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Endre A.Balazs, M.D,

This chapter was written with two aims in
mind. First, to give a brief review of the
chemical composition and rheological prop-
ertes of the synovial fluid in normal and
pathological joints; and second, to present,
with critical comments, various current
hypotheses on the importance of this fluid
in the function of the joint with special
emphasis on the biological role of hyalu-
ronic acid.

There is considerable data available in the
literature on the chemical composition and
rheological properties of synovial fluid of
various species. This review does not intend
to be all-inclusive, rather it presents primary
dala on human joint fluids only. A large
number of speculations and hypotheses are
recorded in the literature on the lubricating
and nutritive functions of the synovial luid
in the joint. This review aims to be selective
in this area as well and present only the most
important recent findings and speculations
on this subject.

SYNOVIAL FLUID AS AN
INTERCELLULAR MATRIX

From a rheological point of view, the
natural environment of cells in a tissue can
be liquid or solid, The liquid or solid extra-
cellufar matter around and between cells is
called matrix. In the solid matrix, certain
macromoiecular components (mostly colla-
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gen or elastin, or both) and their aggregates
form a continuous solid phase. The rheo-
logical qualities of the solid matrix, that is,
the rigidity, elasticity, and viscosity, vary
considerably as exemplified by the differ-
cnces between cartilage and the vitreous of
the eye.

The solid matrix consists of fixed and fluid
components. The fixed components are
made up of such microscopic elements as
collagen and elastin fibrls, basal laminae,
and the structural network of proteoglycans.
The fluid component comprises water and
those solutes (salts, small organic molecules,
peptides, proteins, etc.) that, dissolved in
water, are distributed between the fixed
components of the solid matrix.

The liquid matrix, on the other hand, is
water in which molecules of various sizes
are dissolved or dispersed. The rheological
qualities of liquid matrices also vary con-
siderably, as cxemplified by the differences
between the aqueous humor of the eye and
synovial fluid.

The joint contains both solid and liquid
matrices. From the four tissue elements
forming a joint:; articular cartilage, synovial
tissue, intraarticutar ligaments, and synoviul
fluid, the first three have solid matrices and
the last is a liquid matrix.

It is of primary importance to recognize
that ail three solid matrix compartments of
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TaBLE 5-1. Proteins and Hyaluronic Acnd in the Synovial Fluid
of Knee Joints of Human Subjects of Various Ages -
Age . Lo B
Group Knees Protein Hyaluronic Acid  Limiting Viscosity
(yrs.) Investigated (mg./ml.) mg./ ml, Number (ml./g.)
18-20 36 20.5+=0.8 3.8+0: 5200 = 100
21-23 24 21.0= 0.9 3802 5300 = 100
24-27 20 194+ 13 34 +0.1 5000 %= 150
28-35 18 18.5 = 2.6 2.5+ 0.04 5800 = 300
52-78 34 185 = 1.6 2.5 %=0.2 5400 = 200

(Data taken from unpublished work of E. A. Balazs, N. W. Rydell, P. O. Seppild, I. F. Duff, E. W.

Merrill and D. A. Gibbs)

the joint are directly adjacent to the liquid
matrix compartment, the synovial fluid.
Another important morphological fact is
that the solid matrix compartments of the
articular cartilage, ligaments, and synovial
tissue are not separated from the fluid matrix
compartment by a continuous cell layer or
basal lamina. Therefore, no visible, morpho-
logical barrier separates these two types of
matrix compartments.

Other adajacent liquid and solid matrices
such as are present in the peritoneal, peri-
cardial, and pleural spaces and in the
anterior chamber of the eye, are separated
by microscopically recognizable cellular
(epithelium) and matrix (basement mem-
brane) barriers. The joint, however, is not
the only tissue in which the liquid and solid
matrices are not separated by these barriers.
Other tissues in the musculoskeletal systems
are similarly structured, such as the tendons
and their sheaths and the space between
fasciae and the bursal space.

CHEMICAL COMPOSITION
OF THE SYNOVIAL FLUID

Proteins

The protein content of normal synovial
fluid in all species studied is much lower
than in serum.® The general statement can
be made that the very large protein mole-
cules of the serum. such as y-1 macro-
globulin, B-lipoprotein, fibrinogen, and a-2
macroglobulin, are absent, and others, such
as a-1 antitrypsin and plasminogen, are
present in traces in the normal synovial fluid.

In addition, some smaller proteins, such as
haptoglobulins and prothrombin present in
the serum are also absent from normal syno-
vial fluid.®4-18.33.30 Because of the absence
of fibrinogen and prothrombin, the normal
fluid does not clot.

The total protein content of synovial fluid
aspirated from normal human knee joints
does not change with age of the donor -
(Table 5-1). In all inflammatory joint
discases, however, the concentration of pro-
tein in synovial fluid increases, and the miss-
ing plasma proteins appear. Fibrinogen
appears, and, after aspiration, the fibrin
precipitates, or often, the fluid clots. From
the point of view of protein content, inflam-
matory synovial fluid is more “plasmalike”
than normal synovial fluid.

In most degenerative type joint diseases,
the protein concentration also increases in
the fluid, but it does not necessarily become
“plasmalike.” While there is no clear proof,
there are indications that in these cases,
proteins appear in the synovial fluid that
originate from the cells and matrix of neigh-
boring tissues.

