Virchaw {1856) found the earliest
changes of arteniosclerons to occur in the intima and to consist of 2 ‘gela-
tinous swelling” of this layer. He noted that the accumulated material
resembled ‘mucus’ both chemically and morphologically and observed the
presence of dehcate elastic fibres in this “structureless, diaphanous, fnter-

Fig 15

Fig 21

Fig 1p
Human cosonary artery stamed wath tohndine blue and Sudan IV. Xt should be nate.d
hat whle the sntma 1 almost wnsformly thickened, only one segment contamns hpid
{black i phota) Stan  tolusdine blue and Sedas X 15

Fig 20
A higher magmfzcation of a segment of the vessel shown m figure 19 The zone to the
n1ght shows mesachromatsc stamng with tohndine blue The segmens at the Ieft of the
same thickness contams hd Stam toluidine blue and Sudan X 8o

Fig 2

This turasn coronasy acecey shavs & rather advanced acclusive Teson At the Jeft dde

of the vesscl much bprd hay accumulated The highterstamed portons of the mtima

cxtubit metachromasa with toludine blue but do not contain bpid Stamns toluidie
bluc and Sudan X 15

Fig. zo.
Scgmment of & scierotic leson of a buman aorta showing undissolvrd, faindly outhed
cholesterot coystals This hwsue was embedded m carbowax, Stams: toluidsne blue and
Sudan X 720.
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celfular suk > Ce itant with this afteration, he noted that the
connective tisue cells enfarged and multiplied With more refined methods
of study we can verify this observation but can say little more, We may
speak of deposition or swelling of sulphated mucopolysaccharides in the

s Cr T,

Fig 23 Fig 24
Fig a3

Kdney of 2 pyridoxine-deficient monkey showing hyperplastic thickening and ‘clastifica-
tion’ of the mbima of a small artery The essential sumlanity of ths lesion to that of she

fuman kidney shown s figure 24 is evident Stamn+ aldehyde fuchwn X 160

Fig 24
Human kidaey In the center 15 3 small sclesotic artery The darkstaining thickeped
mtima ‘reacts’ with the aldelyde fuchan stam, and newly formed elastic tissue mav be
scen At the top of the photograph part of a farger artery it also shown The decply
salmng mucmous substance of the thickened mtima here 15 also staned sharply with
the aldehyde fuchsun Stam  ajdehyde fuchem X 8o

wtima associated with cellular prohifs clastification and depositi
of caollagen. Another alteration scen rather early in the process is facal
degeneration of the internal efastic layer at the sites of developing plaques.
Ttus 15 not surprising if one fooks upon the clastic tissuc as having been
dernved from and probably maintained by the ding ground subx

With progression of the selerotic process, increasing amounts of colla-
genous tisse are found in the plaques, particularly m the decper layers;
the advancing ntimal aspect of the plaque is more ke the carly lesion,
presenuing the loose mucinouns structure rich in mocopolvsaccharide. The
mternal elastic Jayer shows increasing fragmentation and reduplication
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Lirip

In our study of the coronary arteries, no direct or causative relationship
of ipid to the early lesions could be shown utilisng the usual methods for
1ts demonstration In some instances the intimal layer may show a moderate
diffuse thickenmng, and only one segment may be infiltrated with Lpid
(Figs 19 and 20) Such a finding strongly suggests that the hpid infiltra-
tion 1s a secondary process.

In the more advanced lesions of coronary arteries hipid is practically
always present and 1s found in the deep layers of the plaque. This ipid
may have been imbibed from the blood or may have been derived from
simpler substances such as acetate and, bemng deposited in a site of such
low metabalic exchange, 1t persists, continues to accumulate and acts as
an irntant to further augment the sclerotic process (Fig. 21). Frequently
cholestero! 1s demonstrable 1n such atheromatous masses In sections em-
bedded in carbowax the typical undissolved crystal forms may be seen
(Fig =22). Hyaline changes m the partly collagenised ground substance,
calcitication and mcreasing accumulation of llpld characterise the more
advanced stages of the process.

While the coronary arteries appear to be particularly vulnerable, es-
sentially analogous changes accur m other muscular arteries of similar stze.

SayALL ARTERIES

It 15 of some interest to consider the lesions seen in smaller muscular
arteries While an extensive study has not been made of such vessels, 1t
seems evident that the pathologic process is similar to that which occurs
in the larger vessels, and that here again the experimental lesions are quite
hke those occurning n man (Figs. 7, 8, 9, 23 and 24) The fundamental
lesions mvolve an increased accumulation or swelling of ground substance,
particularly m the mtima Accompanyng this alteration there 1 cellular
proliferation and deposttion of collagen and elastic tissue fibres. Lapid
accumulation 1s less marked The reaction in the small vessels is likely to
be diffuse rather than i plaques characteristically seen in Jarger vessels

Discussion

Limitations of space do not allow full review of the literature per-
taining to the connective tissuc ground substance of blood vessels. The
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carly obscrvation of Virchow has been noted Bjorling (1911} drew atten-
tion to the ‘mucoid connective tissue’ of blood 1essels and noted its increase
in arteriosclerasis Schultz {1g22) further directed attention to alterations
in the mucinons ground substance of arteries in the devclopment of arterio-
sclerosis He noted the intimate relationship of the mucinous ground sub-
stance to clastic tissue and held the view that elastic tissue was probably
dertved from the ground substance. Qur own cbservations would support
this concept Schnltz also drew altention to the affinity of such sobstances
for lipids and cafcum, calling attention to the similar property of cartilage.

‘The derivation of ground substances has not been clatified Asboe-Han-
sen {1950) noted the close ascocation of hyaluronic acid and mast cells
in dermal connective tissues and postulated that the mast cells released
this substance He noted, however, that mast cells are not found in rela-
tionship to mucinous ground substances containing chondroiun suiphuric
acid such as carplage. The ground substance of arteries 18 alka a sulphated
mucopotysaccharide {Mever & Rappont, 1950), and ma cells are not
found 1n refationship to it. To the witer it seerns highly probable that the
ground substance of blood vessels m an ‘extraceflular’ seeretory product of
the component cells of the blood vessels, namely Fbroblasts and smoath
muscle cells Further, 1 would appear that elastic tissue as well ax collagen
fibres are formed in and are differentiated products of the grownd <ub.
stance The mamfest increase in the volume of mucinons matenal in
arteriosclerotic blood vessels may be due to an imhibiton of fluid by an
imperfect, possibly depolvmersed ground substance

Tf, as it appears, the basic leston of arteriosclerosis imolves the ground
substance of artenes, st is naturally pertinent to direet attention ta factors
which are concerned m its formation and metaboliem. In view of the
expenimental evidence presented, there can be hittle doubt that pyridoxine
w5 so concerned. It is not known whether deficiency of this factar contri-
butes to the pathotenesis of artenosclerosis in man. While manifest pyi-
downe deficiency rarely, if cver, is <een in man, we do not know whether
or not mild deficiency states aperating over a peniod of vears would exert
a deleterious mfluence Likewise, it is possble that other nutritional or
metabolic faults might also impair the formation and maintenance of the
vascular ground substance. Tt <hould be recalled that arteriosclerosis is a
chronic disease with its beginnings demonstrable in childhood and, in the
adult, same degree of anterionclerons 18 practically universal
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Lo

In our study of the coronary arteries, no direct or causative relationship
of lipid to the early lesians could be shown utilising the usual methods for
1ts demonstration, In some nstances the intimal layer may show a moderate
diffuse thicheming, and only one segment may be infiltrated with hpid
(Figs 19 and 20). Such a finding strongly suggests that the lipid infiltra.
tion 15 a secondary process

In the more advanced lesions of coronary arteries hipid is practically
always present and 1s found m the deep layers of the plaque This hpid
may have been imbibed from the blood or may have been derived from
simpler substances such as acetate and, being deposited in a site of such
low metabolic exchange, it persits, contimues to accumulate and acts as
an irntant to further augment the sclerotic process (Fig. 21} Frequently
cholesterol is demonstrable mn such atheromatous masses In sections em-
bedded 1n carbowax the typical undissohved crystal forms may be seen
(Fig. 22) Hyaline changes 1n the partly collagenised ground substance,
calcihication and increasing accumulation of liprd characterise the more
advanced stages of the process :

While the coronary arteries appear to be particularly vulnerable, es-
sentially analogous changes occur n other muscular arteries of similar size.

SMALL ARTERIES

It 1s of some interest to consider the lesions seen in smatler muscular
arteries, While an extensive study has not been made of such vessels, it
seems evident that the pathologic process is similar to that which occurs
in the larger vessels, and that here again the expertmental lesions are quite
like those occurning m man (Figs 7, 8, g, 23 and 24). The fundamental
tesions invelve an mereased accumulation or swelling of ground substance,
particularly 1n the intima Accompanymg thus alteration there is cellular
proliferation and deposition of collagen and elastic tissue fibres. Lipid
accumulation 15 less matked. The reaction in the small vescels is ikely to
be diffuse rather than 1n plaques charactenstically seen in larger vessels.

Discussion

Limitations of space do not allow full review of the hterature per-
taining to the connective tissue ground substance of blood vessels. The



ARTERIOSCLEROSIS 249

eatly observation of Virchow has been noted Byorfing (1911) drew atten-
tion to the ‘mucoid comnective tissue’ of blood vessels and noted its increase
m arterincclerasis Schultz (1922) further directed attention to alterations
1 the mucinous ground substance of arteries in the development of arterio-
sclerosis He noted the intimate relationstup of the mucinous ground sub-
stance to elastic tissue and held the view that elastic tissue was probably
denved from the ground substance Our own observations would support
this concept Schultz also drew attention to the affinity of such substances
for lipids and calcium, calling attention to the similar property of cartilage

The denvation of ground substances has not been clanfied Asboe-Han-
sen (1950) noted the close association of hyaluronic acid and mast cells
m dermal connective tissues and postulated that the mast cells released
this substance He noted, however, that mast cells are not found 1n rela-
tionship to mucinous ground substances contaimng chondroitin sulphuric
acid such as cartilage The ground substance of artenies 1s also a sulphated =
mucopolysacchande (Meyer & Rapport, 1g50), and mast cells are not
found m relationship to it To the writer it seems highly probable that the
ground substance of blood vessels 1n an ‘extracellular’ secretory product of
the component cells of the blood vessels, namely fibroblasts and smouoth
muscle cells Further, 1t would appear that elastic tissue as well as collagen
fibres are formed 1 and are differentiated products of the ground sub-
stance The mamfest increase n the volume of muunous materal in
arteriosclerotic blood vessels may be due to an imbition of fluid by an
mmperfect, possibly depolymerised ground substance

If, as 1t appears, the basic lesion of arteriosclerous invalves the ground
substance of arteries, 1t is naturally pertinent to direct attention to factors
which are concerned 1 its formation and metabolism, In view of the
experimental evidence presented, there can be Iittle doubt that pyridoxine
is so concerned It 15 not known whether deficiency of this factor contri-
butes to the pathogenesis of artenosclerosis 1n man While manifest pyn-
doxme deficiency rarely, if ever, 1s seen in man, we do not know whether
or not mild deficiency states operating over a period of years would exert
a deleterious influence Likewise, 1t 15 possble that other nutritional or
metabohc faults might also impair the formation and maintenance of the
wascular ground substance It should be recalled that arteriosclerosis 1s a
chronic disease with {ts beginnings demonstrable m childhood and, 1n the
adult, some degree of arteriosclerosss is practically umversal
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Summary

The fine structure of normal arteries is briefly reviewed. The altera-
tions seen in human arteriosclerosis and the similar changes occurring in
monkeys subjected to protracted pyridoxine deficiency are described and
illustrated It is ponted out that swelling of the mucinous ground sub-
stance 15 a prommnent feature of the experimental disease and also probably
constitutes the basic lesion of arteriosclerosis
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GENERAL CONSIDERATIONS ON
COLLAGEN DISEASES

Pavw Kresperer
Department of Pathology, The Mount Sinai Hospital, New York, N Y, US A

A PERUSAL of the recent medical literature seems to indicate that the term
“collagen disease™ enjoys conuiderable popularity One who has been some-
what responsible for the mntroduction of the name mught consider the fre-
quent ref as evidence of approb: by the medical profession But
tus satisfaction fades when he realizes that the term 1s not used 1n the sense
n which it was Ity proposed. He feels responsible for the

hension which he regards as an mdi for not having quately ex-
pressed his ideas He welcomes, therefore, the opportunity of clanfying
the oniginal purport of the term, and of amphfying 1ts meamng in the hght
of subsequent experiences For this purpose 1t seems appropriate to review
first the observations and thoughts which have led to the mtroduction of
the term

Schade (1923) 1n the furst decades of the century called attention to

the loosc connective tissue, specifically to its e im p as
a diffusely distributed colloidal system of biologie smportance He re-
cogmzed 1ts paramount role m water bolism and m the

of 1onic equilibrium and referred to 1t as “connectnve tissue organ” Khinge
(1933) first reahized the significance for pathology of structural changes
of the intermediate substances of the connective tissué His mvestigations

of the pathol anatomy of rh: fever and rh d arthntss led
him to the concluston that these maladies are characterized morphologically
by a pnimary lized all of the e tissue, if by

mucod swelling and fibnnoid degeneration of the mtercellular matersal
Smnlar changes had previously been reported by Gerlach {1923) n ex-
penmental protein hypersensitivitv and these observations were confirmed
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by Klinge. By carrelating the results of studies of the Ining and the dead
with those of the expermental animal Klinge concluded that hypersensi-
twvity to streptacocer was the etiologre factor 1n rheumatic fever and rheum-
atoud arthntis This thesis, also arrived at by Swift {1940), led to an ever-
mcreasing number of microbiologic investigations in search for the antigenic
factors of streptococer in general and group A hemolytic streptacocci 1
particular, immunologic and epidemiologic studies of patients afflicted with
these maladies, and experimental attempts to reproduce the pathologic-
anatomic changes of the diseases in animals

Klhinge had singled out the fibringid_alteration of the connective tissue
as the most significant structural criterion of the hypersensitivity state and,
therefore, extended his pathogenetic hypothesis of rheumatism to a series
of human diseases 1 which microscopic investigations had disclosed the
existence of such connective tissue damage Hence, penarteritis nodosa,
hromb iitis obli der yositis, endocar@tglenta, mahgnant
nephrosclerosis, and certain nephritides were designated by him as diseases
with an allergic background. When Masugi & Ya Shu (1938) discovered
fibrinoid changes in generalized scleroderma, this malady also was included.

Microscopic studies of the organs of patients dying of systemic lupus
erythematosus revealed the presence of widespread fibrinoid connective
tissue changes in a significant frequency. It was tempting to apply the same
pathogenetic mnterpretation and many authors have subsequently done so
(Teilum, 1945, Rich, 19347) However, for several reasons Pollack, Baehr,
and I {1941, 1942) could not accept this attractive explanation The course
of systemic lupus erythematosus does not reveal chnical maniestations
pointing to a state of hypersensitivity in the strict sense of the term Further-
more, local fibrincid connective tissue damage is observed in a variety of
morbid conditions where the hypothes:s of allergy cannot be seriously enter-
tamed, such as in the base of peptic ulcers, m the vicinity of pancreatic
necrosis, or in acute bacterial mfections It is conspicuous in the vasculature
of animals made hypertensive by the Goldblatt mechanism or by desoxy-
corticosterone, of dogs treated with repeated adrenaln injections, and can
even be produced by simple squeezing of the shin of the rat

It seemed evident that the diversity of situations in which fibrinoid con-
nective ussue damage was observed could be opposed to the valdity of
Klinge’s pathogenetic generalization, Moreover, while we did not deny
¢that fibrnoid connective tissue changes occur in hypersensitivity, the cor-
relation was merely empmcal and revealed neither the nature of the tissue
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alteration nor the mechanwm of its production. Hypersensttivity 15 too
complex and obscure a biologic state to serve as a final explanation for an
equally ill-defined morphologic phenomencn. However, we fully accepted
JKlinge’s basic premne that the widespread connective tissue alteration
cbserved 1 so great a variety of human disease was of sigmificance and
that 1ts comprehenston would advance the understanding of an etiologically
obscure area of human pathology In order to come to such comprehension
1t first seemed necessary to bring the problem imnto sharp focus ' Khinge had
recoghized that the primary connective tissue alteration n rheumatic fever
d the Tlular comp and that the ch: istic celluler
abnormalities (Aschoff body) were only secondary Sumilarly, i systemic
lupus erythematosus and in generahzed scleroderma the changes of the
mterinediate substances seemed to us far more meamngful than the
assonated cellulor teactions In our mucroscape analyus of the organ
changes m lupus erythematosus we were more impressed by the fibrinoid
changes of the connective tissue than by ats less conspicuous swelling whach,
only subsequently, was recognized ta be the result of an mcrease of meta-
chromatic substance “Following the concept of Neumann (1880) the
fibrinoid connective tissue damage was interpreted as a degenerative change
of the collagen fibers Accordingly, we believed that the basic pathomorpho-
logic fcature was an abnormality of the callagen fiber which we assumed to
be due to a phyvsicochermeal alteration of the orgame compound collagen
We were cogmizant of the ewstence of an amorphous ground substance as
the second component of the extracellular matenial of the connective tissue
and considered 1ts ssimultaneous imphication m the pathologic process, but
we selected the fiber “alterauon as the conspicuous and more sigmificant
morphologic feature The obvious fiber augmentation 1n generahzed scler-
oderma associated with fibrinoid alteration supported this selection, These
considerations led to the chotce of the term “collagen disease” to collect
descriptively into a group such maladses which were characterized morpho-
logically by systemic all of the d h: of the
conpective tissue, conspicuously of the collagen fibers, In discussing the
rationale of the term and of the concept we stated that we did not imply
to submit a pathogenetic defimtion , in fact, the 1dea was proposed mainly
1 order to call attention to the sigmificance of the connective tissue as the
site of morbid changes and to invite mvestigations of the reasons for its
alteration

It was fortunate that during the years these studies in pathology were
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by Klinge. By correlating the results of studies of the Inimng and the dead
with those of the experimental ammal Klinge concluded that hypersensi-
tivity to streptococcr was the etiologic factor in rheumatic fever and rheum-
atoid arthntis This thests, als arrived at by Swift (1940}, led to an ever-
increasing number of microbialogic mvestigations in search for the antigenic
factors of streptococc: m general and group A hemolytic streptococer m
particular, immunoclogic and epidemiologic studies of patients afflicted with
these maladies, and expenimental attempts to reproduce the pathologic-
anatomic changes of the diseases m animals

Klinge had singled out the fibnnoid.alteration of the connective tissue
as the most ssgnificant structural criterion of the hypersensitivity state and,
therefore, extended his pathogenetic hypothess of rheumatism to a series
of human diseases mn which microscopic investigations had disclosed the
exsstence of such connective tissue damage. Hence, penarteritis nodosa,
thrombo-angutis obhterans, dermatomyositis, :ndacardx_tg lenta, malignant
nephrosclerosss, and certain nephnitides were designated by him as diseases
with an allergic background. When Masugi & Ya Shu (1938) discovered
fibrinord changes in generalized scleroderma, this malady also was meluded

Microscopic studies of the organs of patients dying of systemic lupus
erythematosus revealed the presence of widespread fibrinoid connective
tissue changes in a sigmficant frequency. It was tempting to apply the same
pathogenetic mterpretation and many authors have subsequently done so
(Tellum, 1945, Rich, 1947) However, for several reasons Pollack, Baehr,
and I (1041, 1942) could not accept this attractive explanation. The course
of systermc lupus erythematosus does not reveal chnical manifestations
ponting to a state of hypersensitnaty in the strict sense of the term F{xﬂhcr-
more, local fibrinoid connective tissue damage is observed m a variety of
morbid conditions where the hypothes:s of allergy cannot be seriously entc.r-
tamed, such as m the base of peptic ulcers, in the vicinity of pancreatic
necrosis, or m acute bacterial infectrons It is conspicuous i the vasculature
of animals made hypertensive by the Goldblatt mechanism or by desoxy-
corticosterone, of dogs treated with repeated adrenalin injections, and can
even be produced by simple squeezing of the skin of the rat, .

