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The synovial fluid is a clear, yellowish, viscous fluid, serving as a lubricant
in the true joints. Its most important constituent is the " mucin " which lends
the fluid its viscosity and which, by its marked osmotic action, is an essential factor
in the water exchange between the blood and the joint cavity.

It is the same mucinous substance which is encountered in the intercellular
and interfibrillar substance of the connective tissue, in the humours of the eye,
in Wharton's jelly of the umbilical cord, in the cumulus oophorus, and in the cap-
sules of streptococci (of groups A and C) and pneumococci. In addition, it is
formed in mesenchymal tissues in various pathological conditions.

This substance is hyaluronic acid (Meyer and others, 1934-39), an acid muco-
polysaccharide, made up of equimolar parts of glucuronic acid and N-acetyl
glucosamine, appearing in the form of a polymeric compound of very high mole-
cular weight (200,000-500,000). The degree of polymerization will largely decide
the viscosity of the fluid (Madinaveitia and Quibbell, 1940; Ropes and others, 1947).
The hyaluronic acid occurs in the synovia, bound to protein by some means or other.

The large molecule of hyaluronic acid may be broken down, wholly or partly,
through depolymerization and hydrolysis, by the enzyme hyaluronidase, " the
spreading factor ", produced in the organism inter alia by the testes, the ciliary
body, the spleen, and-perhaps-by the skin. It is formed by certain bacteria
possessing invasive properties, is encountered in various animal toxins, and plays
an important role in the growth of malignant tumours.

In some way or other, the amount and state of the hyaluronic acid in the body
depends on the internal secretion, at any rate on the thyroid hormone (Asboe-
Hansen, 1950; Chain and Duthie, 1940; Ropes and others, 1947; Trotter and Eden,
1942; Watson, 1946) and perhaps also on the hormones of the hypophysis (thyro-
tropic) and of the adrenal cortex. In myxoedema the content of hyaluronic
acid in the connective tissue and synovial fluid (Ropes and others, 1947) is increased,
and in rheumatoid arthritis, which is in many cases favourably influenced by adreno-
cortical hormone, the viscosity of the synovial fluid is reduced and the hyaluronic
acid depolymerized (Ragan and Mayer, 1949). Presumably, oestrogenic hormones
also play a part in regulating the production of hyaluronic acid.

The theories advanced regarding the origin of hyaluronic acid amount only
* This work was supported by a grant from Rigsforeningen til Bekaempelse af de rheumatiske
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ANNALS OF THE RHEUMATIC DISEASES

to conjecture. It has been suggested that the intercellular substance of the con-
nective tissue should be formed by young fibroblasts, the humours of the eye by the
epithelium of the ciliary body, and the hyaluronic acid found in the capsules of
streptococci and pneumococci by the bacteria themselves.

Theories regarding the Origin of Synovial Fluid and Synovial Mucin

This has been the subject of numerous studies, and the large number of theories
advanced serve only to confirm the uncertainty prevailing in this respect.

(a) A very old theory, claiming that the synovial fluid is a secretory product
from mucinous glands in the synovial membrane (Havers, 1691; Winslow, 1732),
is based on a mistaken idea of the latter's structure. The synovial membrane
contains no glandular tissue.

Other theories, viz. that the synovial fluid is formed (b) by transudation
from blood plasma (Bichat, 1812), (c) by degeneration of the lining cells of the
synovial membrane (Frerichs, 1846), (d) by a combination of transudation and
breakdown of cells (Tillmans, 1876), (e) by destruction of cartilage due to
the constant wear (Banchi, 1901), fail to account for all its constituents.

(b) does not explain the presence of mucin.
(c), (d), and (e) have been repudiated by Vaubel (1933) who demonstrated

mucin in tissue cultures from healthy synovial connective tissue cells. This finding
makes it improbable that mucin should be formed as detritus arising from destruc-
tion or mucoid degeneration of cells or from degeneration of cartilaginous tissue.

(f) From his experiments on tissue cultures, Vaubel concluded that synovial
fluid is derived from the interstitial matrix of the synovial connective tissue, formed
by " synovioblasts " which he describes as " round and spindle-shaped, polygonal
and epithelioid cells . . ." which " . . . are peculiar in producing both mucin and
a proteolytic ferment and in forming in their cytoplasm large, highly refractive
granules that stain deeply with neutral red ".