Proteins with enzymatic activity also ap-
pear in the inflammatory synovial fluid.
Enzymes present in the lysosomes of leuco-
cytes, such as acid phosphatases, #-glucu-
ronidase, and B-N-acetylglucosaminidase,
are released from the destroyed cells. Other
enzymes, such as lactic dchydrogenases,
collagenase, and muramidase (lysozyme)
arc also found in pathological synovial
"uids.l.!ﬁ.'.‘l

Most importantly, inflammatory synovial
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fluid contains immune complexes and anti-
bodies that are not present in the normal
fluid. In rheumatoid arthritis, the appear-
ance of the so-called rheumatoid factors
(primarily antibodies to yG-globuliny and
their complexes with immunologically active
proteins, as well as activation of components
of the complement system are typical ex-
amples of the drastic changes occurring in
the protein composition and immunological
characteristics of synovial fluid during in-
flammation.*37 434 The extremely complex
alteration in the immunclogically active pro-
teins of the synovial fluid indicate that the
neighboring tissues—first of all, the synovial
tissue—are the sites of very intepsive protein
synthesis during inflammation,

Hyaluronic Acid

The viscoelastic nature of synovial fluid
is due to its hyaluronic acid content. This
polyanion is present in the synovial fluid of
all specics investigated. In equine, bovine,
and human joints a considerable variation
was found in the hyaluronic acid concentra-
tion of synovial fluid collected from various
joints of the same subject.

Hyaluronic acid concentration also varies
with age.® In the synovial fluid of human
knee joints the hyaiuronic acid concentration
is highest between 18 and 25 years, after
which it decreases. Beiween the ages of
30 and 89, no change could be observed
in normal juints.” )

The size of the hvalurenic acid molecules
in the synovial fluid of human knee joints
was determined by various physicochemical
methods. The results vary somewhat, de-
pending on the method used for the puri-
fication of the hyalturonic acid and for the
determination of the molecular weight.

This large molecule occupies an extremely
large volume when dissolved in water that
contains a physiological concentration of
salts and hydrogen ions. A single molecule
of Nua-hvaluronate, with a weight of §
million, occupies a spheroidul domain with
d diameter of 0.5 w. This means that one
sram dissolved in physiological saline fills
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3 liters of solvent. In other words, the
individual molecules, in close contact with
one another but without overfapping, occupy
the whole volume of solution at a concentra-
tion of only 0.33 mg./ml. The concentration
of hyaluronic acid io synovial fluid of the
human koee joint is 2 o 3 mg./ml. This
means that the molecules are “crowded”,;
they overlap, and, therefore, such a solution
must be considered as a continuous network
of interacting, entangled melecutar chains.
Any other molecules, large or small, dis-
solved in the solution, are within the domain
of this hyaluronic acid nectwork, and any
molecule or particle that moves in it must
pass through this feltlike molecular network.
The chemical activity of the molecules that
can penetrate this network may be changed,
and other large molecules cannot find space
to penetrate the network. In this sense, one
speaks about the exclusion effect and the
dynamic filtration effect of hyaluronic acid
solutions.”

Experiments in vitro carried out by many
investigators, have demonstrated that large
protein molecules can be filtered from solu-
tion by passage through a filter layer of
synovial fluid or hyaluronic acid. Further-
more, due to the exclusion effect, molecules
dissolved in hvaluronic acid sclutions are
altered in their chemical activity( solubility,
aggregation, osmotic effect, charge effect,
etlc.) .23

Limiting viscosity number (intrinsic vis-
cosity) is a widely-used index for character-
izing polymers such as hyaluronic acid. The
limiting viscosity number of hyaluronic acid
in synoviai fluid can be measured without
separating the polysaccharide from proteins.
This mcasurement gives a meaningful pa-
rameter of one hyaluronic acid molecule
which expresses the size, volume, and shape
of the molecule as well as its interaction with
the solvent (water with ions dissolved in
it%143%)  The limiting viscosity number of the
synovial fluid of normal human knee jeint
does not change with age (Table 5-1}.9
This indicates that the molecular size of the
hyaluronic acid in the joint remains the same
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'during a lifetime, but the concentration of
this polymer drops suddenly around 28 to
35 years of age.

THE ELASTOVISCOUS NATURE
OF SYNOVIAL FLUID

Normal Fluid

Synovial fluid exhibits viscous and elastic
properties. Both depend on its size, con-
formation, interactions, and number of hy-
aluronic acid molecules present in the fluid.

In recent years, a considerable amount of
work has been reported on the clastoviscous
nature of human knee synovial fluid obtained
from normal and pathological joints.50.1214
These studies clearly show that, from a
rheological point of view, the synovial fluid
and the protein-free (<1.0 per cent) hy-

aluronic acid prepared from other tissues
(umbilical cord and rooster comb) are iden-
tical. Up to now, no evidence has been
found that would indicate that the presence
of proteins in the synovial fluid significantly
alters the elastoviscous properties of the
pure sodium salt of hyaluronic acid. Of
course, this does not eliminate the possibility
that some interaction may occur betwecn
proteins and Na-hyaluronate molecules,
which could cause minor modifications in
the viscoelastic properties of synovial fluid.
The important fact is, however, that Na-
hyaluronate without proteins exhibits the
same molecular rclaxation mechanism as
synovial fluid when it is exposed to strain
of various frequencies.™

To demonstrate the elastoviscous nature
of synovial fluid, one has to measure the
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dynamic shear moduli at various strain fre-
Quencies and at various temperaturcs.® The
dynamic rigidity of synovial fluid (G*),
which is the ratic of the peak stress to the
peak strain in the fluid, can be divided
vectorially into two components (G* —
v G7 + G7F). One of these components
is called the dynamic loss module (G”) or
viscous module because it represents the
energy that is dissipated as heat when the
molecule is submitted to strain. The other
componcent is called the dynamic storage
module (G"), or elastic module, because it
represents the energy stored when the mole-
cule is submitted to strain. This energy
stored in the molecules for a short period
of time imparts an elastic nature to the fluid.
This elasticity is similar to that described in
rubber solutions, and it is based on the
interaction between various segmeunts of the
motecular chain of hyaluronic acid. It is
also called entropy eclasticity because it
depends on the states of order and disorder
in the arrangement of the molecular chains
of hyaluronic acid.