It seemed evident that the diversity of situattons in which fibrinoid con-
nective tissue damage was observed could be opposed to thf validity o):
Khnge's pathogenetic generahzation. Moreover, while we d1d not deny
that fibrmotd connective tissue changes occur it hypersensitivity, the cor-
relation was merely empincal and revealed neither the nature of the tissuc
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alteration nor the mechamsm of its production. Hypersensitivity 1s toa
complex and ahscure a bologic state to serve as a final explanation for an
equally 1ll-defned morphologic phencmenon However, we fully accepted
Klinge’s basic premise that the widespread connective tissue alteration
observed m so great a variety of human discase was of significance and
that 1ts comprehension would advance the understanding of an etologically
obscure area of human pathelogy In order ta come to such comprehension
it farst seemed necessary to bring the problem into sharp focus Klinge had
recognized that the primary connective tssue alteration in theumatic fever
concerned the mtercellular companents and that the charactenstic cellular
abnormabties {Aschoff body) were only secondary, Sifarly, in systemic
lupus erytk and m the changes of the
miermediate substances scemed to us far more meamngful than the
assocuted cellular reactions In our mucroscopic amalysis of the organ
changes mn lupus erythematosus we were more mmpressed by the fibnnerd
changes of the connective tissue than by 1ts less conspicuous swelling which,
only subsequently, was recogmzed to be the result of an ncrease of meta-
chromatic substance “Following the concept of Neumann ( 1880) the
fibrinoid connectsve tissue damage was interpreted as a degenerative change
of the collagen fibers Accordingly, we believed that the basic pathomorpho-
fogic feature was an abnormality of the collagen fiber which we assumed to
be due to 2 physicochenmcal alteration of the organic compound collagen.
We were cogmizant of the existence of an amorphous ground substance as
the sccond component of the extracellular matenal of the connecuive tissue
and considered 1ts simultaneous smpfication 1n the pathologic process, but
we selected the fiber alteration as the conspicuous and more signifscant
morphologic feature The obvious fiiber augmentation m generalized scler-
oderma assoctated with fibrinoid alteration supported this selection, These
considerations led to the choce of the term “collagen disease™ to collect
descriptively mnto a group such maladies which were charactenized morpho-
logically by systemuc alterations of the intermediate substances of the
connective tissue, conspicuously of the collagen fibers, In discussing the
rationale of the term and of the concept we stated that we did not imply
to submit a pathogenetic defimtion, 1 fact, the 1dea was proposed mamly
m order to call attention to the signsficance of the connective tissue as the

site of morbid changes and to mvite mvestigations of the reasons for its
alteration

tized sclerod

It was fortunate that during the years these studies n pathology were
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progressmg,.ths ?iscovery of the spreading factor by Duran-Reynals ( 1942),
of hyalux:omc acid by Meyer (1947), and the electron microscopic studies
f’f Schmitt et al (1942) stimulated interest in basic investigations of the
mter'cellular components of the connective tissue. Identification of hyal-
uronidase with the active principle of the spreading factor revealed enzgme-
substrate relationships and incontrovertibly established the reality of the
connective tissue ground substance The study of the buology of the con-
nective tissue became the focal point for workers from diverse fields such
as chemustry, physiology, and histology

There 15 no question that great advances have been made in the
chemical identification and enzyme relations of the various mucopolysac-
chandes which enter into the formation of the ground substance, but the
protemn moety is still largely unexplored. The ultrastructure of collagen has
been successfully analyzed by X-ray diffraction and electronmicroscopy,
but its relationship to the ground substance has not yet been clarified. The
diversity of action of different hormones upon the connective tissue has
been amply demonstrated, but the actual mechanism of this influence has
not yet been fully established This is particularly true for the role of the
adrenocortical hormones which are believed to affect, specifically, morbid
conditions of the connectve tissue (Hench et al, 1g949). Do_they act
directly upon the cellular elements, the ground substance, or upon the
fibers, or rather indirectly upon the metabolism of the chemical precursors®
Due to the renewed interest in the connective tissue, old histologic and
Iistogenetic problems have been reinvestigated with newly developed tech-
miques. The formation of collagenous fibers by fibroblasts has been demon-
strated by tissue culture and electronmicroscopy (Porter, 1952). On the
other-hand, 1t has also been shown that collagen fibers can be reconstituted
from a fiber-free solution of collagen without cellular interaction (Nageotte,
1931, Highberger, Gross & Schmitt, 1951). These observations are of
importance because they indicate that the formation of intercellular com-
ponents of the connective tissue might not be under exclusive cellular con-
trol. Thus posstbiity may also apply to the homogeneous ground substance
because even most recent investigations have not provided unequivocal
proof for the popular belief that 1t 15 manufactured by fibroblasts or other
cells (mast cells) Observations of pathology, on the other hand, indicate
that abnormal intercellular components of the connective tissue {para-
myloid) are deposited without interaction of local cells and are apparently
directly transferred from the blood plasma It might well be ashed whether



COLLAGEN DISEASES 255
a———

a sular mode of origm should not be thought of for normal constituents
of the ground substance (Mueller, 1950, Kiemperer, 1953-54}

In appraising the present state of our hnowledge of the connective
tissue, it must be admitted that certain basic questions regarding the biology
of the intermediate substances have not yet been answered; in fact, some
have not even heen seriously asked, Since the present mformation regard-
ing the rormal state of the connective tissue 18 still superficial, 1t 15 cbvious
that it cannot suffice to throw hght upon the factors which are responsible
for jts morbid alterations Ought we, therefore, postpone attempts at patho~
genetic explanations of the “collagen diseases”™ until the nature and reace
tivity of the connective tissue has been fally dlarified? Is there really, as
Marsky (1952) expresses it, "a danger of introducing such a term as “colla-
gen discase’ when there is so much that s yet to be done in clanfying what
we are talking ahout! Ought we to stop at the mere descnptive char-
acterization of these obscure maladies and leave to basic science and the
experiment the ulumate task of pathogenetic detinition? Can we not expect
that persistent mvestigation and reasoned interpretation of the patholegic
manifestations charactenstic of the mdiidual members of the group will
disclose facts whicl will give us added insight into the biology of the con-
nective tissue m health and disease? Since the concept of “collagen disease”
ongnated i morphological observations, one might justly inquire whether
nvestigations of anatomic pathology durmg the past twelve years have
contributed new observations which have broadened the concept.

It has already been stressed that the idea of collectmg a group of
discases under a umfymg term was founded upon the recogmition that
these maladies show generalized alterations of the connective ussue upon
aucroscopic study The most significant phenomenon 1s “fibrinoid degenera«
tion” of the collagenous tissue, A clear comprehension of this connective
tisue change seems to be the indispensable foundation for a ranonal -
qury into the pathogenesis of the enure group. The concept ongmated
with Neumann (1880) who believed that the appearance of the connective
ssue 1 certamt morbid conditions was the result of a transformation of
the cottagen fibers wto fibnin-like waterial. This ongmal opmion of Nen
mann was d when !{hnge d that the mucroscopie altera-
uon was duc to a of a fibrin-like sub hetween and within
the callagenaus bundles and not to their chemical transformation This
i was. d by the mvesti; of Altshuler & Ange-
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not_the Tiber, was the anatomic site of the connectise tissue alteration, and
that the fibrinoid deposits were the result of 2 Precipitation of mucopaly-
saccharides by the action of a basic protein Chemucal analysis by Bien &
Ziff (1951) of the fibnnowd substance found in sub nodules in
rheumatoid arthntis has proven that 1t does not contamn proline and
hydroxyproline and s, therefore, not likely to have origmated from collagen
which 15 characterized by a igh hydroxyproline content. A definite chemi-
cal wdenufication of the fibrmoid matertal 1w theumnatoid nodules was,
however, not accomplished by these studies. In previous not published work,
Fetelberg n our physics laboratory mvestigated such material, as well as
endocardsal vegetations of systemic lupus erythematosus, with wide angle
X-ray diffracuon. He found that in both instances the diffraction pattern
was different from that of collagen; although 1t showed some simularity
with that of fibrm, 1t was only concluded that X-ray diffraction of fibnnoid
substances revealed no more than the presence of a mixture of amino acids.
It might be added here that elect oscopic igations by Astbury
(1950) and Wolpers (1950) did not contmbute to the dentification of
fibrmoid substances, either It seems, however, to be established that the
derivation of fibrinoid substance from collagen must be seriously questioned.
While the attempt at chemical identsfication was not abandoned, it became
necessary to reconsider the approach

It was agan the study of systermic Jupus erythematosus which disclosed
mycroscopic features which seem to throw light upen the particular nature
of fibrinoid connective tissue changes in this malady, and which suggest
some general principles which may guide s in congiderations of the patho-
genests of the entire group of “collagen duseases” These observations took
thewr ongm from our histochemical analysis of the hematoxylin-bodies
which showed that they contamed depolymerized desonyribose nucleic acid
derrved from nuclear chromatn of mesenchymal cells, When the sigmifict
hn-stained bodies was gnized for the diagnosis of

ance of the h ]
the disease, the problem asose haw to connect these alterations of cdls. with
those of the mtermediate substances In other words, 1t was quoiﬁhomid
whether the fibrmord connective tissue damage bore any direct relationship
to the observed nuelear chromatin changes. Since mesenchymal cells only
were affected, one mught beheve that the anomaly of the m‘crmcdxfnc
substances of the connective tsue was the result of a disturbed function
of these cells which have so generally been regarded as the manufacturers
of these substanices On the other hand, the celtular changes and those of
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the intermediate substances might be traced to a common remote cause
affecting the entire mesenchyme, or they rught be enturely unrelated There
were, hardly any biologic facts known which could help m resolving these
speculations Recent hustologic and histochemucal et m aur
laboratories (Gueft & Laufer, 1954) on lupus materal have demon-
strated that depolymerization 1s only the initial phase of a degradation
process of nucleoproten which leads to the formauion of hematovyhn
bodies In its further progress DNA gradually disappears and the pre-
viously hematoxyhin-stained bodies become eosinophulic and stan like fibrin
On the other hand, the deposits of fibrinoid substance m the vascular wall
and other sites show frequently hematoxylin-stained smudges which are
Feulgen positive, indicative of the presence of DNA Apprasing the results
of these recent microscopic mvestigations 1 systermie lupus erythematosus,
it can be seen that they bute to a better und ding of the basic
connective tissue change, the “I_\_\g:inmd" alteration, which 1s so Eﬁnmjnem
+n this disease. The histochemical analvsis indicates that this “fibrmord”
matenial mcludes the protem motety of the degraded nucleoprotein, and
this identification ties together the two characteristic features of the morbid
histology, hematoxylin-stained bodses and “fibrinoid” alteration of the con-
nective tssue The presence of degraded nucleoprotein within and outside
of the vascular lumina strongly suggests that the deposits within the cons
nective tissue are the results of a transfer or seepage of abnarmal proten
from that circulating within the vessels
In addition to advanang wsight mto the pathology of a puzzling
discase, the observations lead to certain logical conclusons and raise quest-
1ons which concern the general problem of “collagen diseases™ It has been
repeatedly stressed that “fibrinaid” alteration 1s the basic criterion of the
systemic connectne tissue change which circumstribes the morphologic
definition of the group. This narrow descriptive characterization was ob-
viously nadequate as long as the nature of this alteration and the factors
ponsible for its develapment 1 obscure. One of the objections
agamst the collective term “collagen duseases” was the fact that the mor-
phologic critena were too general One of the reasons for the aminguity 1s
the tacit bebief that “fibninoid” alteration of the connectie tissue is a well-
defined, always identical manifestation of tssue damage (Klemperer,
1953). The fact alone that 1t oceuts m so heterogencous morbid and ex-
penmental situations should force one to think that the similarty of the
youcroscopic appearance might be deceptive and not denote identity. Such
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logical conclusions are generally met by the statement (Bachr & Pollack,
1947, Duff, 1952) “that the reaction of the connectne tissue has only
limited possibilities and that a more or less stereotype response may accur
to a vanety of noxious stimult”. The identification of the fibrinoid” sub-
stance m lupus eryth as degraded itiicle ,- >:c\cals,
for the first time, the chemical nature of such ;mncc‘ And just this
observation demonstrates also that the “fibrnoid” substances mn other
maladies must be different, because the metabolic disturbance which 15
responsible for the occurrence of this type of “fibrinotd” substance is unique
for Tupus erytt The histochemical identification would
not have been possible if the “fibrmoid” substance in systemic lupus had
not been a labelled protein, and the ultimate chemical identification of the
“fibrmord” m other maladies will meet far greater difficulties. Nesertheless,
I believe that thss 1s one of the basic aims of rational research which wll
help to define the path of the mdividual bers of the group of
“collagen drseases”. It 15 obvious that both the theories of hypersensitivity,
as well as hormonal jmbalance (Selye et al, 1949} proposed to be the um-
versal pathogenetic factor 1n this group, have been challenged by the recent

morphologic disclosures.

The other obscrvation which appears to be of general significance
beyond the special problem of systemic lupus erythematosus is the circula-
tion of degraded nucleoprotem, an abnormal protein, within the vascular
system and 1ts deposition withm the connective tissue as a component of
intercellular substances The apparent transfer of a plasma partition mto
the connective tissue 1s not startlng. In systemic distribution a foreign
protem is found as component of mtercellular material of connective
tissue m para-amyloidosis. This paraproteinosis (Apitz, 1950) is always
with parap 3 in fact, it is maintained (Randerath,
1950) that p: loidosss 15 an ical corollary of paraprotei
Para-amyloidosts 15 most frequently, though not invariably, assocrated with
plasma_cell myeloma and the recent mvestigations of the blood proteins
in this disease show most commonly abnormalities of the electrophoretic
and/or of ultracentrifugal molecular pattern. Association of abnormalities
of the ntermediate substances of the connective tissue with anomalies of
the plasma 1, therefore, already well known In fact, Ehnch (1952) m-

cluded para-amyloidosis with the “collagen ciseases”. This was an inter-
hine conclusion because it illuminated the problem of

Systemic alterations of intercellular

sated

esting and far
this group from a new point of view.
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"connective tissue sub is the § of the so-
called “collagen diseases”. Obviously, the widespread deposition of an ab-
normal protein such as para-amylo:d within the connective tissue reflects
a profound of the b and, therefore, pars-
amylosdosss belongs to the general family of collagen diseases. However,
the fact that here the nature of the connective tissue alteration 1s clanfied,
supersedes the necessity of labeling para-amyloidosis with the broad family
term. In general, the term “collagen disease” refers only ta one descriptive
cnterion, 1f the nature of the structural alteration has been clanfied, the
term becomes foo general and consequently the more distinctive name
becomes preferable for the disease. This consideration applies also to
systemic lupus erythematosus, which can now be defined as a discase
charactenized anatomically by a systemic implcation of the intermediate
substances, due ta the depostion of d ded nucleop: This degrad;
tion 15 the result of 2 disturbance_of DNA metabolism of mesenchymal
cells The cause of this disturbance has not yet been establshed.

The same pathogenetic prmeiple mught well be considered for the ex-

ploration of the other members of the group \cl n diseases such as

fever, 1h id arthritis, fized i and serum
sichness, no aucmpts have yet been successful at a closer dentification of
the at diate sukb of the tssue, only the
proteinic nature of the “fibrineid” matmal having been established, How-
ever, there 13 ample the of the plasma
proteins, especiaily m fever and d arthritis This -

formation, derived from serological as well as chemical investigations,
leaves no doubt that the plasma of rheumatic fever patients contains a
great vanety of anubadies to secretory products of group A hemolytic
streptococci, obviously forergn proteins, and that in both diseases the plasma
proten partition 1s c ly altered Ho ia, wiuch seems
to play so decsive a role i para-amyloddosis and n systemic Jupus
erythematosus 1n the provocation of the changes of the intermediate sub-
stances, has therefore been also established in theumatic fever and rheuma-
tod arthrtis Sumlar inf for lized scle and serum
sickness dots not yet exist, but the few reports available indicate, at least,
the ewstence of hyperglobulinera

The mucroscopic analysis of the artemal changes m systemic Iupus
erythematosus has also bearing on the problem of necrotinng artentis The
vascular changes characterized by “fibnnoid_necross™ and severe mflam-
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matory cell infiltration have mostly been tdentified with polyarteritis nodosa
(Mallory, 1943). The g of h hin-stained bodies and hema-
toxyhn-smudged fibnnoid material permits of a separation on morpho-
logical grounds, Moreover, the recogmition stimulated by these investiga-
tions, that fibrinoid as 1t occurs in different discases must not be accepted
as a homogenous substance merely because of similarity in structure and
staining reaction, makes one more inquisitive in regard to the nature of
necronzimg arteritis in general. This inquiry is germane to the problem of
“collagen diseases” because the conspicuous vascular changes so frequent
in this group have been smgled out, and given rise to the term “diffuse
vascular disease” which is often used synonymously. Recent publications
(Zeek, 1952) reveal a healthy revolt against pathogenetic wentification of
the various instances of necrotizing arteritis, The experimental production
of such lesions by different mechamsms unequivocally speaks against an
indisciminate identification in human pathology. In fact, the mode of
production m the ammal and the histologic analysis (Montgomery &
Muirhead, 1953) in human disease indicate that the microscopic similarity
15 only superficial and that the erroneous identification was mainly deter-
rmned by the implicit acceptance that fibrinoid alteration dencted matenal
and, therefore, pathogenetic 1dentity

The term “collagen disease”, as onginally proposed, was not designed
to be used as a diagnostic symbol which stands for a complex of functional
and structural disorders characteristic of morbid entities It merely called

attention to the fact that certam diseases with obscure etiology are distin-
sue, specifically, of its
1 morbid

guished by a systemic alteration of the connective tis
mtercellular comp It collected these chnically hete
states 1nto a group because they shared with each other the seat and
features of a basic change of morphology. In contrast to preceding theories,
the term did not attempt to explain the implication of the connective tissue.
However, 1t reflected a concept which asmed at pathogenetic defimtion of
the ndwvidual members of the graup Pathalogic anatomy must approach
this goal by exact determunation of the pature of the structural a]tcra!mns
characteristic of the pertinent maladies, medicine by judicious analysis of
the clinical manifestations Tt 15 obvious that such explorations of the ab-
normal must rest upon a full comprehension of the normal. However, the
present information regarding the biology of the intercellular substances of
the connective tissue,—the focal pomt of the problem of the “collagen
diseases”—is sull incomplete in spite of the valuable contribution of the
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basic sciences within recent years. Many questions, such as the origin of
the homogeneous ground substance, the chermical constitution of its protem
moety. its relationship to fiber f the mech of b 1 and
enzymatic control still awart clanfication The results of such investigations
must he integrated with the interpretation of the abnormal states, char-
actensuic of the “collagen discases”, But the rational analysis of structural
or functional manifestations of disease will also raise questions and provide
significant clues for the comprehension of the nature and role of the mnter-
cellular substances ol the connective tissue under normal conditsons In
this way, the concept of “collagen discases” (Klemperer, 1g50) will have
served as a stmulus for scientific contemplation of the intercellular sub-
stances and the maladies so designated will become a chapter in a con-
ceptual scheme of “mtercellular. pathology™.
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ARTHRITIS