(g) In the opinion of Kling (1938), normal joint fluid is formed by secretion
from " special cells in definite areas of the synovial lining ", containing granules
of mucin. Pathological synovial fluid contains both secreted and transuded
products. King's demonstration (1935) of Golgi apparatus of the lining cells and
of the cells in the joint cavity indicates that they are active and not degenerating.
Fisher (1923) maintains that he has demonstrated cells- containing mucin by
staining preparations with carbol thionin.

(h) Determinations (Bauer and others, 1940; Ropes and others, 1939) of
the content of the synovial fluid of water, albumin, globulin (there is no fibrinogen),
non-protein nitrogen, urea, uric acid, sugar, chloride, bicarbonate, phosphorus,
sulphate, lactic acid, total base, sodium, potassium, calcium, magnesium, and
mucin (0 * 55 to 1 * 10 g. per 100 ml.) as well as the marked vascularity of the synovial
membrane, support the modern theory that the synovial fluid is a dialysate of
blood plasma (Bauer and others, 1940; Davies, 1942-3, and 1946; Ropes and
others, 1939), providing, however, for a certain permeability of the capillaries to
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ORIGIN OF SYNOVIAL MUCIN

albumin and globulin. This theory does not, however, bring us closer to the origin
of the mucin. The majority of modern workers agree that it is formed by the
connective tissue around the joint. According to Bauer and to Ropes, its entrance
into the joint cavity is effected by diffusion of plasma water from the synovial
vessels through the synovial connective tissue. Bauer and others, as well as Davies,
attach much importance to the marked osmotic action of the mucin and emphasize
its significance as a factor in maintaining the fluid in the joint cavity. The experi-
mental results given below suggest that the mucin of the synovialfluid is secreted by
Ehrlich's mast cells.

After having thoroughly considered the role played by the mast cells, Davies
(1942-43) found that " the polyhedric cells which stain metachromatically in the
synovial membrane are not mucus-secreting cells, but must be regarded as mast
cells, since:

(1) they have the typical morphological appearance and staining reactions of mast
cells;

(2) their distribution along the blood vessels is typical of mast cells;
(3) none of these cells has been seen to pour any secretion into the joint cavity nor

indeed have they actually been observed amongst the lining cells of that cavity,
but always placed a little deeper;

(4) they are unaffected by lime water, diluted alkalies, and, most important of all,
the enzyme hyaluronidase;

(5) metachromatic staining is only obtained with esters of sulphuric acid of high
molecular weight" (Lison, 1936).

It will appear from the present writer's investigations (see below) that only
(1) and partly (2) can be confirmed. (3) and (5) are decidedly at variance with his
observations, and (4) does not contradict his hypothesis.

Mast Cells.-These cells, established by Ehrlich in 1877 as a special type of cell,
are encountered in all connective tissue in all animals. Their origin is unknown,
but usually they are interpreted as histiogenic cells. In the connective tissue
they appear partly singly, partly in groups, being mostly of a perivascular localiza-
tion. Their shape is extremely varied, depending on the surrounding structures.
They may be flat, globular, spindle-shaped, or-when met with among fibrils-
almost filiform. The same cell may assume different shapes under different con-
ditions. It is able, to a certain degree, to move in the tissue. Its volume is subject
to wide variations. The nucleus is round or oval, at times showing a small notch,
and it is not infrequently of an eccentric situation. The cytoplasm contains a small
or large number of granules of widely different shape and size. Under certain
circumstances, these granules may be seen outside the cells, a phenomenon which
has been interpreted as an artefact, produced by the microtome, or due to rapid
shrinking in the process of fixation. It is, however, likely that it is a physiological
phenomenon, since it can be provoked in the corium by certain mechanical and
chemical (Sylven, 1948) actions on the surface of the skin.

According to Holmgreen and Wilander (1937) and Jorpes, Holmgreen, and
Wilander (1937), the granules of the mast cells contain heparin, a polysulphuric
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ANNALS OF THE RHEUMATIC DISEASES

acid ester, made up of glucuronic acid, glucosamine, and sulphuric acid. It is
very closely related to hyaluronic acid which latter, however, does not contain
sulphur.