A typical set of values of the storage und
loss moduli as a function of strain frequency
is shown in Figure 5-1. The three sets
of curves of dynamic shear moduli are
sclected as representative samples of syno-
vial fluid obtaiued from the normal joint of
a young (20 yrs.) and an old (67 yrs.)
deaor and from an ostecurthritic joint of an
old {63 yrs.) donor,

n all three fluids, as the strain frequency
increases, both the loss and the storage
modules increase. The absolute values of
these moduli at low frequencics vary con-
siderably.  The fluid obtained from the
normal young joint huas the highest value
and that obtained from the osteoarthritic
jcint the lowest. Most importantly, as the
fr—cquency increases, the curves representing
'fhe loss and storage moduli cross cach other
I the two normal fluids, but not in the
Futhological fuid. This means that the
fermal fluids are predominantly viscous at
WWstrain frequency  and  predominantly
c.aslic at high strain frequency. Since this
“fussover ds not observable in the patho-

logical fluid, onc has to conclude that this
fluid behaves in the entire frequency range,
as a predominantly viscous rather than an
elastic fluid. It is important lo note that
the strain frequencies at which these mea-
surements were made are within the range
to which the fluid is exposed in the course
of the normal movement of the knee joint
(flexing under no load, walking, running).

These observations can be explained on
the molecular level by cenfigurational adjust-
ments of the hyaluronic acid chains. At fow
strain {requencies, the configuratiopal adjust-
ments of the chains, owing to thernal
{Brownian) motions are rapid enocugh to
allow the molecule to maintain its original
conformation. That is, under imposed strain,
the chains slip by each other, which results
in a viscous flow. Therefore, the rheological
propertics of the fluid are predominantly
viscous. At high strain frequency, the con-
figurational readjustment of the chains can-
not occur between the short periods of the
osciltating strain, and the molecules cannot
maintain their original conformation. That
is, under the imposed strain, the molccules
deform sinusoidally and alternately store the
mechanical energy and then releasc it elastic-
ally. Under these conditions, the fluid’s
rheological behavior is predominantly that
of an elastic body.

The most remarkable behavior of synovial
fluid under increasing strain frequency is its
rapid transition from viscous fluid to clastic
body. This transformation is reversible and
hus no deteriorating effect on the molecule.
Natural rubber and industrial polymers with
elustoviscous properties show considerably
different bechavior in that this transition
occurs during a considerably extended fre-
quency range.

What are the biological implications of
this frequency-dependent viscoelastic trans-
formation of synovial fluid? The synovial
fluid occupics narrow channels between the
soft tissues of the joint, and it is sandwiched
between the wwo cartiluge surfaces.  The
measurcrments of dynamic shear moduli tell
us that the fluid will move as a viscous liquid
in these channels when the joint moves at
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TaBLE 5-2. Rhcological Propertics of Synovial Fluids Aspirated from
the Knees of Human Subjects of Various Ages.*
Elastic Viscous Crossover Point Two Modudi
Age o Modules Modles of Two Moduli (G", G") ai
Group Subjects G’ G (G, G"”) Crossover Point
(yrs.) {dyn./sec.”?)y (dyun./sec. )3 {dvn./sec. ) {dyn./sec.-?)
18-27 16 1170 = 130 450 = 82 0.13 £ 0.02 332 = 41
27-35 18 2267 72+ 8 0.21 = 0.004 59+6
52-78 26 189 = 33 101 = 12 041 x=0.12 61 =7

* Data taken from the unpublished work of E. A. Balazs, N. W. Rydell, P. O. Seppiii, I. F. Duff, D, A.

Gibbs and E. W. Meirill.
1 Measured at 2.5 cycle/sec.-1

low shear frequency. Under high shear fre-
quency movements, the fluid does not move
in the channels; rather it behaves as an
elastic solid, storing the mechanical energy.

But the fluid also impregnates the surface
layer of articular cartilage and synovial
tissue. Thus, it scparates cells (synovial
cells) and protein fibrils (collugen), prevent-
ing them from direct contact with each
other. This means that under slow mechani-
cal loading of the jeint, when articular carti-
lage and synovial tissue are cxposed to low
frequency strain, hyaluronic acid behaves
as a viscous oil. The fluid between the cells
and collagen fibrils is displaced (flows)
under the mechanical forces and the tissue
itself deforms. On the other hand, at high
‘mechanical loading rates of the joint, when
these tissue layers arc exposed to high fre-
quency strain, hyaluronic acid transforms
into a highly deformable elastic system.
Therefore, the fluid, which contains hyal-
uronic acid, is not displaced, and the tissue
itself is not deformed.” This mcans that the
hyaluronic acid in the surface layers of
articular cartilage and synoviul tissuc ab-
sorbs mechanical stress thereby protecting
the cells and collagen network from me-
chanical shock and deformation. In other
words, this polysaccharide serves in these
tissue layers as a shock absorber.