Criarees Racan
Department of Medicine, Columbia Unsversity College of Physierans and Surgeons, and
the Edward Daniels Faulkner Anthntis Chinc of the Presbytestan Hospital, New York,
Y,Usa

Introduction
I RECENT YEARS, emphasis has been placed on the concept that many of
the arthritic diseases represent diseases of the connective tissue, This places
the nidus of these diseases in the supporting structures of the body apart
from the parenchymal tissues When this concept 15 carefully scrutinized,
1t becomes obvious that ail discase mnvolves the connectve tissue and in
only rare instances does a process single out tissues of ectodermal or endo-
dermat ongin, Despite this criticism, 1t has seemed wise to foster the idea
that the rheumatic discases are diseases of the connective tissue since the
mam smpact falls on this tissue and, when visceral mvolvement does occur,
the focus of the leston 15 in the reticulum between the parenchymal cells.
The rheumatic diseases can be divided mto those due to degencration—
chuefly the result of wear and tear—and those associated with inflammation

Degenerative Joint Disease
The prototype of the former 1s known as degencrative joint disease or
osteoarthntis, It may be regarded as resulung from use, affects joints which
receive the brunt of hfe or have been weakened by structural defects,
trauma, excessne obesity or pror infl With age, d i
<hanges can be d i

in weighthy g joints 1 many }!

species as well as i man The morphologic charactenstics are always present
whereas symptoms are not The reason for the appearance of symptoms m
most instances s the deselopment of a small area of mflammation resulting
{rom minot trauma “The primary degeneration 1s in the ground substance
of hyaline cartilage which disappears leaving the reticular frameworh
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visible~—a process known as fibrillation. The erosion of cartilage extends
towards its border and may penetrate to epiphyseal bone. As a reactive
phenomenon to this change, there is active growth of primitive cells where
cartilage and synovial intima blend m a zone of transitional tissue In this
zone, metaplasia to cartilage and bone may occur as well as at the Junetion
of peniosteum and fibrous synovial capsule, thus creating the bony spurs or
exostoses so characteristic of degenerative joint disease. When hyaline car-
tilage 1s completely destroved, 1t 1s replaced by cburnated bone. Granulation
tissue is seen infrequently, inflammation is notable by its absence, and
there is little change in the synowial lining. The joint fluid 15 simlar to that
seen in traumatic arthritis, showmg little evidence of inflammation, of de-
polymerization of the synovial hyaluronate, or of increased protein content
(Ropes & Baver, 1953). The principles underlymg the management of
this type of arthnitis are simple: attempts should be made to decrease the
amount of trauma and, to tide the patient over the pertod of inflammation
(which is usually short-lived and not self-perpetuating) by the use of mild
anti-inflammatory agents,

Inflammation of the Joints
Arthnitis may result from a localized or a g Y
process The causes of inflammation are protean, and an agent causing in-
flammation elsewhere in the body can and has cansed arthritis

lized inil

PyoGENIC ARTHRITIS

The most common pyogenic orgamisms resulting i jomnt inflammation
are the pneumococey, staphylococar and streptococci, which may be intro-
duced mto the jomt by direct trauma or metastatically from a blood stream
infection Two other orgamsms are prone to involve joints during a sy-
stemic infection—the gonococcus and the meningococcus These all pro-
duce in jomts reactions simlar to those set up in other sites of the body.
The host response is characterized by polymorphonuclear invasion and
destruction of tissue with abscess formation The joint fluid is increased n
amount, the hyal is depolymerized, there is an i d proten
content, an mereased number of white cells (predominantly polymorpho-
nuclears) and a decreased glucose content, Since the reparative potentiah-
ties of cartilage are practically nil, the great danger from these infections is
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that of cartilaginous destruction and repair by joint fusion The principles
of therapy are smple—adequate treatment with suitable antibiotics before
cartstagiaous destruction has taken place

TUBERCULOUS ARTHRITIS

The wbercle bacillus can invade joints—as a manifestation of a haem-
dissernination or as p ion {rom hercul

bene In focalities where p i of milk is not wid d, the bovine
tubercle bacilius is prone to ivade bones and jomts but human bacilli have
been recovered from tuberculons arthnts. The lenon is mdistinguishable
from tuberculoss clsewhere with the usual picture of epithehoid cells, case-
ation and acid-fast bacslh. Cartilage is undermined and may be destroyed.
Although tubercle baalli may be recovered from the asprrated synovial
fluid, the dragnosiie procedure of choee 15 a synovial biopsy, The synovial
fluid hyaluronate is depolymerized, there is a tendency to an increased
white cell count with relatively low palymorphonuciear percentage, an
increased proten and a decreased glucose (Ropes & Bauer, 1953} Anti-
brotic therapy has been quite successful but in many instances is combined
with immobilization of the mnvolved joint with the hope of healing by
fusion

“Cortacen” Diseases

The vast majonty of examples of the wnflamimatory type of arthnus
appeats 1n the group n wiuch the nfl 1s of unknown 1
This includes rh d arthnts, 1k i¢ fever, di
erythematosus (LED) and peniarteritis nodosa (PAN).

Aetrology The most attractive actiologic hypothesis now entertained 15
one based on hypersenstivity but the offending antigen 15 poorly if at all
defined, In rheumatic fever, 1t 1s linked with infections with muluple types of
group A haemolytic streptococci {Rantz et al,, 1945) Vascular lesions similar
to those seen in PAN have been produced m animals with large amounts of
foreign protein (Rach, 1946), and smilar vessel changes have been scen
in man following contact dermatitis (Rytand et al, 1948}, and sulfonamide
hvpersensitivity (Rach, 1946). The fact remams, however, that in an over-
whelming majonty of paents with any of these three disease syndromes,
1o offending antigen or immunologsc evidence for such an antigen ean he
detected

d Jupns



266 CHARLES RAGAN

Serologic Reactions. The serologic reactions seen in LED—the LE cell
phenomenon of Hargraves et al. (1948), and the postive flocculation reac-
tions—cephalin and thymol turbidity—result from abnormal globulins pro-
duced m this disease. The LE phenomenon is quite specific but the relation-
ship of this particular protein to the role of hypersensitivity is not clear. A
variety of serologic reactions is seen in many pattents with rheumatoid arthritis
and mn some with LED and PAN The agglutination of sensitized sheep cells
by a globuln mn the serum of patients with rheumatoid arthnitis may be
an antigen-antibody reaction. It s more likely a nonspecific reaction m
which a system which 1s about to agglutinate is exposed to a factor which
will agglutinate many other readily agglutinable particles such as collodion
particles or Kaclin (Wallts, 1946 and 1947), The agglutination of group A
haemolytic streptococci by the serum of patients with rheumatoid arthritis
15 a similar phenomenon, requiring two factors (Lamont-Havers, 1954).
The first 15 present m most adult sera and sensitizes the group A strepto-
cocct, making them readily agglutinable. The second is sumilar, perhaps
identical to the factor agglutinating sensitized sheep erythrocytes, a sub-
stance produced n patients with rheumatoid arthritis which will agglu-
tinate many readily agglutmable systems, in other words, those “ripe” for
agglutmation Thus, the serologic reactions, which are more or less specific
for these diseases, so far have not helped a great deal n our understanding
of their pathogeness. It should be stressed, though, that, in rheumatoid
arthritis where most of the phenomena assoctated with the clinical picture
of the disease as well as with 1ts laboratory picture may be reversed by large
amounts of adrenal hormones, these serologic reactions tend to persist This
would 1mply that, alone, these protein reactions represent something other
than the host response to the disease and may mdicate that the disease
process tself 15 implicated in the production of this abnormal protein.

Pathologic Lestons. The primary lesion in LED and in PAN has long been
accepted as a vascular one In the past, there have been advocates for a pri-
mary vascular lesion in theumatoid arthritis These theortes were not generally
accepted until recently when the mounting weight of evidence has convinced
many that the pnimary lesion in the rheumatoid nodule is a vascular one
(Sokoloff et ak, 1953). The size of the vessels involved in the three disases—
rheumatord arthnitis, lupus erythematosus disseminatus and Pperiarteritis
nodosa—seems to be different with the smallest involved m LED, the larger
arterioles and small artertes 1 PAN and the smaller arterioles in rheum-
atoid arthritis, The vascular lesion in rheumatoid arthritis involves, for the
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most patt, the ntuna that in PAN the media and that in LED the swhole
wall of the capiilary. The classical fixed tissue type of hypersensitivity (as
seen in the tubercubin reaction) probably has a vascular component at its
onset When a munor traumatic episode 1s produced in foose areolar con~
nective tissue, the fust vistble reaction m the host ss a capallary change con-
susting of exudation of material from endothelial celis {ollowed by margina-
non of lencocytes and vl 1y by cell migration to the 1 aren
{Zwerfach, 1953) Thus, the vascular nature of the pnmary lesion seen in
the above three discases need not xmply that the hypersenativaty 15 of the
cirenlating aatihody type but could as well be of the fixed tissue type in
which arrculating antibodies may be difficult to determine.

‘The cellular reaction seen in PAN 15 the most extensne while the lack
of ceflular reaction s LED 15 charactenstic. This reaction i1n PAN consists
of polymorph lear and phulic & while in
arthritis, Iymphocytes prcdommate, Fibrinoid necrosss appears 1n al} three
syndromes but cur understanding of this change 1 not clear Winle it has
many of the tinctorial charactenstics of fibrin, its composition 35 believed
to be by some, altered fibnin, and by others, altered ground substance
(Bennett, 1950).

In LED, the lesion may subside, leaving mnimat fine scarning as m the
“onion skin” lesion of splenic vessels or only a small amount of increased
ground substance as m the “wire loop” lesion of the glomeruli. Granulation
tissue s notable by 1ts absence, whcrc.xs th: appearance of haematoxyhn
bodies—masses of depol d leic acd iculatly
tymph nodes—is <ad to be seen only in this condition. In E'AN , scarrng
appears n the adventitia but the final lesion 13 a thrombosss of the involved
vessel with mifarction of the area fed by that vessel. Agan, there is no wild

h of d tissue, In id arthritis, the vascular lesion
is evanescent and can be scen only 1 the eatly stages, It 1s rapidly enguifed
by a very vascular granufation tissue which seems to grow so rapdly that »
undergoes necrous This necrotic matenal 15 surrounded by epitheliord cells
m the typical palisading fashion whuch 1n turn are enaircled by a zone of
more adult connective tssue to form the characterstic rheumaterd nodule
Several workers have studied the destruction of coflagen in the rheumatoid
nodule In the fibrmed from the center of the nodule, Ziff et a) {1953)
have heen unable to detect an d amount of hydroxyproline, imply-
mg that this substance tmight be present if collagen were broken down
Since this is a relatively small molecule, howerer, 1t could well hav +
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drffused from the area In the center of a nodule, intact and broken down,
somewhat denatured collagen has been shown to lie side by side as deter-
mmed by electronmicroscopy (Kellgren et al,, 1951). Thus, there is httle
evidence from these studies to show that collagen is particularly implicated
as the offending antigen Collagen 1n general is a poor antigen and it is
only with great difficulty that antigenucity to it may be demonstrated {Wat-
son et al, 1954). Other components of the connective tissues such as hyalu-
ronic acid and several of the chondroitin sulfates, have been tested for anti-
genicity in ammals and in man but none has been demonstrated It should
be pomted out that the differences between these materials as they appear
m the body and as wmolated chemucally are great and could well modify
ther potential antigenwcity. The role of the proteins in the mucopoly-
sacchanide protein complexes in these tissues has not beea explored and
undoubtedly should be.

Rheumatod nodules characteristically have a predilection for pressure
pomts such as the juxta-articular regions of the olecranon used in raising
the body from an armchair and on the occiput in the bedridden patients.
Lesions exhibiting a simular histologic structure may also be seen extensisely
throughout the body including the supporting structures of the viscera.
They have also been noted in heart valves which, when the inflammation
has subsided, may be scarred and contracted to produce lesions difficult
or even mmpossible to distmguish from the scarred valves of rheumatic
fever The nodules of rheumatoid arthrtis represent but one phase of this
disease The other is the overgrowth of the synovial tissues, presumably
begmming with vascular and small nodular lesions These rapidly become
obscured by the thickening of the synovial lining folding up in villi and by
overgrowth of a moderately adult granulation tissue known as pannus
which spreads widely over the joint wvading the cartilage, destroying it
and penetrating the subchondral plate. The granulations lead to fibrous
ankylosis and when enough cartilage 1s destroyed, bony ankylosis may ensue.
The jomt flud in rheumatoid arthritis 15 frequently increased in amount,
the hyaluronate tends to be depolymerized, there is an increased pmtcr'.n
content (similar to that seen in infectious arthritis), the leucocyte count is
usually elevated with a tendency to an increase in polymorphonuclear
leucocytes, and a tendency toward a slightly lowered content of glucose
(Ropes and Bauer, 1953). The synovial fluid in LED and PAN has x‘wt
been studied 1n the adequate detail required to make statements concerning

its composition.
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Fig 1.
Fibnnoid necross of wall of blood vessel at base of mutral salve i patient
v with thenmatod anbns

Chmecal Features A very charactenstic feature of these three diseases is
that they are self-perpetuating This s diffs ult to reconcile with an aetialagy
of hypersensivity unless one brings in the concept of antbodies to a homo-
logous tissue or tissues as exemplified by progressve chrosuc nephiritis mduced
by a single injection of an anti-kidney serum Thas 15 sheer speculation at the
present time but dees serve to mtroduce the concepts of management utihized
1 these diseases The hypersensitnaty, if 1t exasts at all, 15 of the fined tssue
tvpe and 1s not mfluenced by There 1s no fly ac-
cepted form of therapy as with pemsaiflin 1n gonococeal disease The course
of all three of these diseases mav be unpredictable In general, it may be
sad that PAN wsually follows a progressne downhll course ending fatally
when the blood supply to a vital area 15 compromised, although long periods
of mav occur. Although LED « I runs a similar course,
spontanecus remussions have been cbsersed which have perusted for months
ar Lears
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When one considers rheumatoid arthritss, the course is extremely varj-
able Ths feature of the disease has been recogmzed only in the past decade
and when taken mto consideration, the evaluation of therapy becomes
difficult. Much treatment proposed m the past must be discarded, as re-
missions ascribed to a given therapy were probably unrelated to it and re-
presented no more than the natural course of the disease There is consider-
able evidence, though not accepted by all, that gold in the form of a gold-
sulfhydryl compound will temporarily modify, to the benefit of the Ppatient,
the process of theumatoid arthritis, The mechanism of this beneficial action,
if it exists, is unknown and in no way awds in unray eling the mystery of this
disease

Anti-Inflammatory Agents. In all other methods of treatment, reliance is
made upon the anti-inflammatory properties of certain drugs and hormones,
The salicylates have been used 1n this group of diseases—notably rhetmatoid
arthntis—since MacLagen m 1876 pomted out the antirheumatic actron of

willow bark. Recent work has shown that salicylate has an anti-infl: Y
action when used mn several expenmental models of inflammation, but the
pathways through which 1t works are not und d. It has been 4

that a metabohc product of salicylate—gentisate—may be the active prin-
ciple. Gentisate under certain conditions will inhibit the action of testicular
hvaluromdase but evidence to show that this enzyme is implicated in m-
flammation, either nonspecific or rheumatic, 18 nonexistent. With the hor-
mones—cortisone (Kendall’s compound E), hydrocortisone (Kendall’s
compound F), and corticotrophm (ACTH)—the anti-inflammatory action
hat better und d although the particular enzyme system

15
blocked is not known. These three hormones have a common result in the
mtact animal, hydrocortisone working at the tissue level, cortisone probably
converted to hydrocortisone 1n the body and corticotrophin acting through
the adrenal to produce a substance simular to, if not hydrocortisone itself.
Since the three hormones may be assumed to act through hydrocortrone,
this will be used as the example It is thought that it exerts its anti-inflam-
matory action by blocking the elaboration of 2 substance necessary for the
maintenance of the nflammatory process produced by damaged cells. This
substance causes changes in the vessel wall leading to margination and may
be chemotactic for the cells required for the completion of inflammation.
The processes of repair, of turnover, of maintenance of ftructur:, and of
growth are mtimately connected with the elaboration of this substa.ncc, c.:\ch
being slowed during the administration of this hormone  Following with-
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drawal of the hormone, the phenomenon of the rebound is often seen, and
can be illustrated most graphically with grawth curses where, during hor-
menal admnistration, the growth rate is slowed and, fallowing withdrawal,
accelerated beyond the control figures The rebound has been recognized
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Fig 2
Example of “rebound” weight gam following withdrawal of ACTH
For 12 days followsng cessation of treatment rate of Rawn exceeded pretreatment rate
Followmng this preteeatment rate was resumed Base-hine weight for pre-AGTH earve
{open aircles) 15 1270 gim , that for post-ACTH curve (sohd aurcles) 18 2160 gm

chmically 1n 1 withd: 1 an the 1 diseases { Fletcher ¢t al.,
1952} although 1t cannot be as well documented as 1 growth cunes, If the
first premuse 15 correct, namely, that a substance 15 not elaborated by
damaged cells during cortisone admimistration, 1t might be assumed that
prccursors to this material may be stored up and accumulate. Following
a 3, this ac fated matcrial 18 suddenly utilized and

an acceleration of the inflammatory process—the rebound~takes place.
In chimcal practice, complete suppression of the nflammatory process is
scldom feasible smce doses of hormone required to do this would be n-
compatble with fe The pt d with withdranal muy
contuwually be taking place during the chnical use of these hormones The
1 \ PFOCEss In T d arthritis which is blocked by contisone
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requires a period of time to build up to the level at which clinical symptoms
appear Thus, 1t is possible that the rebound phenomenon may be con-
tinually gomg on at a level insufficient to produce the chnical symptoms
used to gauge the amount of hormone administered In this way, one mght
explam the acceleration of the process at the tissue level coexistent with
suppression of chnical symptoms. This type of reasoning has been used to
explain the apparent increase 1n visceral involvement seen m rheumatord
arthritis smce the advent of the cortisone era (Robmson et al, 1953).

Summary

In summary, the rheumatic diseases involving tissues of mesenchymal
origin may be roughly divided into two_groups: those resulting from de-
generation and the inflammatory type. The actrology of the inflammatory
arthritic diseases 1s understood in some but in the majority is not and must
at the present time be approached through speculation Present hypotheses
favor the basis of hypersensitnity of the fixed tissue type bringing in the
cencept of autoantibodies to explain the self-perpetuating nature of these
syndromes. In the therapy of nonmuctobial inflammatory arthritis, resort
1s made to the antiphlogistic agents such as the salicylates and the r1-oxy-
steroids of the adrenal cortex. From indirect evidence, some concept of the
mode of action of these hormones in inflammation may be surmised. Our
knowledge of the structure of the tissues mvolved, the reaction of these
tissues to noxious stemuli and the particular noxious stimuli involved in the
rheumatic diseases affecting these tissues 1s hmited. Until more knowledge
1s gamed 1n these areas, we will continue to grope our way in the manage-
ment of these human diseases on an empirical basis.
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SOME SYSTEMIC’
CONNECTIVE TISSUE DISORDERS
PERTAINING TO DERMATOLOGY

G. Assox-Hansew
Connective Tissue Rescarch Laboratory, University Institute of Medical Anatomy,
and The Finsen Institute, Copenhagen, Denmark

Introduction

REGENT CONNECTIVE-TISSUE RESEARCH has mtroduced a number of new
aspects into dermatology. It 15 now realized that the connective nissue of
the skin is part of a system possessing important functions

Until a few years ago, dermatology was external medicme. To-day at
least a group of dermatological discases are considered external enly from
an mternal pomt of view, Now as previously, the amm is to treat a vital
organ which besides other important functtons serves as man’s front towards

vironment. But knowledge has been led, the means have changed,
and the therapeutic pomts of attack have become more numerous.