Many widely different theories have been advanced regarding the function
of the mast cells. It has been suggested, inter alia, that they were a factor in the
nutrition of the tissues, in the break-down of fat, in the defence against malignant
tumours, in the glycogen metabolism, in the formation of fibrous tissue, and they
have been attributed with phagocytic, bactericidal, and enzymatic properties.
They have, indeed, been credited with the power of producing mucin (Harris,
1900; Staemmler, 1921). All these theories lack foundation and none has gained
much ground. The Swedish investigations mentioned above led to the theory, now
widely accepted, that mast cells produce heparin, and that this is their task in the
connective tissue. The quantity and distribution of the tissue mast cells does not,
however, suggest that they should be engaged solely in the production of heparin,
and to this day the problem of their function remains unsolved.

Present Investigations

Materials.-Human connective tissue containing hyaluronic acid was studied
from the point of view of the occurrence and formation of this substance, specimens
being obtained as follows:

Dermal Connective Tissue, procured by means of biopsies removed by a punch,
4 to 8 mm. in diameter, after local freezing with ethyl chloride.

Specimens from the Umbilical Cord, obtained immediately after birth.
Specimens from the Eyes, enucleated diseased eyeballs.
Synovial Membranes, derived from the joints of amputated limbs or else were

post-mortem specimens from knee and inkle joints.

In all instances, the specimens were immediately immersed in the fixative,
in this series a solution of basic lead acetate, 4 per cent., or, in some cases, absolute
alcohol or Carnoy's fluid. Basic lead acetate precipitates the carbohydrates
containing uronic acid, but the disadvantage of the method is a precipitation
of crystals in the tissue, which, however, may be removed by hydrochloric acid in
weak dilution, if necessary for special purposes.

Staining.-The object was to obtain a staining of the hyaluronic acid as specific
as possible and to make the mast cells stand out distinctly against the surrounding
tissue. In addition to iron-haematoxylin (Heidenhain), the writer used:

Metachromatic Staining with Toluidine Blue (Lison).-After 30 minutes' staining
in an aqueous solution of toluidine blue, 1 per mille, not only the sulphuric acid
esters of high molecular weight stand out purple against the blue surroundings-
as stated by Lison (1936) but also the non-sulphuric hyaluronic acid (vitreous
body, synovial fluid, and the hyaluronidase-digestible ground substance of the
corium) (Wislocki and others, 1947; cf. also below).

The granules of the mast cells take a distinct metachromatic stain. The cells
may be visualized most distinctly by differentiation with acetic acid, 2 per cent.,
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ORIGIN OF SYNOVIAL MUCIN

following staining with a somewhat stronger solution of toluidine blue (4 to 2 per
cent.). Method recommended by Vimtrup.

Staining of Tissue Polysaccharides (Hotchkiss, 1948).-By means of periodic
acid, polysaccharides are oxidized to polyaldehydes, which stain intensely with
fuchsin sulphite.

Staining of Acid Polysaccharides.-This is the method of Hale (1946). By
submitting the tissue sections to the action of an acid solution of ferric hydroxide
(equal parts of dialysed iron and 2 M acetic acid) and-after rinsing-to 0 02 M
potassium ferrocyanide in 0-14 M hydrochloric acid, and, finally, to contrast
staining with fuchsin, it is possible to demonstrate the iron, which is bound to the
acid polysaccharides and not to the neutral ones or to the proteins, as Prussian blue.
(Acid polysaccharides are hyaluronic acid, chondroitin sulphuric acid and heparin.)

Observations
The following eight items sum up the observations and experience of the

writer from the study of about 500 specimens of dermal connective tissue, synovial
membranes, umbilical cords, and eyes.

(1) The matrix of the connective tissue which stains metachromatically is demonstrable
histochemically as an acid polysaccharide.

(2) The staining is found to be greatly reduced, or to have disappeared, after living
connective tissue (in this case corium) has been submitted to the action of a solution
of hyaluronidase,* administered in the form of intracutaneous injection.