The cells, which are extremely sensitive
to mechanical stress, and the rigid, load-
supporting collagen fibrils are surrounded by
the elastoviscous hyuluronic acid solution.
There is a mechanical coupling between the

rigid system of cells and fibrils and the
energy-storing and encrgy-dissipating system
of hyaluronic acid. Therefore, a large part
of the stress imposed on the entire system
is converted to elastic deformation of the
hyaluronic acid. By this mechanism, the
stress-sensitive elements of the system (cells)
are protected and the structural integrity of
the tissue (special organizational pattern of
the fibrils) is maintained,

Effects of Aging*

The rtheological properties of synovial
fluid change considerably during aging. The
elastic (storage) modulus (G') and viscous
(loss) modulus (G™) decrease sharply after
the age of 27 years. The elastic modulus
drops further after the age of 52 years
(Table 5-2). As we pointed out ubove,
synovial fldids, like solutions of pure hyal-
uronic acid, show a rapid transition from
viscous to elastic behavior when the strain
frequency increases, The frequency at which
this transition occurs or, more preeiscly,
where the curves of the storage and loss
moduli cross one another and both moduli
have the same numerical value, is specific
for a given fluid (Fig. 5-1). This frequency
value at the cross-over point increases with
aging (Table 5-2). The value of the two
moduli at the cross-over point drops sharply
after the 27th year but does not change

* The data reported here are from the work of
Balazs, Rydell, Seppislii, Duff, Merrill and Gibbs.
* While the details of this work are as yet unpublished,

a brief review can be found in Balazs, 19691
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TapLe 5-3. Concentration and Limiting Viscosity Number of Hyaluronic Acid
and the Rheological Properties of Synovial Fluids Aspirated from Human Pathological Knees ¢

Llastic  Viscous  Crossover
; . luid Volime Hyaluronic Acid Modules Modules  Point of
Pat lOIrC.?glCal’ F Hzf( .\'d Fluid [’Jl ok G Two Modules
Condition Analysed cojocpeq (dyn./ (dyn/ (G’ G")
{ml.) mg./ mi. mi./pg. sec.t)  sec. ) (cycles/sec.™!)
Osteparthritis 11 P55 =014 3800 =350 85 =54 4828 4719
Traumatic Arthritis 3 7-20 0.69-1.76  2100-4200  2-41 2-29 1.3-2.9
Gout 4 3.5 1.28 =014 3500« 690 30= 10 157 09=%=03
Chondrocalcinosis 2 2.5 0.75 3700 5 5 1.7
1.22 3900 22 13

0.9

* Data taken from unpublished work of E. A, Balazs, P. O. Seppild, N. W. Rydell, I. F. Duff, E. W.

Merrill and . A, Gibbs,

later. Thus, the rheological properties of
synovial fluids in all three age groups studied
are significantly different. The fluid from
young subjects is very highly elastic and
rigid at relatively low frequencies. The fuid
from middle-aged subjects is less rigid but
still highly elastic at higher frequencies. The
synovial fluid from older subjects is less
rigid, less viscous, and less elastic at all
frequencies.

The frequencics at which these measure-
ments were carricd oul were in the same
range as the frequencies al which the joints
are loaded and flexed during natural move-
ments of the body. Therefore, some con-
clusions can be drawn about the rheological
behavior of the fluid in the joint submitted
lo various rates of strain, Between the ages
of t8 and 39, the synovial fuid undergocs
a substantial decrease in rigidity, but retains
its gencrally elastic character. With further
aging the elasticity decreases in such a way
that under the frequency conditions of
normal knee motion the synovial fluid
chunges from the highly clastic fluid in the
young to u nonelastic viscous fluid in the oid.

Since the concentration, size, shape, and
limiling viscosity number of individual hyal-
uronic acid molecules does not change in
the synovial fluid of normal human knee
joint between the ages of 27 and 78 but the
elastoviscous propertics of the fuid rudically
decrease, one hus to assume that the inter-
action between the chains of the neighbor-

ing molcules is altered. Recent studies on
byaluronic acid, carried out using X-ray
diffraction and optical rotation measure-
ments, Indicate that a certain amount of
the individual polysacchuride chains form
double helical juaction points or crosslinks
that increase the elastoviscous properties of
the polymer, It is possible that during aging
the amount of these double helical crosstinks
between Lhe chains of neighbering molecules
decreases. This in turn would make the
molecular chain segments less stiff and the
solution less elustic,

Pathological Fluids*

In the synovial fluids aspirated from jotnts
with ostcoarthritis, traumatic arthritis, gout,
chondrocalcinosis, and rheumatoid arthritis,
the concentration, limiting viscosity number,
and moleeular weight of hyaluronic acid is
lower than in normal joints.':3%10 Conse-
quently, all rheological properties of the
fluid, such as the dynamic viscous and clastic
moduli and the crossover peint of the two
moduli are also much below normal values
{Table 5-3; Fig. 5-1). Thus, in the patho-
logical joint, the synovial fluid does not
have those rheological properties that pro-
tect the synovial tissue and cartilage against
mechanical stress. '

* Data reported here are from the work of Balazs,
Seppili, Rydet, Gibbs, Duff and Merrill. While the
details of this work are not yet published, a brief
review of it can be found in Balazs §968.0
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THE SURFACE OF
THE ARTICULAR CARTILAGE

There is some indication that hyaluronic
acid is not evenly distributed in the entire
joint space. On the surface of the articular
cartilage and on the surface of the synovial
tissue, a hyaluronic acid layer was observed
which cannot be easily washed away from
these tissue surfaces. The concentration of
the hyaluronic acid in these layers is higher
than in the fluid aspirated from the joint.
It is not clear what kind of molecular inter-
action is responsible for the “accumulation”
of hyaluronic acid on these tissue surfaces.