The skin is 2 mesenchymal argan with a cover of ectodermal cells with
special properties and functions, The corium—or dermis—is made up of
fibnllar connective tissue, Gells and fibrils are embedded in a mucinous

matnx or ground substance.

Collagen fibrils, arranged in bundles, constitute the predominant ele-
ment of the dermal connective tissue. Reticulin fibres, related to the collagen
fibres, are particularly ample m the dermo-epidermic junction and in the
perivascular areas The elastic fibres, consisting of thin fibrils and threads,
form a network, anastomosing with one another,

The fibroblasts predominate numerscally among the cells of the dermal
connectrve tissue 1n an adult body ; they are believed to play a part in fibnl-
logenesis The mast cells are present in large numbers, especially in young
mdniduals ie. in growmng connective tisue Apparently, they secrete 1m-
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portant comp of the mwci ground suby imanly the
viscous mucopolysaceharide hyaluronic acid,

In addition ta these cells, which appear to be concerned with the new-
formation and 1ntegrity of a normal connective tssue, the dermis may
contain hustiocytes of macrophages, plasma cells, and lymphocytes actng
in local and systerme defence

In the subcutaneous tissue the predominant celiular element 1s the fat
cell—-a mesenchymal cell holding droplets of fat

‘When the dermal connective tissue is diseased, we are dealing with a
skin dreease. On the other hand, external factors may primandy attack the
epidermis This 15 true 1n contact eczemas, but there 15 probably no dermato-
logical condition that does not—primanly or secondanly—nvolve the con-
necuve tissue.

It seems beyond doubt that the cpidermis may change in response to
vanous morbid changes of the underlying connective tissue. For mstance,
thickening of the epithelial layer and keratosis 1s a rather constant response
to an accumulation of mucin m the detnus, €g in myxoedema. Hair
growth appears to be wnfluenced by changes of the connective tissue, and
the same probably applies to th: growth of the nauls Disenses of the mesen-
chymal are iated with charactetnstic changes of
the surface

The diseases to be mentioned below are ndubitably of widely different
2uology and pathogeness, but all of them have the common feature of
affecting the connective-tissue system and of giving nise to marbid changes
m the ground substance, fibnls and cells.

This 15 not the place to deal with all dermatological mesenchymoses
In order to draw attention to the significance of the mesenchyme as the
soil of disease, T have chosen some systemic connective-tissue diseases whose
names are comed by dermatologists, because the cutancous symptoms
predommate the syndrome or are at least sgns of essential diagnosuc
sigmficance

As far as posuble, the classification will be bated on primary marbid
changes 1n the vanous components of the connective tissue, but owing to
the close functional relationship of the cclls and the mtercelular substance,
such a classidication cannot be absolute
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Disorders Affecting All Mesenchymal Elements.
“Mesenchymal Diseases”

The atiology of one important group of dermatological connective-
tissue disorders to be dealt with below 15 entirely unknown, and Ittle is
known about their pathogenesis. All these conditions affect the mesen-
chymal system mn the extended sense of the term, the reticulo-endothehal
system bemg—at least at some stage of their course—actively involved in
the processes. At an early stage they seem to affect primarily the mucinous
system (the ground substance and the mast cells). In more prolonged cases
the collagen system (precollagen, collagen fibrils, fibroblasts) or the elastic
tissue (the elastic fibres) will be involved as well. Certain chemmcal changes
1 the ntercellular substance, induced by local or systemic actions, such
as fibrmoid, hyaline, amylod, or paramyloid changes, have been de-
monstrated m certain connective tissue diseases. They have to a marked
extent formed the basis of pathogenetic classifications and considerations

(pp 178, 196, 251)

Disseaunatep Lurus ERYTHEMATOSUS

This diagnosis 1s probably in most cases made in a dermatological de-
partment, because the cutaneous signs are practically always present. But
the disease affects the connective-tissue system as a whole In the pre-
domunant majority of cases, it affects women of the age of sexual maturity
(20—45 years of age), and this has drawn attention to the endocrine
apparatus. The question of a passible allergic pathogeness is still of topical
interest (Klemperer, p. 252, Tellum, 1948, and others).

The cutancous signs are of essential diagnostic importance. The affec-
tton may bear a certain resemblance to chromc discoid fupus erythematosus.
Nevertheless the two diseases may be essentially different, although trans-
itions from cne mto the other have been reported

The skin lesions may manifest themselves as erythematous, urticarial,
1 uften i d

bullous, erythema mult:iforme-like or erysipel
with dermal hzmorrhages. Sometimes, the eruption starts in the face, m
which case 1t is characterized by a butterfly distribution, covering the nose
and cheeks There may be elements with follicular keratosis and atrophy as
in the chronic discoid le Gradually, the eruption spreads to the trunk and
extremities (Figs 1,2) It 15 often—at least at the outset—lacahzed ta
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areas exposed 1o light, but mechanical traumas also appear to play a réle,
the skin of eg. the heels, elbows and knees being affected with particular
frequency. The fingers often extubit characteristic elements, the dorsal
aspects of the phalanges and the nail folds may show vivid to bluish red,

Systemic Jupus erytheratosuy

ocedematous, infiltrated, chillblain-bke elements with or without purpura
and occasionally with vesicles and bullac.

As far as the skin ptoms are ! thers may be pletel
wmptom free intervals, but such remrsions may be accompanied by
exacerbations in other organs,

The oral mucosa may exhubit aphthae, mucosal bleedings 1n the form
of petechiae and ecchymoses, or purulent gingivinis Plunonficial vlcerative
mucosal fesions have been obscrved

The disease 15 accompanied by persods of fever, fluctuating according
to the general condition

Microscopie exammation of skin lemons reveals accumulations of a

t fal it

ground substance and mast cells 1n
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the connective tissue of fresh lesions (Altshuler & Angevine, 1949, Ashoe-
Hansen, 1950¢). In cases of longer standing, metachromasia is less con-
stant and often insensitive to the action of hyaluronidase ; and fibrinoid
changes are Irequently observed. There will be accumulations of fibroblasts

Fig 2
Systemic lupus erythematosus

and mcreased formation of collagen fibrils, resulting in regular fibrosis In
all advanced cases there are signs of degeneration and fragmentation of the
collagen fibnls There are infiltrations with lymphocytes, mast celfs, and
plasma cells, a certam number of macrophages is constantly present.
Usually, there 1s vascular prohferation and mtramural oedema In rare cases
the vascular changes acquire the character of periartentis nodosa, showing
fibrinoid necrosis as well as inflammatory cellular infiltration.

In all mesenchymal ussues “hematoxylin stained bodies” have been
1 15 a char: istic connective tissue

found, and fibnnoid deg
change in all parts of the body
In the blood and bone marrow charactenstic “ e, cells” (Hargraves
et al, 1948) have been observed, a phenomenon that 1s due to an abnormal
protem within the globulin fraction of the blood and certam changes in
the nucler of the white blood cells. Regarding the relationship of the last
mentioned three phenomena, the reader 1s referved to Klemperer, p 256,

and Klemperer et al., 1950.
Hyperglobulinzma 1s a fairly constant finding, and so is, correspond-
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PP hymal

ingly, an 1 of proten p
cells, including plasma cells in the spleen and od\:r oryns.

Anzmia and leukopenda are always present; the latter is of diagnostic
value Articular involvement is among the most constant symploms of this
disease It may range from arthralgia without objective signs, to large
swellings and effusions 1n the jomnt cavities, Destruction of cartilage or bone
does not occur The skeletal and cardiac muscles, on the other hand, are
often invohved, this entails pain and physical fatigue. The serous mem-
branes, the pleura, pericardsum, and pentoneum, may be involved.
Atypseal, verrucous endocarditis, desenbed m 1924 by Libman & Sacks,
15 an mportant and farly constant sign {Mortensen & Gormsen, 1952},
Renal symptoms are rather constant, and may be severe Haematutia
(microscopic) and albuminuria belong to the ordinary objective signs.
The condition may resembie nephrosis and entail oedemas and hypo-
protenzmia. Uremia is a fauly common terminal sign, Hyaline changes
ate cbserved {n the glomeruli. The spleen is enfarged and penarterial
{ibrosis is a common lesion. Lymphadenitis with necrotic foct 15 often
present ; the nodes are indolent and freely movable.

The prognosis of systemic 1e. 15 grave; it invanably leads to death.

Treatment: Intensive ACTH or cortisone therapy often gives dramatic
results. The cutaneous signs as well as the symptoms from the mucous

it Jomnts, serous b and heart may subude 1 a few
days Also the anzmia, albuminuria, and hzmatuna may subside The
v-globulin 1 the serum becomes normalzed Other globulm fractions as
well as the e cell phenomenon may reman unchanged The treatment
may be a hfessaving measure, 1t 18 not, however, devoid of sk Death from
heart failure may occur R bly follows withd: { of the
hormone

SCLERODERMA.

Scleroderma 15 a connective-tissuc disease that affects the dermal con-
nective tissue and very often the connective tissue in other lacations too.
As n duseminated lupus erythematosus, the skin need not be the primary
site of the disease, but 1n the great majonty of cases 1t will sooner or later
become nvohved

Scleroderma may mamfest itself as a diffuce, progressne vanety or as

crrcumscribed scleroderma: morphea or scleroderma guttata {white-spot
discase§
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The former 15 a chromic, progressive systemic disease. In the initial
stages, the skin is erythematous, vivid red, or purple, oedematous or in-
filtrated, Gradually, however, the epidermis grows atrophic and the corum
becomes thichened, sclerottc, and firraly adherent to the underlying tissues
(fasca etc.}. The surface becames smooth and glistening, whitish-yellow

Fig g
Ycleroderma

mn colour The shin loses its normal suppleness, elasticsty, and mobility in
relation to the underlying structuces. The face 1 expressionless and stiff
(Fig. 3). The lips become thin, and radial bnes form around the mouth
On the niose and eass, the skin s tha and bratle. The skin cannot be folded
as normally and on the extensor surfaces of the joints 1t is tight and thm,
often showing trophic ulceratsons. The fmgers gradually assume a semr-
flexed posttion, the pulps being tapered. The skin of the pulps is ako casdy
vulnerable owing to the diminished elasucity; in many cases it s hyper-
zsthetic, but often almost indolent This condition js termed sclerodactyha
(Fig 4). Sclerodermc pauients have a fecfing of being enclosed in a3 sefl
armour, and this feching has so much to do with reality, that respiration
may be wmpaired by the md: d skin and sub nssue of the
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trunk  Calcification of the connective tissue mn all locations is not un-
common  Sclerodermic skin often exhibits hyperpigmentation as well as
depigmentation. In atrophic areas, hair growth ceases,

The condition called acrosclerosis is a more locakzed saniety of ditfuse
scleroderma  The face, neck, hands and feet are involved, and the
cutancous changes are often combmned with vascular cnses resembling
Raynaud’s diseave.

In the early stages, mi i of histol sections shows
an ncrease 1n the mu(opol)sacchandc-cumammg ground substance, a mu-
cmous oedema  Accumulations of mast cells are seen free n the connective
tissue and, together with some lymphocytes, in a penvascular situation
A good deal of fibroblasts are seen all over the dermis The collagen
bundles are swollen. Gradually as atraphy sets i, the cells decrease in
number, the ground substance becomes sparse, showing no or faint meta-
chromasia The collagen bundles exhibit sclerosis, becoming homogeneous
and densely packed The clastic fibres are atrophic, sphit up mn bts,
arranged paraflel with the surface m the most superfical layers of the
cenum  Fibnnoid degeneration of the dermal tissue 15 seldom outstand-
g, though often present Amyloid depositions occur. The fust change
in the vascular walls 18 mucmous ocdema involving the mntima as well as
the media, then fibrnoid changes occur, All layers of the vascular walls
grow thickened and fibroved and their lununa diminished or obliterated,
The sweat glands may be immediately surrounded by the fibrous, sclerotic
connective tissue, Sebaceous glands and hairs ate often absent,

The disease may mnvolve the connective tissue all over the body Skeletal
as well as cardiac muscles may exhibrt pronounced fibrosis giving rise to
myalgia and cardiac fasture Changes in the capsular connective tissue
entail pam and swelling of the yoints. The vascular changes also mvalve
the coronary vessels. There will be mote or less marked fibrosss of the liver,
pancreas, spleen and Jungs Bronchopneumoma 15 a common complicas
von The fadneys may be fibroic and show hvaline degenerations of the
glomeruli, gving nse 1o renal symptoms resembling those of dissemunated
lupus erythematosus. The gas(rn—lmcslmnl tract 1s ohcn affected and the
pauents may suffer from dysphagia and , oesoph 1 stricture

and dnerticula as well as tuatal hernia Ptncard\(\s and pleunisy may
gue senous symptoms too The central nervous system may exhibst de-

s gving rise ta logycal sympt In the bone marrow, there
15 an inereased formation of conniective tisue with a decreased erythro-
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poiesis and consequent anmmia. Cataract is one of the rare ocular
symptoms; episclentis is not uncommeon,

Hyperglobulmzma may occur, but is seldom an outstanding feature,
The reticuloendothelial system is more or less involved in the pathologic
reactions,

Fig ¢
Scleradactyha

Scleroderma bears a certain relation to the endocrine apparatus. It
attacks the endocrine glands, so hormonal insufficiency may be a secondary
phenomenon The disease 15 definitely more common in women than

in men.
Death occurs from intercurrent nfections, usually bronchopneumonia,
Treatment with ACTH and cortisone is beneficial in fresh cases and
may arrest a progression while the changes of the ground substance are
prevaiing Regression of the sclerosis and connective-tissue indurations
rarely occurs and at any rate only after extremely prolonged treatment

The fibrinoid necrosis allegedly remains unchanged

DERMATOMYOSITIS
This is a rather uncommon mesenchymal disease that may occur at all
ages and in both sexes Frequently, it starts as a rather sharply defmed skin
erythema, growing oedematous and later on more infiltrated. The face,
particularly the eyehds, are often first affected, but gradually the disease
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spreads distalwards and the entire skin may become involved. Thesc lesions
may subside, but often they persst in the same locations. In advanced stages,
the syndrome remunds of diffuse scleroderma. There may also be atrophy of
the skin with mgmentations of a reticular pattern and tefangiectasis as in
poiksloderma 1

The microscopic nppcaranccs in fresh cates resemble lupus erythema-
tosus, while cases of long standing are microscopically indistinguishable
from scleroderma The inflammatory changes are relatively outstanding

In the subcutaneaus adipose tissue and i the muscles there may be
depositions of calcium.

The sheletal muscles arc involved, and there 15 a more or less marked
muscular weakness. The muscles are tender, swollen or indoleat and puffy,
becoming gradually atrophic In the skeletal muscles there 13 oedema,
degeneration of the fibres, and cellular miliration progressing until an
atrophic and fibrotic appearance. Rarely, the cardiac muscle ss imnvolved
The gastromtestinal tract, especially the oesophagus, may be mvolved as in
duffuse scleroderma, and ntestinal ulcerations have been observed The
serous membranes and the synovial connective tissue may be aifected

An merease 1n the a- and y-globulm fractions of the blood servm may
be more of less marhed Paramylodosis and plasma cell accumulation in
the bone marrow have been reported { Jorgensen, 1944)

The discase progresses by attacks, accompanied by fever, and leads
to death

Treatment with ACTH and cortisone has shown favourable effects in
acute cases, (ausing regression of the symptoms, Withdrawal is followed
by recurrence, Some cases do not respond favourably to hormone therapy.

POIKILODERNATOMYOSTYIS

Paskilod 1 .

Iy may occur by itsell without other
complications, or it may be combmcd with muscular disorder It has no
site of predilection In the eady stages it 55 represented by stching papules
of varying size, oedematous nfiltrations with a tendency to confluence
These lesions are often symmetrical. Later they undergo atrophy of the
connective tisue followed by telangiectasis and occasionafly small cu-
tancous hxmorrhages. The thin, atrophic areas often show brownish pig-
mentation of a net-like pattern (Fig. 5). It 13 dry withot any sebaceous
secretion and with neghgible scahng.
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The more adva.nced cases may be complicated by myositis, char-

acterized by weakening and tenderness of the skeletal muscles and a course
bling that of ders yosttss. The lymph nodes and the spl

be enlarged. e

Fig 5
Potkaloderma vaseulare atrophicans

Some cases develop into mycosis fungoides or reticulosarcoma, and
death may occur from leukzmia.

The mucroscopic appearances are dominated by the changes of the
connective tissue, The corium appears as a quite thin layer unlike sclero-
derma It 1s densely mnfiltrated with mast cells, lymphocytes, fibroblasts,
and histiocytes. In the active stages there 15 an ample content of mucopaly-
sacchandes m the ground substance The dermal vessels are dilated The
collagen bundles are oedematous, degenerated and sclerotic and there may be
pr d d 1on or plete disapp of the elastic tissue.
Hair follicles and sebaceous glands are reduced in number or absent.

The accompanying myosttrs is characterized by cellular infiltrations,
oedema, degeneration, and necrosis of the muscle fibres,

Decalcification of bones may occur.
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Treatment with ACTH and cortisone has proved effectise m some
cases

SERUM SieRwEss

This allergic reaction to foresgn protein develops 6-12 days after an
mjection of serum The mutial and most constant sign 15 represented by
skin mamifestations. erythema, wrticana or Quinche’s cedema, occasionalty
alse small cutancous hamerrhages due to increased capillary fragility
More rarely, the erythema 1 morbithform or scarlatinoid, nearly alwass
nehing Frequently, the erupuion appears first at the site of the serum injec-
tion In rare cases, particularly 1n relapses, the eruption suggests erythema
multiforme, Conjunctivitis 1s often present. Albuminuria 1s not uncommon
Enlargement of the lymph vodes is a fairly constant sign, thc spleen ma‘,
be enlarged, and lastly arncular Pt are c
following injection of serum in large quanties The jomts bccomc hot,
swollen, teddened, sometines showmg cffuson i the jowmt cavty All
Jomts may be involved, large as well as small, often mcluding the mandi-
bular joint Severc cases are accomp by fever Oc 1y, there
are neurological symptams, such as headache, optic neuntys, or peripheral
nesntis Gastro-mtestinal symptoms such as pain, nauses, and diarthoea
may alo occur Persartentis nodosa has been reported to deselop m the
course of serum sichness (Ruch, 1g42}.

Serum sickness 15 one of the diseases that are accompamed by fibnnoid
degeneration and necrosis of the mesenchymal ussues The allergic genesis
15 more evident than (n any other condition

The prognosss 1s favourable.