Biopsy, obtained ten minutes after the injection, reveals a fainter colour in
stained sections (oedema). One to three hours later, the staining is again somewhat
more marked. The mast cells now hold fewer granules, and there is an initial
concourse of round cells in the perivascular areas and-more diffusely-of histio-
cytes. Six to eight hours after the injection it is very difficult to discern the mast
cells, and the staining of the matrix is faint. There is some infiltration of lympho-
cytes. Twenty-four hours after the injection the matrix is faintly stained or
unstained. There are some small mast cells holding few granules. If a new
injection into the same site is given at this juncture, no mast cells are seen after the
course of two to four hours; probably the granules have been ejected. From 48
to 72 hours after the injection more and larger mast cells appear. Metachromatic
staining, also in the extra-cellular areas, particularly around the mast cells.

Three to four days after the injection, the restitution has progressed further,
and the number of mast cells has increased, often considerably. Some perivascular
cellular infiltration is also seen, where inactivated hyaluronidase has been injected;
but there is no secondary concourse of mast cells.

(3) It was observed incidentally in the experiments on skin in which every subject had
two symmetrical wounds, one injected with hyaluronidase and one with saline
solution, that the former usually had a shorter healing time. When also consider-
ing Sylven's finding of an extremely ample metachromatic ground substance,
numerous connective-tissue cells with a non-granular metachromatic cytoplasm and
accumulation of granular mast cells at the marginal zones of the wound (Sylven,
1941), this phenomenon may be interpreted as an over-compensatory neo-produc-
tion of matrix on the part of the mast cells, a process which should favour healing.

* The preparations of hyaluronidase derived from bovine testes were kindly supplied by the
Swedish medicinal factory LEO.
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FIG. 1.-Synovial membrane of knee joint; male 68 years old. Staining: Toluidine blue 1 per mille
(aqueous solution), mast cells red, other elements blue. Fig. 2 represents the framed field.

(4) On the whole, the number of mast cells varies with the amount of metachromatic
ground substance. The granules of the mast cells stain, under all circumstances,
like this substance.

(5) In connective tissue from myxoedematous skin, which holds a large amount of
histochemically demonstrable hyaluronic acid (Asboe-HIansen, 1950; Chain and
Duthie, 1940; Trotter and Eden, 1942; Watson, 1946), there are numerous, large
mast cells showing a varying, but predominantly pronounced granulation. Only
a few fibroblasts are seen. The number* and size of the mast cells as well as their
saturation with granules subsides together with the free, metachromatic substance,
when treated with thyroid hormone.

After the action of hyaluronidase on the living corium, the metachromasia
of the ground substance subsides considerably, in places apparently completely.
As compared with normal skin (see above), the restitution of the "mucin " in
myxoedematous skin is more rapid, and the preponderance of mast cells in this
phase is more marked. In corium from thyrotoxic subjects,no (or very slight)meta-
chromatic ground substance is demonstrable, and the mast cells are few and small.

(6) In Wharton's jelly, which contains plenty of hyaluronic acid, there are numerous
large mesenchymal cells with an ample, metachromatic cytoplasm, staining like
acid polysaccharides. During the last foetal months, cells with a metachromatic
granulation are seen.

(7) Twenty-eight eyes were studied. In the membranes, particularly in the ciliary body
and corneal limbus, but also in the iris, there were metachromatic cells, some of
which were highly granular. Mast cells in the eye have previously been described
by Holmgren and Stenbeck (1940) who reported a finding which is interesting in

* Meaning the number demonstrabie with the staining methods in question. The possible
emission of the granules is a source of error to be considered.
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ORIGIN OF SYNOVIAL MUCIN 155
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FIG. 2.-The same preparation as Fig. 1 (framed field). Synovial elements including ten mast
cells, four of which are marked: (1) densely granulated deep mast cell; (2) a more superficial mast
cell, less saturated with granules; (3) in the synovial lining a poorly granulated mast cell, showing
an even fainter staining; (4) mast cell, containing no granules, free in the joint cavity, identified

by a very faint metachromasia of its cytoplasm.

this connection, viz, an increase in the number of mast cells in the* diiary body and
iris in glaucoma.

(8) In the synovial membrane there are 5 to 10 times as many cells as in the corium,
and the cells are much larger. Although mast cells are encountered in all layers
(Fig. 1), they occur in the largest numbers immediately below the superficial lning
of flat connective-tissue cells, apparently without correlation to the blood vessels.
Deeper down, they are mainly localized around the vessels. In several places, mast
cels are seen among the liing cells and free in the joint cavity (in the intervillous
spaces).