Electron microscopic studies showed that
a 1- to 2-u-thick layer of hyaluronic acid-
protein complex covers the surface of the
articular cartilage. This layer is anchored to
the fibrillar collagen matrix of the cartilage
and can be removed from it by treatment
with proteolytic enzymes or hyaluronidase.
With aging, and in ostcoarthritic cases, this
layer becomes thicker. It is now known,
however, how the hyaluronic acid-and pro-
tein content of the layer change with aging
and with various pathological conditions.®

Histochemical and chemical analyses car-
ried out on the cartilage close to the articular
surface indicate the presence of hyaluronic
acid 50 to 100 p deep into the cartilage
where it shares the space between the colla-
gen fibrils with sulfated proteoglycans.® The
deep layers of the cartilage matrix contain
only sulfated proteoglycans (proteoglycans
of chondroitin 4-sulfate and keratan sulfate)
but no hyaluronic acid.

Scanning electron microscopy also showed
an accumulation of synovial fluid (hyal-
uronic acid and proteins) on the surface of
articular cartilage'*+4* (1970). Under con-
ditions of extreme load, experiments in vitro
show, this fluid layer protects the cartilage
surface.®*

One can only speculate about the impor-
tance of this layer in the normal function
and pathology of the joint. Since it repre-
sents the only morphologically visible bar-
rier between the cartilage matrix and the

Special Role of Hyaluronic Acid

joint space, it is tempting to assume that
it is responsible for the protection of the
cartilage surface. Since the synovial fluid
of the normal joint does not contain appre-
ciable amounts of sulfated proteoglycans, it
is possible that the surface layer of the
cartilage impregnated with hyaluronic acid
forms an eflective barrier against diffusion
or flow (under pressure caused by com-
pressing the cartilage when the joint is
loaded) of the sulfated proteoglycans into
the synovial fluid. In various pathological
conditions sulfated glycosaminoglycans were
found in the synovial fluid,* suggesting that
the integrity of the surface layer of the
articular cartilage impregnated with hyal-
uronic acid is responsible for the normal
maintenance of the cartilage by preventing
the leakage of proteoglycans into the syno-
vial spacc and the subsequent loss of this
important component of the cartilage matrix.
The missing link in this argument, of course,
is the complete lack of knowledge of the
chemical composition of the cartilage surface
layer in pathological conditions.

THE EFFECT OF HYALURONIC ACID
ON CELL ACTIVITIES

Recently, several effects of hyaluronic
acid on cells in vitro and in vivo have been
reported. None of these effects have been
directly connected to the pathological pro-
cesses in the joint. Nevertheless, the cflect
of hyaluronic acid on cell activitics is so
general that the assumption that it is opera-
tive in wound healing and inflammation of
the joint is justified.' .

Na-hyaluronate was found to be a ccll-
immobilizing agent. The movement of cells
of the lymphomyeloid system (lymphocytes,
granulocytes, macrophages) is inhibited by
this biopolymer and by the tissuc fluids that
contain this molecule (synoviul fluid, liquic
vitreous). The fast-moving cells of the
lymphomyeloid system cxhibit different sen:
sitivities  to  hyaluronic acid. This cell-
immobilizing effect is specific for these types
of cells because cells that move slowly ir
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vitro (fhbrobltasts) are not affected. The
effect of hyaluronic acid on the motility of
cells is mot directly related to the bulk
viscosity of the solution in which the cells
are moving. The effect is dependent on the
limiting viscosity number of the hyaluronic
acid used. Hyaluronic acid preparations
with low limiting viscosity numbers are less
eflective cell movement inhibitors than
preparations with high limiting viscosity
numbers. Puathological synovial fluids, with
low limiting viscosity numbers, are less effec-
tive than normai fluids.'3

Hyaluronic acid also inhibits the modula-
tion of lymphocytes to lymphoblasts. When
blood lymphecytes, stimulated by mitogens
{phytohemagglutinin, pokeweed mitogen,
streptolysin O or purified protein derivative
of tuberculin) are placed in viscous hyal-
uronic acid solution, the transformation of
lymphocytes to lymphoblasts and the sub-
sequent mitosis is prevented as long as the
celis are surrounded and separated from each
other by viscous Na-hyaluronic solutions,!'?

Na-hyaluronate can alse prevent the tar-
gets cells from killing sensitized lymphocytes.
The cytotoxic effect of lymphocyies is inhib-
ited when the Na-hyaluronate concentration
in the medium separating the target cells
from the lymphocytes reaches a certain
concentration.!!

The graft-versus-host reaction could be
inhibited with Na-hyaluronate when the
donor cells are injected inte the peritoneal
cavity. Appareatly, the spleen cells injected
with Na-hyaluronate do not find their target
organ (spleen, liver); or, if they do, their
proliferatien is inhibited.!?

Na-hvaluronate seems also to influence
the wound healing of articular cartilage,
endons, and fasciae. Relatively few experi-
ments have been reported in this arca and
therefore, one has to regard these results as
prehminary.  When the dorsal fasciae of
rabbits and guinea pigs and the long ex-
tensor tendons of the legs of rabbits were
traumatized by mechanical damage and,
after the trauma, viscous Na-hyuluronate
solutien (sterile and pyrogen-free) was

rinra I

applied to the damaged area, the subse-
quent formation of granulation tissuc and
fibrous adhesions was considerably sup-
pressed. Na-hyaluronate also suppressed
formation of granulation tissue around
forcign bodies  (polyethylene) 17332 All
these investigations suggest that hyaluronic
acid has a celt regulatory function which
specifically affects the lymphomyeloid system
during the inflammatory process.