Only symptomatic treatment is needed ACTH and cortisone are ef-
fective

Periarrertis Nonosa

This disease 1s generally mnterpreted ay an allergic mamfestation, and
typical cases have been reported followsng anjection of foreign protein,
ACTH, sulphonamudes or other agents. The decp cutaneous and the
subcutancous vessels {arterioles) may be imolved as well as those of the
gastromtestinal tract, the heart, kidneys, and lungs. The cutancous sym-
ptoms differ widely from case to case and also within the individual case.

h nodules are oc ly palpable; cutaneous hmmorrhages
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and necroses are less common. On the other hand, efflorescences, such as
erythema, papules, and urticaria are relatively frequent.

The microscopic picture is charactenzed by an increased production
of a highly metachromatic ground substance in the subintimal layer, in
the media as well as m the adventitia, Fibrinoid changes are often observed
An accumulation of mast cells and fibroblasts is an outstanding feature
and, moreover, all layers contain polymorphonuclear leukocytes most of
which are eosinophil, and a varying number of lymphocytes. The endo-
thelium may be mvolved, giving rise to thrombosis and formation of granu-
lation tissue resulting i occlusion of the lumen. Multiple aneurysms are
formed. The connective-tissue newformation progresses, showing scarring
and fibrosis.

Other climical signs vary according to the extent. The disease may be
accompanied by ocular (¢f p. go2) and articular symptoms (cf. p 266), ab-
dominal pain, nephritic signs, enlargement of the lymph nodes, and cardiac
symptoms 1if the my di 18 involved. Frequently, there 1s rather
marked eosmophilra in the blood, and in some cases the serum globulin
values are enhanced.

The prognosis is bad Most cases lead to death.

Treatment with ACTH and cortisone is effective, and prolonged re-
mussions have been observed after intensive treatment In cases of wide-
spread vascular damage the treatment entails danger of vascular oblitera-
tion and infarction.

Disorders Characterized by Primary Changes
in the Ground Substance

Of all the constituents of the connective tissue the mucmous system is
the most lively and quickest participant mn physiological variations. It
varies m amo‘l}pt, water content, and chemistry. The fibrils may alter too,
but their turnover is very slow. The ground substance, and consequently
the connective tissue as a whole, is governed by hormonal factors. Pre-
sumably, the hormones act primanly on the cells engaged in forming the
mtercellular substance viz the mast cells and the fibroblasts. .

The endocrine apparatus exerts a regulating influence on connective
tissue throughout the body. Therefore, hyper- or hypofunction of the cm:lc-
crine glands wall mamifest itself in the skin as well as in any connective

tissue
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HypoTHYRODISM

In this condition, the sk is dry, keratotic, thickened, and cool It feels
elastic, but does not retam mmpressions of a finger It is pale and yellowish
The non-pitung cedema 1s usually most marked on the eyehds, cheeks, and
hands. Harmg 1s scanty, both on the scalp, i the region of the eyebrows,
m the awllae, and m the pubic region Haws and nails show signs of

dystrophy
Microscopic examination has revealed severe changes in the nterceliular
In the phous ground sub the content of the muco-~
)t des hyal acid and chond: Iph aad 13 greatly

mcrcascd The number of mast cells—nearly always Inghly granular—is
ncreased free 1n the tissue as well as in the penvascular areas In extreme
cases the collagen bundles and the elasuc fibres are burst apart, the
collagen fibrils may be swollen, d d, and basophil Ad d cases
show oedema There 15 also a loss of subcutanous fat

In most cases any as d articular symp lled myvoedemat-
ous arthntis—are rather mild, but they may give rise to joint swelling and
1 of There is oedema of the synovial con-

nective tissue as well as the fibrous capsule. The hyaluronic acid content
of the synovial fluid 1s increased (Ropes et al, 1g47) As a rule, there are
only fant signs of inflammation, and the articular cartilage 15 mever
mvolved

Early arteriosclerosis may be associated with myxoedema 1n which con-
dition Ispeemua and connective tissue changes m the vessel walls are con-
stant signs,

A number of other symptoms changes of the cardiac muscle, hoarse-
ness, etc may be attributed i large measure to the connective-tissue lesions

Treatrment Thyrod hormone

CircunscrBED MYXOEDEMA

The changes—usually of a pretibial situation—occur 1n thyrotouc pa-
tients with recurrence following operation for thyrotowic goitre. The skin and
the subcutaneous tissue feel cushiony, soft elastic, m advanced cases firm,
hard, surrounding the lower part of the legs m the form of a cuirass-like
cuff The surface may be smooth, but 1t may ako show papular, button-
shaped excrescences (Fig 6) The skin is cool, but often sweating.

The pIC app: es remind of myxoedema, but 1 this con-
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dition more advanced and even monstrous degrees are encountered {Wat.
son & Pearce, 1949, Asboe-Hansen, 19502}, The papillary layer is not
mvolved, and this 15 a characteristic feature which distinguishes this condi-
tion from hypothyroid myxoedema,

Fig 6
Circumscribed myxoedema

The disease 15 beheved to be due to a preponderance of the pituitary
thyrotrophic, hormone. It often co-exists with progressive, usually malgn-
ant, exophthalmos that is interpreted essentially as a consequence of retro-
bulbar accumulation of a water-binding connective tissue holding large
amounts of hyaluronate (cf. p. 143). The pronounced muscular weakness
and atrophy encountered n pituitary-thyroid disorders are explicable by

intr. ) accumul of a sub ining mucopolysac-
charides (Asboe-Hansen et al , 1952, f. p. 144).
The condition shows a certan tend, to i

P 4
It has been treated with varying success with X-radiation of the

pituitary gland, with thyroxin, oestrogenic hormone, and cortisone. Treat-
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ment with hyaluronidase (Grais, 1949, Asboe-Hansen, 19504} 1s only of
academue interest, because alihongh the hyalurome acid 1s broken down and
subsides, it rapidly accumulates anew.

AcroMEGALY

A \ a hyp of the adenohypophysis lead-
ing to excess produmun of growth hormont and thyretrophic hormone
The changes affect primanly the ground substance, but Itbresis is pro-
nounced The skin is coarse, thickened, and wnnlled, A¥ mesenchymal
tissues grow. The dermal connective tissue 8 ample, firm, and fibrous

It 15 charactenstic that fibremas are present m the skin, the baw is
coarse, and the epiderms heratatic. The patients are apt to form kelords
followmg mpary and alse without external traumatzation The narls are
thuck, flattened, and grooved.

Microscopic exammation shows signs of hvely newformation of con-
nective tisve. The ground substance 15 ample showmg infense miefas

h and there are mast cells and f) it ‘The bundles
of collagen fibnls are thick and coarse The papallac coni are farge and
broad

The d 1s a pamed by artenal enl due to connec-
tive-tissue prolferation m the walls Muscles are weakened and atrophic
and muain lates withm the {p. 145) Bones and cart
lage are thnckened, but longitudinal growth = not jncreased If hyper-
pitunansm oceurs before the ossification of the epiphyseal zones it may fead
to gigantism.

Cusnrie’s Disease

Thes condaon of hypercorticoidism is caused by basophi! adenoma of
the hypaphyvais or by adrenal cortical heperplasia leading to an ncreased
production of glucocorticonds Fhe increased coruical actenty entails numer-
ous, chasacterstic changes of the skin The pateents are fat, the obesity
being lacalized parucularh to the face, neck, and trunk Thes extubit
Ispeninchosss, abnosmalies of pigmentation, and acne Constant and
charactessstic are the purple or whitssh striae atrophucae on the abdomen,
Tups, and shoulders The clastianty and tensile <trength of the skin are
conuderably decreased Dilatation of sunor blood vesseh, hazmorrhages,

8 Connecte Tiune
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dition more advanced and even monstrous degrees are encountered (Wat-
son & Pearce, 1949, Asboe-Hansen, 1950 a). The papillary Jayer is not
mvolved, and this 1 a characteristic feature which distinguishes this condi-
tion from hypothyroid myxoedema.

Fig. 6.
Circumscribed myxoedema

The disease 15 believed to be due to a preponderance of the pitwitary
thyrotrophic hormone. It often co-exists with progressive, usually malige-
ant, exophthalmos that is mterpreted essentially as a consequence of retro-
bulbar accumulation of a water-bindimg connective tissue holding large
amounts of hyaluronate (cf. p 143). The pronounced muscular weakness
and atrophy encountered in pituitary-thyroid disorders are explicable by
1 1ons of a substance containing mucopolysac
charides (Asboe-Hansen et al, 1952, cf. p. 144).

The condition shows a certain tend to sp 24

It has been treated with varying success with X-radiation of the
pitutary gland, with thyroxm, oestrogenic hormone, and cortisone Treat-

intrasar
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ment with hyaluromdase (Grass, 1949, Asboe-Hanten, 1950 2) 1 only of
acadetic wnterest, because although the hyaluronic acid 1s broken down and
subsides, it rapidly accurnulates anew.

ACROMEGALY
A ly rep a hyperf of the adench pophysu Tead.
ing to excess prod of growth b and th

The changes aﬁcc: prmanly the ground substance, but bem:es 18 peo
nouniced The skin 15 coatse, thickened, and wrinkled Al mesenchymal
ussues grow The dermal conneetne tisue s ample, fum, and {ibrovs,

It 15 charactenstic that fibromas are present v the skin, the har i
coarse, and the epiderpus heratotic, The pauents are apt to form kelowds
following myury and also without external traumatzation The natks are
thick, flattened, and grooved

Microscopic exammation shows signs of el newformation of con.
nectine tsue The ground substance s ample showing atense metas

and there are mast cells and fibrobt The bundles

of collagen fibnls are thick and coarse The papillae corn are large and
broad

The condition 13 accompanied by artennal enlargement due ta connec.
twve-tissue proliferation m the walls Muscles are weakened and atrophsc
asd wmuan ) withn the {p 145) Bones and carts
lage are thuckened, but longitudinal growth i not wncreased If hyper-
prtustansm aceurs before the asefication of the epiphyseat zores 1t may lead
o grgantim

Cusizing's Disease

Thus condstion of hypercorticardisma as caused by basophil aderoma of
the hypophvsis or by adrenal cortical hyperplasia leading to an mereased
production of ghucoterticards The tncreased corticat actinaty entails numer-
ous, charactensuc changes of the sk, The patients are {at, the obesity
bemy localized parteuduly to the face, nech, and trunk. They exhuibn
hypertnichosss, abnormalities of pigmentation, and acne  Constant and
characterssuic are the purple or whitsh stnae atrophicae on the sbdomen,
hips, and shoulders The elastets and tensile strength of the skin are
cansiderabily decreased. Drlatation of nunor blood vessels, hamorthages,

15 Connermne Tunue



288 G ASBOL-HANSEN

dition more advanced and even monstrous degrees are encountered {Wat-
son & Pearce, 1949, Asboe-Hansen, 1950 a). The papillary layer is not
involved, and this is a characteristic feature which distinguishes this condi-
tion from hypothyroid myxoedema.
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Fig 6.
Circumscnbed myxocdema

The disease 15 believed to be due to a preponderance of the pituitary
thyrotrophig, hormone. It often co-exists with progressive, usually malign-
ant, exophthalmos that 15 interpreted essentially as a consequence of retro-
bulbar lation of a water-bind ve tissue holding large
amounts of hyaluronate (cf. p 143). The pronounced muscular weakness
and atrophy cncountcrcd in pitutary-thyroid disorders are explicable by

mntrasarcol ac lations of a sub: ining mucopolysac
charides (Asboc-Hansen et al,, 1952, cf P- 144).
The condition shows a certam to i

It has been treated with varying success thh ‘(—mdmhon of the
pituitary gland, with thyroxin, oestrogenic hormone, and cortisone. Treat-
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ment with hyaluronidase (Grais, 1949, Asboe-Hansen, 1950 2) is only of
acadermc interest, because although the hyaluronic acid is broken down and
substdes, it rapidly accumulates anew.

ACROMEGALY

Ac Iy rep hyperf of the adenohypophysis lead-
ing to excess production oi growth hormone and thyrotrophic hormone,
The changes affect primanly the ground substance, but fibrosis 1s pro-
nounced The skin is coarse, thickened, and wrinkled All mesenchymal
tissues grow The dermal connective tissue is ample, fim, and fibrous.

It 15 charactenstic that fibromas are present m the shin, the hair is
coarse, and the epidermis keratotic, The patients are apt to form keloids
following mjury and also without external traumatization The nails are
thick, flattened, and grooved.

Microscopic exarmnation shows signs of lively newformation of con-
nective tissue The ground substance 1s ample showing intense meta-
chromasia, and there are mast cells and fibrobl The bundles
of collagen fibnls are thick and coarse The papillae corn are large and
broad

The d 1 pamed by arterial enl due to connec-
tive-tissue prohferation 1 the walls Muscles are weakened and atrophuc
and mucin \f within the )} {p 145). Bones and carti

lage are thickened, but longitudinal growth s not increased If hyper-
prtuitarism occurs before the ossification of the epiphyseal zones it may lead
o gigantism

CusHiNg's Disease

This condstion of hypercorticoidism 1s caused by basophil adenoma of
the hypophysis or by adrenal cortical hyperplasia leading to an mereased
production of glucocorticmds The increased cortical activity entails numer-
ous, charactenstic changes of the skin The patients are fat, the obesity
being localized particularly to the face, neck, and trunk They exhibit
hypertrichosis, abnormalities of pigmentation, and acne Constant and
charactenstic are the purple or whitish striae atrophicae on the abdomen,
tups, and shoulders The elasticity and tensile strength of the skin are
considerably decreased. Dilatation of munor blood vessels, hamorrhages,
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dition more advanced and even monstrous degrees are encountered (Wat-
son & Pearce, 1949, Asboc-Hansen, 1950 a). The papillary layer is not
involved, and this ss a characteristic feature which distinguishes this cond-
tion from hypothyroid my~oedema

Fig 6.
Ciscumscribied myrosdema

The disease 15 beleved to be due to a preponderance of the pitwtary
thysotrophic, hormone. It often co-exists with progressive, usually malign-
ant, exophthalmos that is mterpreted essentially as a consequence of retro
bulbar fation of a water-binding connective tissue holding large
amounts of hyaluranate (cf, p. 143). The pronounced muscular weahness
and atrophy encountered in pituitary-thyroid dsorders are exphcable by

int ) i of a sut containing mucopelysac
chandes (Asboc-Hansen et al, 1g52, cl.p 144).
The condition shows a certam tend; to fon

P B
Tt has been treated with varying success with Xeradiation of the
pituitary gland, with thyroxin, oestrogemc hormone, and costisone. Treats
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ment with hyaluromdase (Grass, 1949, Ashoe-Hansen, 19502) 15 only of
academic interest, because although the hyaluronic acid 1s brohen down and
subsides, it rapidly accumulates anew.

ACROMEGALY

Acromegaly represents a2 hyperfunction of the adenchypophysis lead-
mg to excess production of growth hormone and thyrotrophuc hormone.
The changes affect primanly the ground substance, but fibrosis 15 pro-
nounced. The skin is coarse, thickened, and wrmkled. All mesenchymal
tissues grow, The dermal connective tissue 15 ample, firm, and fibrous.

It 15 charactenstic that fibromas are present m the shin, the hair is
coarse, and the epidermus keratotsc The patients are apt to form keloids
following mnjury and also without external traumatization The nails are
thick, flattened, and grooved

Macroscopic exammation shows signs of lnely newformation of con-
nective tissue The ground substance 15 ample showng mtense meta-
chromasia, and there are mast cells and fibrob} The bundles
of collagen fibnls are thick and coarse The papillac corit are large and
broad

The condition 15 P d by artenal enlarg due to connec-
twve-tissue prolferation m the walls Muscles are weakened and atrophic
and muein ac \7 withsn the )l {p 145) Bones and carty

lage are thickened, but longitudinal growth 1s not mmcreased. If hyper-
Prtwtansm occurs before the ossification of the epiphyseal zones it may lead
to gigantsm

Cusming's Disease

Thus condution of hypercorticoidism 15 caused by basophil adenoma of
the hypophysis or by adrenal cortical hyperplasia leading to an increased
production of glucecorticoids The 1ncreased cortical actvity entails numer-
ous, charactenstic changes of the skin The patients are fat, the obesity
beng localized pamcularly to the face, neck, and trunh Thev extubit
hype hosis, of and acne. Constant and
charactenistic are the purple or whitish striae atrophicae on the abdomen,
hips, and shoulders The elasticity and tensile strength of the skin are
considerably decreased Dilatation of munor blood vessels, hamorrhages,
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dition more advanced. and even monstrous degrees are encountered (Wa
son & Pearce, 1949, Asboe-Hansen, 1950 2}, The papillary layer is not
mvohed, and this 1s a characteristic feature which distinguishes this conds-
uon from hypotnrad myxoedema.

Fig 6.
Carcumsenbed myxoedema

The disease 5 beliesed to be due to a preponderance of the pituitary
thyrotrophsc hormone It often co-exists with progressive, usually maligt-
ant, exophthalmos that i mierpreted essentially as a consequence of retro-
bulbar lation of a water-binding connective tisvue holding largt
amounts of hyaluronate (cf p. 143). The pronounced muscular weakness
and atmph} cncoumcrcd mn px(m:ary-thyrmd disorders are explcable by

of a sut ining mucopol)sat:
charides { Ashoe-! Hanscn ctal, 1953, cf. p. 144).
The conditson shows a certam tend to

It has been treated with varying success " yith }\-mdmnon ol the
pituitary ghand, with thyroxin, cestrogenic hormene, and cortisone, Freat
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ment with hyaluronidase (Grais, 1949, Asboc-Hansen, 19502) is only of
academic 1nterest, because although the hyaluronic acid 1s broken down and
subsides, 1t rapidly accumulates anew.

AGROMEGALY

A 1 £

p a hyp ton of the adenohypophysis lead-
ing to excess production of growth I and thy; phic h

The changes affect prumanly the ground substance, but fibrosis 1s pro-
nounced The skin is coarse, thickened, and wrinkled. All mesenchymal
tissues grow. The dermal connective tissue 15 ample, firm, and fibrous

It is charactenstic that fibromas are present in the skin, the harr is
coarse, and the epidermus keratotic The patients are apt to form keloids
following mjury and also without external traumatization. The nails are
thick, flattened, and grooved.

Microscopic exammation shows signs of lively newformation of con-
nective tissue The ground substance 15 ample showing intense meta~
chromasia, and there are mast cells and fibrobl ‘The bundles
of collagen fibnls are thick and coarse. The papillae com are large and
broad

The d is by arterial enl due to connec-
tive-tissue proliferation in the walls. Muscles are weakened and atrophic
and mucin within the l {p 145). Bones and carty

lage are thickened, but longitudmal growth s not mncreased. If hyper-
pituitarism occurs before the ossification of the epiphyseal zones 1t may lead
o gigantism

Cusnine's Disease.

This condition of hypercorticoidisim 15 caused by basophil adenoma of
the hypophysis or by adrenal cortical hyperplasia leading to an increased
production of glucocorticords The increased cortical activity entails numer-
ous, charactenstic changes of the shin The patents are fat, the obesity
bemng localized partcularly to the face, neck, and trunk They exhibut
hyp b b of pi and acne Constant and
charactensuic are the purple or whitsh stnae atrophicae on the abdomen,
hips, and shoulders The elastiaaty and tensile strength of the shin are
conaderably decreased Dilatanon of mnor blood vessels, hamorrhages,
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dition more advanced and even monstrous degrees are encountered {Wat-
son & Pearce, 5949, Ashoc-Hansen, 1950 2). The papillary layer 1 not
involved, and this 1s a charactersstic feature which distinguishes this condi-
tion from hypothyroid mvxocdema.