The folowing observation of the synovial mast cells is striking (Fig. 2): the
deep cels are most saturated with granules, the saturation decreasing towards
the surface. The free cells in the joint cavity exhibit no granulation, but can be
differentiated from others by a very faint metachromasia of their cytoplasm. This
sequence is surely of functional imnportance, and one cannot help but consider
it as an expression of functional phases on the part of the mast cels. In the loose
connective tissue of normal synovial membranes, the mast cells are indubitably
the characteristic cell element, by virtue of their number as well -as of their size.
Metachromasia of the intercellular substance is seen everywhere in the synovial
connective tissue, being most marked, however, in the superficial areas.

It is relevant here to mention that in spot tests the synovial mucin stands out
as a distinct, metachromatic (red) veil after staining of (bovine) synovial fluid
with toluidine blue. With the same technique, synovial fluid, submitted to the
action of hyaluronidase, will assume a diffuse, faintly blue colour.
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ANNALS OF THE RHEUMATIC DISEASES

Discussion
The following facts, individually and as a whole, lend weighty support to the

hypothesis that hyaluronic acid is produced by the mast cells: the presence of mast
cells wherever hyaluronic acid is found (identified chemically, histochemically,
or by means of a specific enzyme); the conformity between the staining property
of mast cell granules and the hyaluronidase-digestible ground substance of con-
nective tissue, Wharton's jelly, the humours of the eye, and the synovial fluid;
the increase in the number and size of mast cells in the presence of lasting increase
in this substance; their compensatory (?) concourse where restitution takes place
following enzymatic break-down of hyaluronic acid; their loss of granules in the
presumed secretory phase; the localization of the metachromatic ground substance
produced in the process of restitution first around the mast cells; the very pronounced
accumulation and the various functional phases of the mast cells found in the
synovial membrane surrounding a mesenchymal substance of which hyaluronic
acid constitutes an essential part.

the metachromatic matrix of the connective tissue produced by mast cells is
not heparin. Hyaluronidase does not affect heparin (Humphrey, 1946) which,
indeed, inhibits the effect of the enzyme (McClean, 1942). When removing
biopsy specimens from myxoedematous tissue and from human mast-cell tumours
(in the skin disease urticaria pigmentosa), the writer has not seen increased haemor-
rhage as from skin infiltrated with heparin.

Heparin may, on the other hand, be a preliminary stage of hyaluronic acid,
a possibility which receives support from the failure of hyaluronidase to act upon
mast-cell granules in vitro (Davies, 1942-43; Wislocki and others, 1947).

On the basis of these observations, the writer feels justified in advancing the
hypothesis that the mast cells produce the hyaluronic acid of the mesenchymal
tissues, perhaps by way ofa sulphuric preliminary stage which may be heparin. This
unites and elucidates two hitherto unsolved problems:

(1) The origin of the hyaluronic acid.
(2) The function of the mast cells in the connective tissue.

According to what has been stated above, the characteristic mucinous substance
of the synovial fluid appears to be produced by mast cells in the synovial mem-
brane. The water and the other constituents are presumably, according to other
recent workers, produced by dialysis of blood plasma and lymph. The pronounced
osmotic action of the mucin influences this exchange of water plus crystalloids.

Summary
In the synovial membrane, which surrounds a fluid largely consisting in all pro-

bability of a dialysate of blood plasma plus " mucin " (hyaluronic acid), there are
numerous, large mast cells in various functional phases: below they are highly
granulated; superficially, however, and even among the lining cells, they are
faintly granular. Mast cells without visible granules, but showing faint meta-
chromasia, have been observed even inside the joint cavity.

In a general way it has been found that where there is hyaluronic acid, there
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ORIGIN OF SYNOVIAL MUCIN

are mast cells. Mast-cell granules stain, in all circumstances, like hyaluronic
acid. Where accumulation of hyaluronic acid occurs, the number and size of the
mast cells are increased. In the process of restitution following enzymatic break-
down of hyaluronic acid in connective tissue, there will be a compensatory (?)
concourse of mast cells, loss of granules in the presumed secretory phase, and new
production occurring first around mast cells or groups of mast cells.