Effect on Fricttonal Resistance

It has been generally accepted for a long
time that the frictional resistance of those
paris of the joint that move adjacent to each
other (articular cartilage, synovial tissue,
ligaments, tendons within their sheaths, walls
of bursae) is decreased by the viscous syno-
vial fluid. The wviscosity of the fluid has
been regarded as the key to this lubricating
cflect, and the high-molecular-weight hyal-
uronic acid as the essential component of
the lubricating fluid.®-=74=

Recently, this joint tubrication was further
defined by separating it into two problem
areas. the lubrication of the "soft tissues™
(ligaments and synovial tissue} and the
fubrication of the cartilage surfaces.*™ The
role of hyaluronic acid in diminishing the
frictional resistance of “soft tissues™ sliding
across cach other was confirmed. On the
other hand, the same action of hyaluronic
acid on cartilage sliding over cartilage was
questioned. A glycoprolein fraction was
found in the synovial fluid that decreused
the cocflicient of friction between moving
cartilage surfaces.” The importance of
hyaluronic acid as an ageat that reduces
the [nictional resistance between the moving
surfuces inside the joint, and between ten-
dons and their sheaths, is still not fully
understood.

Role of the Cartilage Surface

As described above, the surface layer of
articular cartilage is impregnated with hyal-
uronic acid. One can visualize the two
opposing cartilage surfaces and the thin
layer of synovial fluid between as a con-
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tinuous hyaluronic acid network. The hyal-
uronic acid network is anchored onto the
collagen fibrillar matrix of the surface layer
of cartilage of both sides. The space beween
the two collagen matrices is filled with the
same hyaluronic acid molecular network that
impregnates the collagen matrix. Therefore,
dislocations between the two moving carti-
lage surfaces occur not between two rheo-
logically different systems (solid cartilage
and synovial fluid), but within the hyal-
uronic acid network. This concept has two
important biological implications. One, there
are no asperities or ripples on the sliding
surfaces. That is, the beautiful scanning elec-
tron micrographs showing the unhydrated
cartilage-synovial fluid surface with its many
crevices do not picture the real sliding sur-
face. The real sliding surface is not that
which one exposes by breaking the conti-
nuity of the hyaluronic acid network and its
dehydrated picture in the electron micro-
scope does not give the proper impression
of a highly hydrated hyaluronic acid molecu-
lar network. Two, the hyaluronic acid
impregnated cartilage surface that serves as
a barrier against the movements of macro-
molecules in and out of the cartilage is not
distributed by the movements in the joint.
Therefore, the integrity of this layer and the
composition of the cartilage matrix is main-
tained. According to this hypothesis, the
major role of hyaluronic acid on the carti-
lage surface is to provide the real sliding
surfaces and to maintain the integrity of the
cartilage matrix,

Control of Cell Invasion

There is no epithelial barrier on the sur-
face of the synovial tissues that would pre-
vent cell migration from these tissues into
the synovial space and on the surface of the
soft tissues and the cartilage of the joint. It
was proposed that hyaluronic acid prevents
the invasion of cells into joint space.™®
This concept is especially important in view
of the fact that in all acute or chronic in-
flammatory processes of the joint, both the
concentration and size of the hyaluronic acid
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molecules decrease and, at the same time,
the cell population in the joint space in-
creases. It is important to note that the
pathological fluid is less efective in prevent-
ing the migration of the lymphomyeloid celis
in vitro than the normal fluid. These find-
ings, while suggestive, do not present direct
proof of the role of hyaluronic acid as a cell
movement controlling factor in the joint.

. HYALURONIC ACID
AS A THERAPEUTIC AGENT

In acute and chronic inflammation and in
most degenerative processes of the joint, the
concentration and molecular size of hyal-
uronic acid decreases in the synovial fluid.
Consequently, the viscosity and elasticity of
the fluid also decreases. We suggested that
intraarticular application of highly purified
(protein content <0.3% ) concentrated (10
to 20 mg./ml.) Na-hyaluronate that contains
fairly large molecules (molecular weight 1
to 3 million) of this biopolymer can influ-
ence the healing and regeneration of the
cartilage and soft tissues of the joint. The
rationale for this suggestion is that the in-
jected hyaluronic acid will accumulate on
the articular and synovial tissue surfaces,
thereby “‘reinforcing” the natural barriers
which are most probably deteriorated in the
course of the pathological process. Thus,
the injection of hyaluronic acid into a
diseased connective tissue compartment in
which it is normally present can properly
be called a macromolecular implantation.
The main objective of the implantation is
to increase the hyaluronic acid concentration
in the joint well above the pathological and
even the normal level. Since this biopolymer
is a natural component of the joint, it
metabolizes by diflusion and probably by
phagocytic activity of macrophages. Con-
sequently, the clevated concentration in the
joint caused by the injection decrcases to
normal level within days. Nevertheless, one
expects that the invasion of the lympho-
myeloid cells into the joint space is halted
by the temporary increase of hyaluronic acid



concentration by the same mechanism as
the movement of these cells is inhibited by
this biopolymer in vitro. Furthermore, the
hyaluronic acid accumulated on the surface
of the cartilage and soft tissues may block
inflow of proteins (immune complexes) and
proteoglycans into the joint space, thereby
triggering a healing process in the cartilage
and decreasing inflammation in the synovial
lissue,

Experiments carried out in dog and rabbit
joints indicate that intraarticular cartilage
heals better when the Na-hyaluronate con-
centration of the synovial space is increased
after wounding by implantation of this bio-
polymer.® It was also found that the granu-
lation reactlion in subcutancous tissue after
surgical wounds® and in adheston formation
between tendon and tendon sheaths after
niechanical damage is decreased when Na-
hyaluronate is applied to the wounded
surfaces.®