Fig. &
Circumscnibed myxoedema.

The disease 15 believed to be due to a preponderance of the pituitary
thyrotrophic hormone It often co-exusts with progressive, usually malign-
ant, exophthalmos that 1s mterpreted essentrally as a consequence of retro-
bulbar ac 1 of a binding connective tissue holding farge
amounts of hyaluronate (cf. p. 143) The pronounced muscular weakness
and atraphy cncaunzcrcd in pitustary-thyroid disorders are C'(phcabh: by

1 -

intrasarcok of a
charides (Asboc-Hnnscn et al, 1952, of. p. 144).

The condition shows a certain e to sp i
It has been treated with varying succ:sa with k-radmnmx of the

prutary gland, with thyroxin, and i Treat-

mucopelysace
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ment with hyaluromidase (Grats, 1949, Asboe-Hansen, 1950a) 15 only of

academic mterest, because although the hyaluronte acid 15 broken down and
subsides, it rapidly accumulates anew

AcroMEGALY

A ly rep: a hyperfunction of the adenchypophysis lead-
ing to excess production of growth hormone and thyrotrophic hormone.
The changes affect primardy the ground substance, but fibrows is pro-
nounced The skin 15 coarse, thickened, and wrinkled, All mesenchymal
tissues grow The dermal connective tissue 15 ample, firm, and fibrous

It is charactenstic that fibromas are present in the skin, the hair 3
coarse, and the epidermis heratotic The patients are apt to form keloids
following injury and also without external traumatization The nails are
thick, flattened, and grooved.

Microscopic exammation shows signs of lively newformaton of con-
nective tissue The ground substance is ample showmg mtense meta-
chromasia, and there are mast cells and fibrobl The bundles
of collagen fibnls are thick and coarse The papillae corii are large and
broad.

The cond 1 P d by arterial enl due to connec-
tive-tissue prohferation in the walls Muscles are weakened and atrophic
and mucin \f within the 1 (p 145) Bones and cart1

lage are thickened, but longitudinal growth s not mcreased, If hyper-
Pprtwtarism occurs before the osufication of the epiphyseal zones it may lead
10 gigantism,

Cusuing's Disease

This condition of hypercorticoidism 15 caused by basophil adenoma of
the hypophysis or by adrenal cortical hyperplasia leading to an increased
production of glucocarhicasds The increased cortical activity entails numer-
ous, charactenstic changes of the skin The patients are fat, the obesity
beng localzed particulalv to the face, neck, and trunk They extibnt
hypertrichosis, abnormalities of pigmentation, and acne Constant and
characteristic are the purple or whitish striae atrophicae on the abdomen,
hips, and shoulders The elasticitv and tensile strength of the skin are
considerably decreased. Dilatation of minor blood vessels, hzmorrhages,
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Disorders Characterized by Primary Changes
in the Elastic Tissue
PspupoxanTiona Erastioun

This 15 a rare disease affecting to a major or minor extent the elastic
tissue of ordinary fibrillar connective tissue, of the elastica of the vessels,
and of Bruch's elastic membrane in the retina, The skin is affected mainly
on the lateral aspects of the neck, in the flexures of the elbows and knees,
and 1 the axillae, but the lesion may also inyolve the face In the skin,
the degeneration of the clastic tissue presents tself as yellowjsh plaques
(hence the name) separated by grooves. The clements range m size from
hempseed to pea, being 1 some cases confluent and forming stripes pa-
raflel to the lines of cleavage of the skin As a rule, the skin is laosely
attached to the underlymng structures and wrinkled The disease appears
to be hereditary, running in certain familees.

Microscopic examination of the skin reveals degeneration and thicken-
g of the elastic fibres that are curled-up, fragmented and disintegrated
They may be basophil and show calcification, The collagen fibres appear
to be normal. Similar changes have been observed in the small arteries.

In most cases, the initial symptoms occur in the eyes, and the diag-
nosis 1s often made by an ophthalmologist, as the patients complain of visual
impairment owing to hemorrhages and ellustons leading 1o atrophy. Oc-
casonally, detachment of the retina is observed. The so-called “angioid
Ives i the ophthal pe as white glistenil

streaks” presenting tt
streaks along the vessels are due to degeneration of the elastic fibres in

Bruch’s membrane which may even burst. Degeneration of the elastic
tissue in the blood vessels entails partly hmorrhages and partly diataton
of the great vessels, e.g the aorta (Urbach & Wolfram, 1937).

Epmsermorysis Butrosa Herenraria
This disease, characterized by subepidermal vesicles and bullae, affects
the skin and the oral mucosa. The dystrophic variety extubits hzemorrhagic
bullae leaving atrophic scars Generally, the changes invohe the ders’al
aspects of the joints, but vesicles have been observed in all sites The skin
is extremely vulnerable, showing cyanosis and small hamorthages. !nA the
connective tissue, elastic tissue is present in very small quantities or entirely
abrent. The latter applies mainly to the dystrophic variety-—-in discas_ed
skin as well as in apparently healthy areas. All yessels are difated and thin-
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walled, exhibiting degeneration of the elastic tissue. The pathogenenc
significance of this atrophy of elastic tissue has not been defistely elu~
cidated.

STRIAE ATROPINGAE

These are fust pink and fater white atrophuc fmes i the skin due 10
bursting of the connective tissue. They have also been termed <triae dis-
tensae, appeanng m most cases where the skin 1 stretched, ¢.g. on the ab-
domen durng pregnancy, ot the breasts after lactation, m Cushing’s syn-
drome mainly in sites that are stretched, but also on the upper arms, ete,
In addition, they occur i very obese persons,

Strrae atrophicae are caused by degencration of the dermal fibres As
mentioned an p 290, all elastic tissue, including 1hat of the vessel walls,
degenerates in hypercorticadism  In the early stages, there 15 fraying of
the elastic fibres as well as shght swelling and distortion of the collagen
bundles, In striae of long standing, the elastic tiwue 15 usually completely
lost

Curis Hyrerzrastiaa (Ehlers-Danlos' Syndrome)

‘The sksn may be pulled s large, loose folds from the underlying tissue,
snapping back owmg to mereased clastioty The skin 1 fragile, parts-
cularly aver the joints “Pseudotumaury” in the form of fibrosed hzmor-
thages are encountered, Hyperflexibulity of the jomts lends the condition
a systermic character

Al mesenchymal structuses show mcreased elastic tissue, the fibres being
coarse and twisted The collagen bundles are more or Jess degenerated

Disorders Predominated by Changes tn
the Connectwe-Tissue Cells
UrniCARIA Prostentosa
Thus 55 a shin disease charactenized bv brown macules, mfiltrates, ar
soft tumours When rubbed, the elements become vrticanal
The outstanding nucrascopic feature besides melatun pigmentation of
the basal epidermal cells is the more or less dense accumulation of mast
cells m the conum, particularly its superficial layers ¥o some cascs, espe-
cially the nodular farms, the midtranons are tumour-like (Fig. 7). The
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systemic nature of the disease 15 evidenced by radiological signs of trans-
lucencies and irregularities in the bones in some cases (Sagher et al, 1952,

Urticana pigmentosa Photomicrograph
Tumour-hike accumulation of mast cells in the connective tissue

and others) Although skeletal biopstes have not yet been carried out, these
findings are believed to be due to mast-cell mfiltrations In urticana pig-
mentosa an ncreased vascular fragilty and cutaneous hemorrhages may

occur (Asboe-Hansen, 1950 b).

Fieromarosis

Fibromas are common tumours 1 the shin as well as all over the con-
nective tissue system Certain conditions, such as acromegaly, predispose
to fibromatous growths. The tumours are made up largely of fibroblasts
and collagen bundles In some growths part of the cells have shown phago-
cytic properties, having mgested fat or hzmosiderin  Where these cells
predomunate, the growths are named histiocytomas. A special variety is
Recklinghausen’s disease, which 15 charactensed by multiple pigmented
spots and soft or firm, small or large, pedunculated or sessile tumours in
the skin or subcutaneous tissue. The growths are supposed to originate
from the permeural connective tissue, but it has also been maintained that
they arise from cells m Schwann’s sheaths, The cells possess all the char-
acn’ensdr.s of fibroblasts; the collagen bundles are arranged in whorls.
There is a more or less ample mucmous ground substance.
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These growths may be encountered mter alia in the nervous system—
centtral as well as peripheral—in other organs, and not infrequently in the
bones {in a subperiosteal situation) The symptoms are due to their pres-
sure on the surrounding tissues,

Comment
The sysemic skin diseases mcluding the lesions mentioned in this
chapter link d to mternal medicne. The clintcal pactures of

atrophy and degeneration, of mcrease and change of the ground substance,
of (\bmsls, efastosss, vascular phenomena as well as o{ cel prohferation and

1 should be eval d from the h 1 point of view by the
internist as well as the dermatologist
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MESENCHYMAL ASPECTS IN
OPHTHALMOLOGY

Erix GODTFREDSEN
The Eye Chinic, Bispebjerg Hospital, Copenhagen, Denmark

Introduction
RECENT YEARS have seen profitable progress within the field of connective
tissue research, the concept of “diffuse collagen disease” has been intro-
duced (Klemperer, Pollack & Bachr, 1942), and epoch-marking Ppapers
have been publshed on results of treatment with AGTH and cortisone.
This development has, among other things, contributed towards a better
pathogenetic understandmg of varwous eye diseases, whose treatment and
prognosis have become essentially improved thanks to ACTH and corti-
sone. The eye diseases in question are mainly of an inflammatory nature.
Conjunctivitss, sclertis, and indocychtis are well-known as complications
or wutial signs of jomnt diseases, such as rheumatic fever, rheumatoid
arthntis, as well as of the mucocutaneous syndrome, vtz pluriorificial
erosive ectodermosss, Stevens-Johnson’s syndrome, and Behget’s syndrome,
whose chnical manifestations are universally known (Comroe, 1941, Ed-
strom & Osterhind, 1948, Franceschetti, 1946, Frangoss, 1954, Sorsby &
Gormaz, 1946, Godtfredsen, 1949, Savin, 1951, Nutt, 1951, Sury, 1952,
Pickering, 1951, Hart, 1951, Wayne, 1951 ).

The results achteved from connective tissue research constitute a useful
aid for the ophthalmologist seeking to clarify the numerous unsolved and
obscure pathogenetic problems relating to the above eye diseases, whether
they occur as apparently monosymptomatic phenomena or form part of a
generalized syndrome, Within the last few years several valuable I:mpcxs
have been published in the ophtbalmological literature on collagen dufases
and the ophthalmological equnalents displayed by the connective tissue
structure of the eye, which may even present very polymorphous pictures

{Christensen, 1951, Hollenh & Hend 1951, Stilk , 1951,
Nutt, 1951, Vail, 1952, Kratka, 1953). The dramatic results obtained by
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the ophthalmologssts from treatment with AGTH and corhisone have given
¢ to a rich literature, mamly clinical, but also experimental These results
hase also attracted attention outside the narrow arrcle of ophthalmologists,
m the first instance among connecune tissue rescarchers,
The abserved relationship between eye affections and collagen or mes-
enchymal diseases 13 the cause of the present bnef review of eye signs and
m with hymal diseases A k ledge of the
ph)'smpalholoﬁv and delirmitation of mesenchymal diseases 15 taken for
granted and will therefore not be further discussed in this place. The
chnical synd; are d 1 iy, with emphasis on the
features relevant to the present anahsis For more detalled information
reference 15 made to the current text-books and the quoted fairly com-
prehensive reviews The orbital mcscnchyma) affections, espeaally the pro-
blems of hthal are d el

Eype Signs in Association with Mesenchymal Diseascs
The mesenchymal discases and types of ¢ye signs of mterest for the
present investigation appear from Table 1, where the mesenchymal dis-
eases are divided in three groups according to the cardinal signs, though
many of the syndromes overlap each other s\mptomatologicaily

Jorvrs axp Eves

Mesenchymal diseases with the signs and symptoms locakized chicfly
0 joints and eyes are acute as well as chromc arthnus due to infection,
ie rheumatic fever, simple urethral poharthnus or Retter's disease, and
theumatoid arthritss, especially Sull’s disease and ankylosing spondyhtis or
Strumpe)-Bechterew’s disease

Rheumatic fever 15 comparatively rarely associated with eve signs. These
manifest themeelves in 5 to 7 per cent of the cases as uni- or binocular
phlyctenalar conjunctintss, episcleriis, sclentss, tenonitis, and jutis, the
Tatter most often of a terous type The fact that eye ngns are rarer now
(Nutt, 1951, Savin, 1951} than previousty suggests that rheumatic fever has
changed both qualitatively and quantitatvely thanks to the latest progress
of it Phlyctenular itis, epuclenis, and scleritss are mor-
phologicaily anall pressions of the same ph hological process,

only differing phically, The hr hologycal structure of the phlye-
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TABLE 1
Ocular signs and symptoms wn mesenchymal diseases
Meseachymal diseases Ocular 1gns 1nd symproms
Man N
Subgroup of Conpunc- Sidgren | Reunopath
symx mescachmaa doases oot Ui | S B
Acute Rheumatic fever + +
Retter’s syndrome ++ +
Jomts Rheumatod arthritig + + ++
Chromic { Stll's disease ++
Ankylosing spondylis o+
Muco-cutaneous syndromes
Ectodermosis crosiva plunf ++
Stevens-Johnson's syndrome ++
Erythema exsudativum multiforme  +4
Skinand  Bechet's syndrome + ++
mucous  Sarcotdosts (Boeck-Schaumann)
mem- Acute type  Uveo-Parotid fever ++
branes {Heerfordt)
Chronic type + (+)
Lupus erythematosus dissemimatus + + ++
{Libman-Sacks’ disease)
Dermatomyositis and Sclerodermia ++
Persarteritis nodosa or polyarteritis
Vascular nodosa ++
system Attertis temporalis +++

(Horton's disease)

tena is 1dentical with that of Aschoff’s nodules in the heart and skin. The
eye signs, like the main disease, have an acute character.

In Retter’s disease the tnad of polyarthritis, urethntis, and eye signs
is complete 1 70 per cent Articular signs and symptoms are present in
g8 per cent, eye signs in go per cent, urethritis n 79 per cent, and some
of the patients experience an imtial dysentery-lke gastro-ententis (Paro-
nen, 1948). The eye affections consist most often m acute or subacute, endo-

genous, bmocular conjunctivitis with moderate or scant discharge from the

conjunctiva. A small proportion of the patients (about 10 per cent) present
keratitis, herato-iritis, or iridocyclitis, of the serofibrinous acute or subacute
type. Reiter’s disease occurs, as we know, predominantly in males, but 2
few mstances have been obsersed of the disease in females (Zewy, 1947)-
Treatment with ACTH and cortisone is very efficient.
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In the cases of chronic arthrifis due to infection the eye signs, hke the
main disease, have a chromc intermittent character, occasionally with acute
exacerbations They compnise intis, wridocyclitis, as well as the sicea syn-
drome.

Ints and iridocyclitis are rare complications of the current progressive
chromc rheumatoid arthnitis localized 1n the limbs, but are more frequent
phenomena m Sull's disease (15-20 per cent) and ankylosing spondylitis
(30-50 per cent). The percentage figures differ m the vanous statements,
because the frequency depends on how long the mam disease has per-
sisted and on the extent to which ophthalmological special
by slit lamp has been carned through, as several cases of mntis run such an
indolent course that they may be overlooked In Vesterdal and Sury’s (1950}
large case materual, compnsmg 102 Chﬂdren with Sull’s disease 21 per cent
had iridecyclitis (sut d to ¢ Imol; 1 special ). The
iridocyclitis attending S11ll’s disease 15 binocular m four-fifths of the cases
and often complicated by band-shaped corneal opacity. Eye signs may m
a small number of cases be the first mamfestation of Still's disease, which
is twice as frequent among girls as among boys As indocyclitis may run
an mdolent course, with a noermally looking eye and no pamn, and as the
relatively young children do not complam of their eyes, the eye lesion may
be overlooked and relevant treatment therefore omutted, with a chance of
troublesome complications Patients with Still’s disease ought accordmgly
always to be submitted to ophthalmal 1 special even if
subjective complaints are absent. ACTH and cortisone have proved very
efficient agamst Sull’s disease and the ocular complications (Davis, 1953},

The 1ndocychiis occurring . association with ankylosing spondylitts
has a fibrinous acute or subacute character and may be the mitial sign.
In cases of iritis where the patient cannot advance the chin to the <hin-
suppert of the slit Jamp, the ophthalmologist should suspect a diagnosis
of ankylosing spondylitis 1f the disease has persisted for several years, from
one-third to one-half of the patents will present intermuttent xrins. The
fact that males predomnate among the patents with anklosing spon-
dylitis {nine-fold more males than females), unlike i other t\pes of
theumatoid arthntis, has logical

d to renewed T

Tn 2 monograph compriung 117 cases of ankviosmg spondylitis Romanus
(1953) claims, on the baus of verv thorough chmical, radiographical,
histological, and serological exammations, that nearly all patients with
ankylosing spondylitis previously have had a genito-urinary infection, most
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often prostate-vesiculitis, occasionally of the type of Reiter’s disease, which
also preferably affects males Future mvestigations must show whether
Romanus’ mteresting observations hold good. If so, they open out new
aetiological and pathogenetic fields

The stcca syndrome, or Sjogren’s disease is a characteristic phenomenon
in primary rheumatoid arthritis only, with a frequency of 10 per cent
(Stenstam, 1947). The clinwcal picture, described in detail by Sjogren
(1933, 1951), Henderson (1950) and S Holm (1949) and correlated
with Plummer-Vinson’s synd and ariboll (Godtfredsen, 1947},
1s a generalized systemic affection of the secretory structure in the upper
respiratory and almentary tracts, lacrimal glands, pancreas, and vagmal
glands, with h 1 changes (hyperglobuli ia). The symp logy
15 charactenized by k junctivitis sicca* the epibulbar conjunctiva is
stamnable with Rose-Bengal’s solution, and lacrimation is absent or reduced.
Further, xerostomua, atrophic rhumtis, histamine-refractory achylia, and
desquamatory colpitis are found. The eye affection 1s characterized pri-
manly by atrophy of the lacnmal gland, giving rise to trophic disorders
of the epithelum of carnea and conjunctiva, Treatment with ACTH
and cortisone has been tried, but with no defintte results (Sjogren & Erik-
sen, 1952). “Artificial tears” Jocally are used as a symptomatic treatment.