The hypothesis is advanced that the hyaluronic acid of the mesenchymal tissues
is produced by mast cells. This simultaneously elucidates two unsolved mysteries,
namely, the origin of this mucopolysaccharide, and the function of the mast cells
in the connective tissue.

The mucinous substance of the synovial fluid is formed by mast cells in the
synovial membrane, and the pronounced osmotic action of the mucin, influences
the synovial content of water plus crystalloids, derived by dialysis from the vascular
system.
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158 ANNALS OF THE RHEUMATIC DISEASES
Origine de la Mucine Synoviale

Mast cell d'Ehrlich--16ment secr6teur du tissu conjonctif
RlsUME

Dans la membrane synoviale qui entoure un liquide dont la grande partie est formee, selon
toute probabilite, par un dialysat du plasma sanguin et la " mucine" (acide hyaluronique), il y a
de nombreuses et grandes mast cells aux diff6rentes phases fonctionnelles: en bas elles sontfortement
granulees; superficiellement cependant-y compris meme certaines cellules de revetement-
il y a tres peu de granules. On a meme observ6 des mast cells sans granules visibles mais montrant
une l6gere metachromasie A l'interieur de la cavite articulaire.

En general on a trouve que la oiu il y avait de l'acide hyaluronique, il y avait aussi des mast
cells. Les mast cells se colorent en toute circonstance de la meme maniere que l'acide hyaluronique.
LA ou une accumulation de l'acide hyaluronique a lieu, le nombre et le volume des mast cells se
trouvent augmentes. Dans le processus de r6int6gration apres la destruction de l'acide hya-
luronique dans le tissu conjonctif par des enzymes, il y aurait une convergence compensatrice (?)
des mast cells, une perte de granules au cours de la presumee phase secretrice et une nouvelle for-
mation qui se produirait en premier lieu autour de mast cells ou de groupes de mast cells.

On avance l'hypothese que l'acide hyaluronique des tissus mesenchymateux est formee par des
mast cells. Ceci 6claircit deux mysteres A le fois: l'origine de ce mucopolysaccharide, et la fonction
des mast cells dans le tissu conjonctif.

La substance mucinique du liquide synovial est formee par des mast cells dans la membrane
synoviale et l'action osmotique prononcee de la mucine influe sur le contenu synovial d'eau et de
crystalloides provenant de la dialyse du systeme vasculaire.

Origen de la Mucina Sinovial
Mast cell de Ehrlich-elemento secretorio del tejido conjuntivo

RESUMEN
En la membrana sinovial que circunda el liquido constitufdo muy probablemente en su mayor

parte por el producto de dialisis del plasma sanguineo y de la " mucina" (icido hialur6nico), se
hallan numerosas y grandes mast cells en varias fases de funcion: debajo estAn muy granuladas;
superficialmente, sin embargo-y hasta en las celulas de revestimiento-las granulaciones son
escasas. Mast cells, sin grdnulos visibles, pero mostrando tenue metacromasia, se han visto hasta
dentro de la cavidad articular.

Generalmente se ha observado que alli donde habia Acido hialuronico tambien mast cells
estaban presentes. Las mast cells se tifien siempre de la misma manera que el Acido hialuronico.
Cada vez que hay acumulacion del Acido hialuronico el numero de las mast cells estA aumentado.
En el proceso de integracion que sigue la destrucci6n enzimatica del Acido hialuronico en el tejido
conjunctivo hay confluencia compensadora (?) de las mast cells, perdida de grdnulos en el curso
de la supuesta fase secretoria y produccion neuva que se haria en primer lugar alrededor de las
mast cells o de grupos de mast cells.

Se propone la hipotesis que el Acido hialur6nico de los tejidos mesenquimatosos estA producida
por mast cells. Esto aclara dos misterios a la vez: el origen de este mucopolisacArido y la funci6n
de las mast cells en el tejido conjuntivo.

La substancia mucinosa del liquido sinovial estA producida por las mast cells en la membrana
sinovial y la acci6n osmotica pronunciada de la mucina influye sobre el contenido sinovial de agua
y de cristaloides procedentes de la dialisis del sistema vascular.
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