Treated with intraarticular administration
of Na-hyaluronate traumatic arthritis in
borses, rapidly improved and, in most cases,
the normal function of the joint was restored
after one or two treatments3t*

Na-hyaluronate was administered intra-
articularly for human osteoarthritis by sev-
eral investigaters. (Rydell, Helfet, Peyron).
Results of these investigations are reported
elsewhere in this book (sce p. 142) /74

Na-hyaluronate was alse implanted into
human vitreous during surgical procedures
for retinal detachment. Since hyaluronic
acid is present in the vitrecus in its highest
concentration adjacent to the retina, it was
thought that in chronic inflammation caused
by retinal wounds, the healing would be
promoted by implantation of this bio-
potymer. Furthermore, it was stipulated
that wiscoelastic  Na-hyaluronate solution
would facilitate the reattachment of the
retina in cases where other surgical tech-
niques failed.* Several investigators found

* . L. Buller and A. Asheim, personal communi-
zations.

T Availuble from Biotrics, Inc., Artington, Mass.,
USA.
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that Na-hyalurcnate implanted into human
vitrgous in complicated cases of retinal
detachment facilitated the reattachment of
retina to choroid, thus improving the heal-
ing of the vitreoretinal wound,15.22.28

One has to peint out that the Na-hyal-
uronate used for implantation into the joint,
vitreous, or other connective tissue compart-
ments must be free from impurities that
can cause immunological reaction or tissue
irritation.  Furthermore, the preparation
must exhibit specific biological activity on
lymphomyeloid cells. Such Na-hyaluronate
fractions have been prepared from both
human (umbilical cord) and avian (comb)
tissues;t it was used in most of the experi-
mental and clinical work cited above.

REFERENCES

l. Alexandersson, R., Nettelbladt, E., and
Sundblad, L.: Lactic dehydrogenase isoen-
zymes in arthritic synovial fluid: Effect of
cortisol. Acta Rheumatol. Scand., /4:243,
1968.

Algvere, P.: Intravitreal injection of high-

molecular-weight hyaluronic acid in retinal

detachment surgery. Acta Ophthalmol.,

49:975, 1971.

3. Andersen, R. B., and Gormsen, J.: Fibrin
dissolution in svnovial fluid. Acta Rheuma-
tol. Scund., /6:319,1970.

4. Balazs, E. A.: Physical chemistry of hyalu-
ronic acid. Fed. Proc., 17:1086, 1958.

5. ———: Viscoelastic Properties of Hyalu-
ronic  Acid and Biological Lubrication.
Univ. Michigan Med. Ctr. 1, [Special Is-
sue]: 255-259, December, 1968.

6. ———: Some aspects of the aging and
radiation sensitivity of the intercellular
matrix with special regard to hvaluronic
acid in synovial fluid and vitreous. /n Engel,
A., and Larsson, T. (eds.): Thule Interna-
tional Symposium: Aging of Connective
and Skeletal Tissue. Stockholm, Nordiska
Bokhandelns Forlag, 1969.

7. ———: Structure and metaholism of con-
nective tissue under physiological and
pathotogical conditions. In Rittner, 1., ef
al. (eds.)): Arthritis and Osleoarthrosis.
Bern, Stuttgart, Veriag Hans Huber, Wien,
1971,

(g%



74

[=.-]

o

1.

12.

13.

14,

15.

16.

19.

. Jasani, M.

Physical Properties of Synovial Fluid *

Balazs, E. A, Bloom, G., and Swann, D. A.:
Fine structure and glycosaminoglycan con-
tent of the surface layer of articular carti-
lage. Fed. Proc., 25:1817, 1966.

Balazs, E. A., and Darzynkiewicz, Z.: The
effect of hyaluronic acid on fibroblasts,
mononuclear phagocytes and lymphocytes.
In Kulonen, E., and Pikkarainen, J. (eds.):
Biology of the Fibroblasts. London, Aca-
demic Press, 1973.

Balazs, E. A., Friberg, S., and Freeman,
M. 1. (unpublished data).

Balazs, E. A., Friberg, S., and Darzynkie-
wicz, Z. (unpublished data).

Balazs, E. A., and Gibbs, D. A.: The rheo-
logical properties and biological function of
hyaluronic acid. /n Balazs, E. A. (ed.):
Chemistry and Molecular Biology of the
Intercellular Matrix IlII. New York, Aca-
demic Press, 1970.

Balazs, E. A., Skopinska, E., and Darzyn-
kiewicz, Z. (unpublished data).

Balazs, E. A., Watson, D., Duff, I. F., and
Roseman, S.: Hyaluronic acid i synovial
fluid. 1. Molecular parameters of hyalu-
ronic acid in normal and arthritic human
fluids. Arthritis Rheum., /0:357, 1967.
Balazs, E. A., er al.: Hyaluronic acid and
the replacement of the vitreous and aque-
ous humor. In Modern Problems in Oph-
thalmology, 10:1, 1972.

Bartholomew, B, A., and Perry, A. L.
Alpha-mannosidase activity in synovial
fluid. Acta Rheumatol. Scand., 716:304,
1970.