SN anp Mucous MEMERANES
Mesenchymal diseases with cardinal signs and symptaoms from the skin

and mucous membranes compnse 1 the first instance the mucocutaneous

syndremes {plurionfrcal erosne ectodermosis, exudative erythema multi-

forme, Stevens-Johnson’s syndrome, Bechet's syndrome), and further sar-
d vositis, and sclero-

cordosis, d. d lupus er
derma,
The mucocut. synd are ch ized by affe of the

mucosa of the natural bodily orifices, manifesting itsell by different forms
of aphthous, bullous, erosive ulcerous or pseud E Tvitis,
stomatitts, balamitis, vulvovaginitis, and proctitis. The term pl
erosne ectodermoss is used synonymously with Stevens-Johnson’s syn-
drome, which represents a special course of exudative erythema multiforme

(Ustvedt, 1948, Strom, 1948, Mattson & Carlberg, 1953, Frangois, 15')54).
unctivitrs, an acute or subacute indo-

lurronficial

Besides a pscudomembraneous conj :
cychiis may be observed, which Behget’s syndrome presents purulent
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exudation with hypopvon Though the skin lesion in Behget's syndrome

often bles erythema nod; there is an ing tendency to n-
clude this synd 100, under exudati ythema multiforme. The actio-
logy of the mucacutaneous syndromes s often obscure. There is much evid-
ence to suggest that the lated and it di may be

released by one or more tngger mechanisms, bo(h toxic, bacterial, and a
virus The virus-aetiology is suggested i a mc:nt study on Behget’s syn-

drome (Sezer, 1953) The [ lly respond
dramatically to ACTH and cortisone (Hauge, 1952)
Y dosis or bemign lymphog I (Boeck-Sch ) most

often occurs in the chronic form, with sarcoids in the skin and mucous
membranes, polyadenitss, osseous changes, and hvperglobulinaerma  More
rarely it mamfests itself in the acute form of uveoparoud fever (Heer~
fordt). In Heerfordt's syndrome the uveitis appears as an acute sero-
{ibrinous wridocyclitis; there are concurrent or chronologically displaced
{ebrile diseases, and very often cramial nerve palsies, especially facial nerve
palsy, indicating the presence of leptomensngrtis (Godtfredsen, 1945) In
chromic sarcoidosis the eye signs are hikewse chronmic, occurrng m the
form of indocychtis, mare often of a non-granulomateus than of a granulo-
matous type. Sarcord granulomas mayv very occasionally be present in the
lacrimal gland and the lactimal sac

Dissenunated lupus erythematosus 15 a severe general disease compnis-
ing fever, polyadenits, weight loss and charactensuc skin lesion, poly-
arthntss, polyserosynositis, especially in the form of endocarditis, as well
as pluriorificial mucosal affection analogous to that mentioned in con-
nection with mucocutaneous syndromes The eye signs consist (Cordes &
Aiken, 1947) in different forms of conjunctivitis and angiospastic retin-
opathy with cot 1 patches, retinal b, t and oedema of the
dhsc, n other words, a fundus picture simulating that m hypertensve retino~
Pathy, but charactenstcally without artenal hvpertension The ophthal.
moscopic finding alone mav therefore be a valuable aid n the diagnosss
of an obscure gencral discase ACTH and corticonc allegedhs have a
favourable effect

Dermatomyosttis and scleroderma are two rare discases beaning a clove
chnical bl 1o d d fupus er . D osttis
involves both the stin and the muscles, whereas scleroderma manifests
1eelf by atrophic shin and fibrous sclerasing of the subcutancous tissue
The cve signs 1n dermatomyositss are epuclents, scleriti, intis, and exuda-
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tive retinapathy, like in lupus erythematosus. Scleroderma may, unlke other
mesenchymal diseases, be associated with cataract.

VascuLar Lesions

The mesenchymal diseases where vascular disorders are the cardinal
symptoms comprise perarteritis or polyarteritis nodosa and artentis tem-
poralis (Horton)

In perartentis nodosa the generalized dissemnated vascular affection
13 localized 1n the small arteries and artenoles, where the nodose changes
of the vascular tissue check or completely arrest the blood flow, resulting
m partial or total mfarction 1 the areas supphed by the respective vessels
In addition to vascular changes, the syndrome comprises polyarthrits,
polyademtis, and splenomegaly, presenting, mn other words, a polymorphous
picture i of d d lupus eryth The eye signs
also sumulate those seen in lupus erythematosus and dermatomyositis Thus,
they consist of angiospastic exudative retinopathy with partial or total
occlusion of the retinal arterioles, resulting in cotton-wool patches, haemor-
rthages, retinal or subretinal cedema, which may cause retinal detachment
Nodules may occasionally be observed in the choroidal vessels. Here, too,
ophthalmoscopy 1s therefore an important diagnostic aid, The disorders of
the retinal vessels cause severe visual disturbances of the same type as in

arteritis temporalis
The term artentis temporahs s a nosographically too restricted de-

signation for the generalized vascular discase that has attracted increased
attention within recent years, partly owing to the promising results of
treatment with ACTH and cortisone, and partly because of the rather
high madence of severe eye signs and symptoms among these patients. A
typical feature of the disease 1s the local affection of the temporal arterics,
which become red, swollen, nodular, and stenosed The general signs and
symptoms of the disease are fever, malaise, headache, anorexia, weight loss,
and leucocytosis. Women are more frequently affected than men, and the
magonty of the patients are between 55 and 70 years of age, suggesting
that certain sclerotic vascular changes may be predisposing factors. Histo-
pathologically the arterttis is localized in the intima and the media, and

the histological picture shows points of resemblance to periarteritis nodosa
and di d lupus eryth Eye signs are present in about 40
per cent of the patients (Bruce, 1950, Parsons-Smuth, 1g52), in the forms
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of ischaemic retrobulbar neunts (in a scant two-fifths of the patients), oc-
clusion of the tentral retinal artery {n a scant one-fifth), while the remain-
ing vascular lesions oceur 1n the fundus (in just over two-fifths), consisting
of subretinal or retinal haemorrhages, penartentss, arteriospasms, and phle-
bitis, These {indings, differing morphologically, are physiopathologically
analogous expressions of vascular insults on topographically different sect-
1oms of the vascular supply to the optic nerve and the retma The eye af-
fections result in permanent blindness of more than half of the affected eyes.
38 per cent of the patients become blind of both eyes A small proportion of
the patients preserve visual field rests or a defective central vison The
eye signs come an suddenly as typical vascular msults and may be mitial
signs of artenus temporalis As there 18 an intenal between the mami-
{estations of the disease m the two eves, cortisone treatment can be meti-
tuted within this mnterval The experiences gained from this treatment
(Whitfield, Cooke, Jameson-Evans & Ruud, 1953) are, however, verv
himited. As it 15 2 well-known fact that ACTH and cortisone have a throm-
bosissstimulating effect, hormone treatment must be regarded as dangerous
m cases of occlusve retinal diseases, of which a great number seem pro~
voked by ACTH treatment

Discussion

Tt appears from this brief review that eve signs are important integral
components of this often verv polymorphous picture presented by mesen-
chymal diseases The eve signs may be among the first as well as among
the most frequently occurnng phenomena (comjunctivitis in Reiter’s
dhsease, intis in Still's diease and ankvlosing spendibts, fundus changes
in dissemi lupus enth and arteritis temp ). Ophthal-
mologists ¢an therefore contrik v towards d mesen~
chymal diseases Comverselv, all patents with a suspected or recogmzed
mesenchymal disease ought to be referred to ophthaimelogical special exa-
minaticn, because indolent wvass, 1ridocvehtis, and retnal festons mav
otherwice be overlooked and relevant treatment omitted

The eve affections complicating mesenchvinal diseases mas be duvided
morphologically into two mamn groups

1) The mflammatons exudatine affections localized in the external

membranes of the eve (conjunctrvitis, heratitis, scleritis, intis),
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2) The lesions due to disturbances of the vascular supply to the retina

and the optic nerve (retinopathy, optic neuritis).,

The inflammatory-exudative and the vascular eye lesions represent
morphological equivalents of the mesenchymal disease concerned as regards
nature and course Occlusive retinal lesions are seen in association with
arteritis temporalis, but not mdocyclites In cases of ankylosing spondyhtis,
on the other hand, we find widocyclitis, but not retinopathy. The eye affec-
tron follows the mamn disease with regard to aetiology and pathogenesis
The eye signs, like other mamfestattons of mesenchymal diseases, are
released by one or more agents Their onset has an allergic-hyperergic
character, the form of the mesenchymal tissue reactions concerned depend-
ing in some measure on the constitution of the host organism, as weil as

on hormone , hereditary diti physical and emotional

stress, etc.

The various mesenchymal diseases present as common features two
dufferent physiopathological tissue changes, which may occur isolated or

bmed m dafft ways, thus ch 1zing the individual syndromes
One change 18 a disintegrating fibrmoid degeneration with breakdown of
the cells, fibrls, and amorphous matrix of the connective tissue, while the
other consists 1n a restoring productive fibroblastic proliferation, including
the reticulo-endothelial system The eyes of patients with mesenchymal
disease, 1n fact, display the changes that fibrinoid degeneration and fibro-
blastic proliferation may effect m the connective tissue of the eye, consider-
ing the special anatomucal conditions. Such changes are, for mnstance,
phlyctene, nodose scleritis, fibrmous or granulomatous iridocyclitss, and
exudative retnopathy The rare perforating scleromalacia 1s the extreme
of fibrinond degeneration (Frangoss, 1951, Hobbs, 1952).

A close chmical, morphol 1, ¢ logical, patl
stopathological relationship thus exists between eye
tive mesenchymal diseases. This view has been bome out by treatment
with ACTH and cortisone, the response to which may even be used as
a criterron of the presence or not of a mesenchymal disease

P and phy-
lesions and the respec-

Treatment with ACTH and Cortisone

The dramatic response to ACTH and cortisone of the inflammatory
—exudatne eye lesions complicatmg mesenchymal diseases justifies a brief
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rccnpuulat\on of the views advanced as to how and why the eye affections

are particularl ptible objects for A further account of the
use 0( ACTH and cortisone within ophlhalmology 5 bc)and the scope
of the present paper. This has been theroughl d in the

(Weods, 1950, 1951, 1952, Pumell & Leopold, 1952, Duke-Elder, 1951,
Thygesen, Hogan & Kimura, 1953, Vesterdal, 1951), The modes of action
of ACTH and cortisone in eye diseases are not yet quite clear, but 1t is
supposed to be due to a direct action of the adrenocortical hormones on
the mesenchymal fraction of the inflamed tissue Woods (1g52) concludes,
on the basis of comprehensive expenimental investigations mto the effects of
ACTH and cortisone, that “cortisone topically or parenterally and ACTH
parenterally will (a) suppress the inflammation mduced by the various re-
cognized ocular hypersenstivity reactions, the ocular reactions due to
foxins or arritamts, and the inflammauons due to bactenal infections,
(b) will inhibit neo-asculansation, (¢) will, within s, reduce fibro-
blastic actvity mn the stroma and the endothelial regeneration” These
experimental experiences are on a fine with those gamned within human
climcal medicine. The reason why such excellent results can be achieved
with ACTH and cortisone appears from Wood's statement {1952)
“when ocular mflammation 15 the tesult of acute trauma—allergic, tovic,
or physical—the reaction of the tissues as usual s self-hmited and the con-
trol of inflammation over the natural bfe of the tissue reaction may simulate
a complete cure. ACTH and cortisone therefore find their highest use-
fulness in allergic reactions of the external eye and non-granulomatous
inflammations of the uveal tract” By means of ACTH and cortssone
the ophthalmologists can check the exudative phases of the discase and
protect the picture-forming and perceptive structures of the eye against
deleterious agents, until the cause of the discase has been chminated or
overcome by the organism’s own immunobiological forces, aided by anti+
biotics et The treatment of the vanous ocular affections complicating
mesenchymal diseases comedes 1 part with that of the mam discase, but
in addition, supplementary local treatment mav be desirable, with cortisone
or hydrocortisone instilled, applied as omtment, or given as subconjunc.
thval injections The treatment must be extended over a sutable fength of
time and cease by steps to avod recurrence In some cases it may be
necessary to supplement the treatment with ACTH and corticone by
pupil-dilating drugs, local heat on the eve, etc, dependent on the condi-
tons 1 hand,

20 Conaeetine Traue
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Summary and Conclusion

A clmical analysis has been made of eye lesions (conjunctrvitis, epi-
sclentis, scleritis, intis, the sicca syndrome, and exudative angiospastic
retmopathy) complicating mesenchymal diseases with cardinal signs and
symptoms from
(a) jomts rheumatic fever, Reiter's disease, theumatoid arthritis,

(b) skin and mucous membranes. plunorificial erosive ectodermosis, sar-
cotdosis, 1 lupus eryth der yositis, and scle-
roderma,

(c) vessels penartentis nodosa and arteritis temporalss

Eye signs are ntegral components of the polymerphous clinical pictures,
They are frequent and generally occur early in the illness The ophthal-
mologist can contribute fly towards d hymal dis-
cases. Conversely, patients with a suspected or r i hymal
disease ought to be referred to ophthalmol 1 spectal in
order that indolent eye lesions may be submitted to relevant treatment
The eve affections represent morphological, pathogenetic, as well as physio-
pathological equivalents to the changes that m mesenchymal diseases oceur
1 other parts of the body in the forms of fibrinoid degeneration and fibro-
blastic prolferation ACTH and cortisone are very efficient against the
vanous eye lesions comphicating mesenchymal diseases. As the eye signs
represent an allergic-hyperergic tissue reaction, usually self-limited, the
ophthalmolagists, perhaps more than many other specialists, profit parti-
cularly by treatment with ACTH and cortisone, with which they can
check exudative phases of the disease and thereby prevent the delicate
structures of the eye from bemng exposed to deleterious agents

d
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FIBROSES DUE TO INJURY

Lis ZACHARIAE
Connective Tissue Research Laboratory, Unwernty Institate of Medical Anatomy,
Copenhagen, Denmark

Introduction

'WHEREVER TISSUE is exposed to injury, 1t responds by inflammation which
1s the local reaction of the body to irritation The inflammatory reaction
presents two phases The object of the first is to destroy and remove the
wrritant, the object of the second is to reparr the damage done to the tissues.
The former is subserved by the wandering mesodermal cells, whether of
the blood or the tussues, the latter by the fixed cells The further course of
the mflammation depends chuefly on the nature and intensity of the irntant,
the tissue affected, and the duration and nature of the irmtation In cases
of acute, mild injury, the inflammation seldom leaves any traces m the
tissue  Following more severe mjury, involving extensive destruction of cells
and necrosis which will act as a constant irritation after the actual mjury
has ceased or in cases of persistence of the original injury—¢ g chronic
nfections or foreign bodies—the evidence of an acute reaction, particularly
the hyperzmua, will disappear The cells of acute inflammation are replaced
by cells of a more chronic type, primarnly Iymphacytes The most significant
feature of this chrome nflammation is a proliferation of fibroblasts and a
gradually increasing production of fibrous tissue

The processes that take place at the traumatized site are in broad fea-
tures as follows The irrtation gives mse to the formation of an effusion
contaimng fibrinogen and sometimes mixed with blood This effusion
coagulates and deposits fibrm in which there will be formation of ground
substance and fibrils by 1mvading cells, and ingrowth of vessels and nerves
—n other words connective tissue is formed, In cases of contnued irnta-
tion, mast cells and fibroblasts proliferate and the resulting fibrous tissue
may aquire the character of cellular fibrous tissue or else the fibroblasts may
be stimulated to lay down collagen fibrils rather than to multiply, with the
result that dense acellular connective tissue is formed.
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The iratation proper may be of widely different nature, and the clinical
signs of the fibroses depend entively on the location This paper 1s devated
1o the conditsans that may occur on the basss of fibroses provoked by injury.

Skan and Subcutancous Tissue

Fibrous scars are common phenomena that may follow upon all kinds
of wounds, bumns, contusions, meised wounds, ctc. The degree of fibrosis
depends on the severity of simultaneous mmtation during healing, vie, infec-
tion and foreign bodies, including necrotic tisue and suture materjal In
addition, fibrosis 15 more apt to occur where there 15 traction on a wound,
In bnef, any condition thar delays healing promotes the development of
tibrosis Possiblv, nutntion, anemia, and age ako play their parts (Leven-
son, Bullull & W 1950) Ext burns and
wounds frequently gne nse to fibroses, which <cldom follow upon clean,
smooth operative wounds. In some cases, keloids form They are due 1o
excessive formation of scar tssue. A helod mamfests nself as a large, thick,
elevated tumour-like mass in the <k, and it sends out claw-hke extensions
as it grows It s particularly common m scars followsng burns, Indwidual
differences are marked, Some people develapmg hyperplasia m all, even
small and uncomplicated wounds Kelowd 13 smid to be particulatly com-
™men m negroes.

The great majortty of fibrous scars do not give nise to subjectne com-
plants apart from the casmetic and mechanical aspects, but m some cases
they mav be painful, probably awing to the pressure of the fibrous tissue
upon the nenves Fibrous scars have a marked tendency to shrink. If they
are localized over jomts, they lowt the juint movements, desmogenous
contracsures accur, ang if the condition 1 allowed to perust, the result may
be irreversible changes m the jomts, subluxation and estecarthntis, in some
cases even ankyloss Where fibrous «cats are situated at the natural onifices
of the bods, the shnnkage mas of coure give rise to various complaints,
such as eg difficulty of eating, difficulty of defmcation and urination,
and 1 the eves ectropion, epiphora, and contequent conjunctnitis and
Lerattis,

A fairhv common syndrome that has hutherto reeeived latle attention,
socalled adiposalgia, 18 alw due to fibrosis of the subcutancous adipase
tissue, This candition occurs mamb in obese fernales; 1t may occur at all
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ages, but usually around 50 years. It manifests itself by pain and tenderness
of the adipose tissue, often on the legs, but it may also occur in other sites,
not infrequently at the elbow. The pain is of a constant, dull, aching
character and occasionally very severe Pparoxysms of pain occur. At tumes,
the pain is projected deeper, 1o the knee and ankle joints which may feel
stiff. Objective examunation shows characteristic, firm, tender nodules in
the adipose tissue. This condition must be distinguished from thrombo-
phlebutis. It has been described in detail by Stockmann (1911} and has
since that time been mentioned by a few authors (Seifert, 1951, Schmutt
& Pichler, 1951, Schwarzweller, 1g52). Microscopic examination shows
irregularly spread, patchy, chromc infl. ion of the sut con-
nectyve tissue. The fibrous tissue in such a patch is thicker and denser than
normal, with numerous fibroblasts; the small nerves runming through it
are m a condition of interstitial mnflammation and the small blood vessels
show periartentis and endarteritis The intervening adipose tissue may be
completely normal This is a typreal reaction to chronic local irmtation,
and the condition is probably due to toxins or bacteria of various kinds
It has been reported by Stockmann in acute rheumatism, mfluenza, mucous
colitis, etc At times, however, no definite cause can be found, and possibly
hormonal factors play a role (Schmitt & Pichler, 1951)

AMuscles, Fascia, Joint Capsules, ete.