. Darzynkiewicz, Z., and Balazs, E. A.:

Effect of connective tissue intercellular
matrix on lymphocyte stimulation. I. Sup-
pression of lymphocyte stimulation by
hyaluronic acid. Exp. Cell Res., 66:113,
1971,

Decker, B., McKenzie, B. F, and
McGuckin, W, F.: Zone clectrophoretic
studies of proteins and glycoproteins of
bovine serum and synovial fluid. Proc. Soc.
Exp. Biol. Med., 102:616, 1959,

Gardner, D. L., and Woodward, D.: Scan-
ning electron microscopy and replica stud-
ies of articular surfaces of guinea pig svno-
vial joints. Ann. Rheum. Dis., 28:379,
1969,

Gibbs, D, A., Merrill, E. W., Smith, K. A.,
and Balazs, E. A.: Rheology of hyaluronic
acid. Biopolymers, 6:777, 1968.

K.. Katori, M., and Lewis,
G. P.: Intracellular enzymes in synovial

Special Role of Hyaluronic Acid

24,

25.

26.

27.

28.

29.

30.

3L

33.

fluid joint diseases. Origin and relation to
discase categary. Ann. Rheum. Dis., 28:
497, 1969. )

KI16ti, R.: Hyaluronsiure als Glaskdpersub-
stituent. Ophthalmologica, /65:351, 1971.

. Laurent, T.: Structure of hyaluronic acid.

In Balazs, E. A. (ed.): Chemistry and
Molecular Biology of the Intercellular Ma-
trix I/. New York, Academic Press, 1970.
McCall, J. G.: Scanning Electron Micros-
copy of Articular Surfaces. The Lancet,
1194, 1968.

McCutchen, C. W.: Boundary lubrication
by synovial fluid: Demonstration and pos-
sible osmotic explanation. Fed. Proc., 25:
1061, 1966,

Ogston, A. G.: The Biological Functions
of the Glycosaminoglycans. In Balazs,
E. A. (ed.): Chemistry and Molecular
Biology of the Intercellular Matrix IIl.
New York, Academic Press, 1970.

Radin, E. L., and Paul, 1. L.: A Consoli-
dated View of Joint Lubrication. J. Bone
Joint Surg., 54A4:607, 1972.

Regnault, F.: Acide hyaluronique intravi-
treen et cryocoagulation dans le-traitment
des formes graves de decollement de la
retine. Bull. Mem. Soc. F. Ophthalmol.,
84:106, 1971.

Ruddy, S., and Austen, K. F.: The com-
plement system in rheumatoid synovitis. 1.
An analysis of complement component,
activities in rheumatoid synovial fluids.
Arthritis Rheum., /3:713, 1970.

Rydell, N. W.: Decreased granulation tis-
sue formation after installment of hyalu-
ronic acid. Acta Orthop. Scand., 4/:307,
1970.

Rydell, N. W., Butler, J., and Balazs, E. A.:
Hyaluronic acid in synovial fluid. VI
Effect of intra-articular injection of hyalu-
ronic acid on clinical symptoms of arthritis
in track horses. Acta Vet. Scand., 7/:139,
1970.

Rydell, N. W., and Balazs, E. A.: Effect of
intra-articular injection of hyaluronic acid
on clinical symptoms of ostcoarthritis and
on granulation tissue formation. Clin.
Orthoped., 80:25, 1971.

Schmidt, K.. and MacNair, M. B.: Char-
acterization of the proteins of certain post
mortem human synovial fluids. J. Clin.
Invest., 37:708, 1958.



34,

35.

37,

38.

39.

40.

Schubert, M., and Hamerman, D. A.: A
Primer on Conncctive Tissue Biochemistry.
Philadelphia, Leca and Febiger, 1968.
Seppiild, P. O.: Synovial Fluid in Rheuma-
toid Arthritis. Scan, J. Clin. Lab. Invest.,
16[Suppl.]:79, 1964.

Scppild, P. O., and Balazs, E. A.: Hyalu-
ronic acid in synovial fluid I1I. Effect of
maturation and aging on chemical proper-
ties of bovine synovial fluid of different
joints. J. Gerontol., 24:309, 1969.
Sliwinksi, A. JI., and Zvaifler, N. J.; The
removal of aggregated and nonaggregated
autologous gamma globulin from rheuma-
toid joints. Arthritis Rheum., 7/2:504, 1969.
: In vivo synthesis of 1gG by Rheu-
matoid synovium, J. Lab. Clin. Med., 76:
304, 1971.

Sundblad, L., Jonsson, E., and Nettelbladt,
E.: Permeability of the synovial membrane
to glycoprotein. Nature, /92:1192, 1961.
¢ Glycosaminoglycans and glyco-
proteins in synovial fluid. In Balazs, E. A.,
and Jeanloz, R.. W. (eds.): The Amino

41.

43.

44,

45.

References 75

Sugars /A, New York, Academic Press,
1965.

Swann, D. A., Radin, E. L., and Weisser,
P. A.: Separation of a hyaluronate-free
lubricating fraction from synovial fluid.
Nature, 228:377, 1970.

Walker, P. S., et al.: Mode of aggregation
of hyaluronic acid protein complex on the
surface of articular cartilage. Ann. Rheum.
Dis., 29:591, 1970.

Ward, P. A., and Zvaifler, N, J.: Comple-
ment-derived leucatactic factors in inflam-
matory synovial fluids of humans. J. Clin.
Invest., 50:606, 1971.

Winchester, R. J., Agnello, V., and Kunkel,
H. G.: Gamma globulin complexes in
synovial fluids of patients with rheumatoid
arthritis. Partial characterization and rela-
tionship to covered complement levels.
Clin. Exp. Immunol., 6:689, 1970.
Zvaifler, N. J.: Breakdown products of C3
in human synovial fluids. J. Clin. Invest.,
48:1532, 1969.