Fibrosis that goes decper, may mvolve various other structures and
compromuse thewr function, When the tissue sustams an injury, there will
as n other sites be serofibrinous effusion followed by deposition of fibria
between the various tissue layers, around the joints, tendons, tendon sheaths,
higaments, and within and between the muscles. In this fibrin connective
tissue will form and again shrink so that all these structures will be plastered
together with firm adhesions The nature of the primary mjury differs
Crushing of soft parts, fractures, distortions, infections, hxmatomas, or
ordinary mncised or operatrse wounds leadng to immobilizatien, Oedema
and tissue fluids are not removed by the pump, and
rapudly entadls lraitation of movement The so-called post-traumatic
stiffness of the hand 1s a typrcal and important example which deserves
particular attention. Such a hand presents an c.\'u:cmcly characternhe
appearance, being stff, smooth, atrophtc, with tapering fingers, and fre-
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quently shight cyanosis The wrst presents a flexion of 180° or shght volar
flexion, the metacarpo-phalangeal joints darsal subluxation owing to
shrinkage of the lateral hgaments, and the proximal and distal inter-
phal ] joints are semi-flexed The cond 15 often complicated by
causalgia making the hand pamful and hypersensitive, s0 1t 15 extremely
mcapacitating

Another lesion of similar nature 15 humero-scapular penarthritis in
which case the fibrosis often 1s localized around the subscapular tendon and
m the subacromual bursa. In forticollis, there 15 marked Hbrosis of the
sternocleidomastord muscle, probably a result of bleeding in the muscle
caused by brth mjury This tense muscle acts as a backstay, pulling the
head towards the affected site It may cause scoliosis of the cervical column
and facial asymmetry

The trigger phenomenon or sudden snappmg movement of a finger
may anse wherever tendons shde over each other, through tendon sheaths,
or under higaments It often affects the flexor tendons of the long and ring
fmgers, bemng due to trauma, either single or multiple, wsually incurred
m graspmg The ligamentous sheath and flexor tendon are pinched be-
tween the object and the head of the metacarpal until local tenosynovitis
and consequent {ibrous thickening and constriction 1s formed in the tendon
sheath and a local swelhing n the tendon (Bunnell, 1948)

In pohiomyeliss, fibroses and contractures of the fascia and parenc
muscles are verv common, particularly 1 the tencor fastiae latae and m
the fascia plantans In fact, the fibrotes may occur at all aites and give mise
to severe contractures In this condition, the fibroses are possiblv merelv
a result of immobilization, but they occur with stnking rapidity compared
with other immobilizing discases On the other hand, the extent and sevenity
of the fibroses does not appear to be proportional to the seventy of the
paralysis, but this 1s a field that remans to be clucidated.

In muscular rheumatism there are often firm nodules and infiltrations
m the muscles, so that 1t would be reasonable to presume the presence of
fibroses These lesions have, however, been examned mucroscopically by
numerous workers and all have falled to demonstrate fibrous changes.
Wallroff (1951) found degeneratne changes of hyalme nature,

A dicease which previoush was iterpreted as a traumatic lesion 15
Dupurtren’s contracture (Dupusiren, 1834, Niederland, 1932, Schroder,
1634) This 1s {ibrous thickening and shrinking of the palmar fascia with
resulting flevion contracture of the fingers, most frequently the nng and
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little fingers, but the lesion may affect any finger. Microscopic exammation
shuw's nfiltration, and m more advanced stages only firm scar tisue
(Meierding, Black & Broders, 1941). The patients do not infrequently
present similar changes 1n the plantar fascia and i the septum separating
the corpora cavernosa and tumeca albuginea of the penis—so-called Pey-
ronie’s disease (Korhonen, 1950, Busford, 1952) and occasionally in other
fasciae and tendon sheaths Skog (1948) found Dupuytren’s contracture to
be more common 1n epileptics {42 per cent) than in normal subjects (2 per
cent) The disease 1s a typical hereditary lesion. In addition to the hered-
tary nature of the disease and 1ts frequent association with other similar
conditions, the arguments against the causal role of trauma are as follows:
It 1s usually bilateral although the night hand s most exposed to trauma
Palmar injuries are not, however, followed by Dupuytren’s contracture
more often than may be ascribed to chance comcidence. Studies of large
groups of the population have shown the lesion ta be more prevalent in
people who do not perform hard manual werk than in manual workers in
the proportion 55 to 45 respectively (Bunnell, 1948). In Teleky's (1939)
opmion, however, the disease is due to an interplay of predisposttion and

causes. He d a special group of workmen whose work
mvolved a constantly repeated, sudden stretching of the palmar fascia. This
group showed Dupuytren’s contracture in 17 per cent, whereas it occurs
in only 1 per cent of persons with light or no manual work. The scars left
by operation for these lesions often develop fibrosis, possibly because the
changes often reach as far as the dermal connective tissue, so that the

operation cannot become radical

Pseudarthroses also present a kind of traumatic fibrosis Following
fracture, healing and bone formation may be delayed for some reason or
other, eg deficient immobilization etc. The bone ends become smooth,
the bone cavities close, and between the two bone ends a thick layer of
firm fibrous tissue 1s formed that often gives rise to pain and always to
instabulity.

Also within obstetrics, traumatic fibroses are of great importance Hess,
m 1953, showed that healing of the uterus following Caemrea.n section
takes place mainly by the formation of fibrosis. Such scars contain almost
exclusively firm fibrous tissue and only oceasional muscle fibres. He states

that rupture of the uterus, occurring m 1 out of 2000 normal persons, takes

place 1n about 1 out of 70 persons with a history of Caesarean section.



FIRROSES DUE TO INJURY 313

Serous Aembranes

Pentoneal adhestons tonstitute a common and often serious discase,
Their develog is pletel fogous with other pc i
fibrowes, and the pnmarv factor 1s the damage to the serosa that may be
due to 2 number of diferent snpnes, of mechanical, chemical, thermal
nature, foreign bodies et (Bovs, 1942, Zachanae, 1954). In this con-
nection it 1s worth mentiomng that tale induces adhesions. Zachariae, in
154, after sprnkhng the small intestine and mesemtery of rabluts with
250 mg. of stenle tale, found m 100 per cent dense adhesions that com-
pletely plastered the wiestines together In this form of traumatic fibroses
there 15 a special factor to be considered, re that the organs are glued
togeshes and thus disturbed m their fuscton Various uncharacteristic
painful conditions may occur owtng to traction on the pertoneum by the
adhesians, and i senous cases intestinal obstruction may anse owing to a
kink or clarnping off of the bowels Duff {(1939) anabysing the frequency of
pentoneal adhestone at autepsy, found such adhesions in 3o per cent of
persons who had not been subnutted 20 laparotomy and i go per cent of
those who had a history of laparotomy Pawr (1914) states that 3.5 per
cent of ail ! are perd d for L ob and
according to Cristopher 30-40 per cent out of this number are due to
pentoneal adhesions

Pleural adheswons are m most cases caused by wfection They are of
particutar sigmficance i tuberculosis, as thes may prevent the collapse
of the lung m artfical preumothorax

In chronte perscardits, that s most frequenth associated with fubes-
culosrs, theumatic fever, and Pick’s disease, but which may abo be a sequel
to certamn types of acute penicarditss, far example that accompanving septic
states, the heart mav be compressed by a progressive fibrosis of the pericar-
dium with sesultng sgns of congestive fmlure This tvpe of perscarditis 1s
consttictive There s ala a chrome form of ren-constnslive penearditis
that may gne nse to ssmptoms, because the cardiae {unction is mhbited
by bbrous adliesions to the adgpacent mediatmal structures and the chest
wall (Bost, 1919)

Nervous System
As is well-known, nerve cells possess vers hittle eapacity to regenerate—
an the central Rervous system vone at all In other words, destroyed nene
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cells are replaced by glia, also called “the connective tissue of the brain”.
This differs, however, from connective tissue 1 other sites in being derived
mainly—at least the astrocytes and ohgodendrocytes—from the ectoderm,
only the microglia being probably of mesodermal deryvation, According to
Rio-Hortega, (Maximow, 1941) microglia originates from mesodermal
cells of the pia mater which mmgrate into the central nervous system along
the blood vessels,

Traumatic destruction of the nerve cells leaves a scar that gives rise
to symptoms varying according to its location. In the pesipheral nervous
system, there will be pareses and disturbances of sensibility, but regenera-
tion may occur In the central nervous system, such scars need not gne
nse to symptoms if they are situated in the so-called silent zones, but
cicatrization 1 the motor zone results 1 Jackson’s epilepsy (Krabbe,
1945), manifesting stself as serzures starting in the peripheral areas and
spreading centralards A similar syndrome, but of a sensitive nature, may
occur if the scar affects a sensory zone, Infections or hzmorrhages i the
membranes of the central nervous system may be followed by adhesions
plastering them together, and giving rise to symptoms by influencing the
flow of the cerebrospinal fluid (Krabbe, 1945).

Lungs

Quite special factors apply to traumatic fibroses of parenchymatous
organs. Owing to the mjury, part of the specific cells perish and are re-
placed by fibrous tissue, so that therr function is lost, Furthermore, other-
wise normal cells m the surroundings may be disturbed in their activities
by pressure or traction exerted by the fibrous tissue. Sumilarly, the blood
and nerve supply may be compromsed, disturbing the activities of the
specific cells

One of the maost 1mp
This 1s a disease of the lungs caused by the continuous inhalation of mucro-

scopic particles of free sthea dust It is 2 commen occup:xfiona} disease,
especially m munmg districts, The report of the National Siltcosis Confe-
rence (Frere, 1949) esumates that approximately !wo. I::cr cent of the
working population of the United States or abaut fmc.mnllmn workers, are
exposed in some way to the potential hazard of silicosis

The mhaled silica particles are phagocytized and transported to the

varseties of fibrosis 15 sihcosis,
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lymph nodes where owing to chronic irritation thev form fibrous nodules.
The trachcobronchial ymph nodes are affected first, followed by fibrosis
alang penbronchtal and perivascular lymph channels. These fibraus nodules
and strands spread, become confluent, destroying the pulmonary tissue, so
that sn the terminal stage the appearance 1 one of massve fibrosis with
extensive pulmenary consohdation The lesions are most pronounced at
(hc apxc:s, equally marked in both lhungs In the basal pants there is

ph The svmp are dysp pain,
cough and a d:bxh\attd general condition In addition, the resistance 1o
tuberculosis 1s reduced Gardner (1934) says that at least 75 per cent of
those 1 whom uhbcosis develops die of tuberculosis. Sumlar pulmonary
diseases may be caused by asbestos, berglium, and anthracosiea dust
(De Laureal, 1949).

Acute diffuse interstitral frbrosis of the lungs 1s a disease characterized
by sudden onset of cough, hamoptysss, dyspnoea, cvanoss, and fever.
Death from cardiac failure or pulmonan asphyxia has occurred i the
reported cases after an tllness of a few weeks The disease was fisst desenbed
by Hamman & Rich n 1949 The detaled description oi the p:nhologxc

anatomy that these authors p i estabhshed the f I changes
as diffuse proliferation of fibrous connectine ussue which imalved the
interstitral tsue of the lungs, wath sub I m the pali y

arculation The aheolar walls are tinchened, in the early stages of the
process crowded with fibroblasts, and later mature scar tissue develops
It 15 noteworthy that the alveol themseives comain iinle or no cellutar
inflammatory exudate in contrast with what 15 seen m pneumoma. The
zuology 15 unknown At any rate, the Jesion 15 not of bactenat nature,
but probably due to varus or a chemical irntant {Hamman & Rich, 1944) ;
posibhy the underhmg cause 15 obstruction of the hymphatic vessels
tCallahan, Sutherland & Fulton, 1g52).

Kidneys
When renal tisue 15 destroved it 5—hhe other tisues—replaced be
fibrous ussue, Owing 10 the great resenve powers of the kidness, howerer,
large portions of the renal parenchvma can be dipensed with, Therefore,
localized fibroses, e g, following anfarct, hematoma, or focalized infection
usualhy fail to ginve nse to ssmptoms 11, on the other hand, the action 55
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generalized—infectious, toxic, or, vascular—and sufficiently prolonged, the
destruction of renal tissue and its replacement by fibrosss becomes so
extensive as to result i renal insufficiency. This is what happens in chronic
glomerulonephntss the advanced stages of which show diffuse increase of
wnterstihial tissue, while in chronic pyelonephritis there is ct 1stic peri-

glomerular fibrosis

Page (1939) induced renal hypertension m experimental anumals by
wrapping cne or both kidneys in cellophane, leaving the hilar structures
free This gave rise to severe perinephrits and the kidneys became enclosed
within a fibrocollagenous hull, 3—4 mm. thick The detailed mechanism
15 still obscure. Apparently 1t 1s not due to actual ischemia, but possibly
to mhibited pulsation of the kidney because 1t 1s so tightly encased {Cor-
coran, 1948). In man, hypertension may also be due in certain cases to
penrenal fibrosis (Page, 1939).

Liver

In most instances, hepatic cirrkosis 15 due to slow, long-continued
necrosis of the hepatic cells and their replacement by fibrous tissue. The
cause of their gradual destruction is uncertain, but is no doubt often due
to toxins of varnous kinds For nstance, cirrhosis can be induced experi-
mentally in the rat by means of carbon tetrachloride {Aterman & Ahmad,
1953). A arrhosed liver presents a charactenstic lobular appearance due
to necrosis of the hepatic cells surrounding the central vein and their re-
placement by fibrous tissue, while the specific cells in the peripheral areas
react by Inely regeneranion. Microscopic examination shows areas of
varymg size composed of hver cells and separated by broad strands of
fibrous tissue containing many bile ducts It must be mentioned that there
1s no true lobular arrangement, the normal relation of the central vein
being lost. The remaming liver cells usually exhibit fatty necrosis Ths is
particularlv common 1 cases of alcoholic cirrhosss. Davis (1949), in a
series of liver biopsies from patients with cirrhosis, found the prognosis to
be most setious where the formation of fibrous fissue was most active.

Endocrine Organs

This 15 not the place to enter into details regarding traumatic fibroses

in the endocrine glands Suffice it to mention that in these sites they ac-
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quire quite partcular ugnificance, disturbing the hormonal secretion and

¢ ly exerting a profound inf} on the entire organism

Foreign Bodies

The traumatim caused by the presence of foreign bodees manably
gues mse to fibrosts which 15 the defence of the organism towards the
{oreign substance. The fibrosis, however, differs in degree acrordimng to the
nature of the substance, and a search for physical properiies cammon to
fibrosive matenals has revealed a direct relationshuip between the fibrosne

P of a sut and s molecular structwre (Esans & Ze,
1948) Those substances which exist n a state of molecular asymmetry
compattble with prezoelectric reactions are observed to produce frbross.
Piezoclectricity 1s a mechamsm whereby mechameal and electnzed energs
states may be comerted from one to the other m euther direction

Haormanal Influence
Since fthross mav be soterpreted as a further deelopment of the
normal fibroplasia that occurs in ans formation of granclatian tissue, e g
m wound healing, 1t 15 to be expected that on the whele, hormonal -
fluence on the fonmatten of granulavon tssue apphes also to the develop.
ment of fibrows The elfect of the varrous hormaones voll be buefly described

below with speciat hasis on the beh tr of the fihroblasts which seem
0 be the predommant cellalar element sn fibroses The hormonal actons
are parthy inhibitory and pantly i the fund H h

beng widely different Taubenhaus & Amromm (1943), among others,
have reported expenments showing the effect of hormanes upon granula-
tions induced by turpentine abscesses in the rat In hvpophysectamized rats,
the wall of the shecess 18 thin, the fibroblasts small and £at, collagen sparse,
and 1n cccasional coarse clumps Upon dasly admunsstration of the growth
hormone, the fibrablastic response 15 of a different character, The wall of
granulation tissue 33 thicker, the mdiidual fibroblasts are moderately large
and of a bipolar and mulupelar vanets The nucla are moderately deep
stamng and the nucleoh prominent, the collagen i diffuse, abundant, and
of a hamogeneeus character In normal amimals, the growth hormone has
a smdar, but kess promoung effect  Desoyycotticosterone (DOCA)
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prf)motes the process very much indeed, the granulation layer being very
thick with extreme fibroblastic response. The fibroblasts are large with
very large nucleol and abundant cytoplasm with numerous cytoplasmic
processes, gnng them a stellate appearance. The collagen is very abundant
and diffuse and of a glassv structure ; fibrillogenesis is scanty. DOCA has
no effect except when admimstered for a long time before the stimulus
and during the development of granulations as well Its effect is systemic,
and :n zitro 1t is inibitory, Cortisone prevents the promoting effect of
DOCA.

Admunistration of thyroxine to hypophysectomzed animals increases
the fibroblastic response The fibroblasts are moderately large, the majonty
spimndle shaped and others multipolar. The collagen 1s moderate in amount,
pale and fibnllar. Thyraidectomized anmals form granulation tissue it 15
true, but to a lesser extent than normal animals; the ground substance
15 altered, contamning large quantities of mucopalysaccharide In normal
ammals, thyroxine has no influence on connective-tissue formation—in
particular 1t cannot abolsh the inhibitory effect of cortisone on granula-
tion tissue

On ad ration of sex hormc propi and oestra-
diol propionate—the abscesses are very poorly defined, their walls thin,
almost completely void of granulation tisue. The fibroblasts are sparse,
veryv thin and spindle-shaped, and collagen appears in extremely rare,

coarse clumps

Cortisone and ACTH are the most important inhibitory hormones, and
in principle therr effect 1s the same Granulation tissue becomes more sparse,
the fibroblasts small, scanty and round, vascular ingrowth 1s decreased, and
the ground substance subsides Cortisone exerts a marked topical effect
unlike ACTH whose action 15 transmtted by way of the adrenals. In tissue
cultures Cornmann (1951) found an elective, inhibitory effect of cortisone
on fibroblasts, whereas the experments of Alnch (1952} revealed no
directly ihibitory effect on the fibroblasts

Treatment

The most obvious way is of course to prevent the occurrence of fibrosts.

Mechamcal traumatization durng operations may be reduced, mfections
can be fought by antibiotics, and toxic actions avoided as far as at all
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1 3 .

Fibrosis followiny operation for hamangioma
Figs 1 and 2
Restricted flexion and extension 2 months after the operation
Figs 3and ¢
Movements after four nyections of hydrocortisone topically {once a week)

possible An evisting fibrosis formerly presented a fawly insoluble problem
In some cases, surgical excision could be employed, but was often followed
by recurrence In addition, a number of specific methods have been sug-
gested in the treatment of certamn fibroses, eg mhal. of
aluminium dust in stheosis (Frere. 1949), vitamun E in Dupuytren’s con-
tracture, humeroscapular penarthntis, and Pesronies discase (Stemberg,
1951) X-ravs have al\o been used a good deal i the treatment of the
latter lesions and of kelowds {Nikolawski, 1952)

In 1949 Ragan and asowates noted delaved wound healing in pa-
tients recening ACTH and cortisone and <howed the inhibiton effect of
cortvone on the formation of granulation tswue 1 amimal expenments
Thereafter, cortisone was introduced n the treatment of fibroses. It sounds
mnerecible that an existing, firm, fibrous tssue should respond, and there-
fore cortisone treatment has often been combined wih exasion of the
fibrosis (de Kleine, 1952) That cortisone does indeed affect exssting fibrous
tisue was shown n chincal practice by Baxter {19521, who treated post-
operatine fibrosis following operation for Dup s contrs In hn
studies on carthesis of the lner, Mormione 1951} found that connectine
tisue can regress, the total hepatic collgen mn bvers rendered cirrhotic by
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carbon tetrachlonde regressing distinctly, when the stimulus is withdrawn,
Cavallero et al (1g951) and others have demonstrated that cortisone re-
duces cirrhosis induced by carbon tetrachloride, inhibiting particularly
fibrosis, reticulosis, and parenchymatous regeneration without affecting the
fatty degeneration.

For some years, cortisone has been used in the treatment of fibroses.
Hydrocortisone has an effect that is in principle identical with that of cor-
tisone (Conn, Louis & Fajans, 1g951), but 1t is even more powerful and
shghtly soluble Upon topical injection 1t accumulates in a depot whence
1t exerts its effect (Figs. 1, 2, 3, 4).

Hydrocortisone acetate has already been used in the treatment of a
number of lesions. Zachanae (1g54) studied its inhibitory effect on the
development of peritoneal adhestons, and Zachariae & Zachariae (1954)
found unmustakable regression of fibroses that had followed upon injunes
of the hand
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