COLLAGEN ~POLYSACCHARIDE GEL AS A MODEL
OF THE GROUND SUBSTANCE OF CONNECTIVE
TISSUE
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Samples of gel formed at 37°C in solutions containing tropocollagen and various polysaccharides
were studied with the electron microscope. Contracting gel clots were formed in solutions con-
taining chondroitin sulfate, proteoglycan from tracheal cartilage, and gum arabic as the poly-
saccharide component. Examination under the electron microscope showed that these clots
were permeated by transversely striated collagen fibrils with a period of 64 nm. The connec-
tion between the density of the gel thus formed and the nature of the polysaccharide component
is discussed. Gel forming in solutions containing tropocollagen and various polysaccharides can
be regarded as a suitable model of the ground substance of connective tissue.
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The ground substance of connective tissue is a gelatinous substance formed on a basis of fibrous struc-
tures and interstitial material containing acid mucopolysaccharides of the hyaluronic acid and chondroitin sul-
fate type, which are usually in the form of complexes with noncollagen proteins. In different types of connec-
tive tissue the relationship between these components varies, and as they vary so also do the physical proper-
ties of the ground substance: its density, strength, elasticity, and hydrophilic properties.

Some workers have regarded the gel obtained in vitro and containing acid mucopolysaccharides and col-
lagen fibrils [4, 9, 13] as a model of the ground substance of connective tissue. Interaction of tropocollagen
with mucopolysaccharides and proteoglycans and also the effect of polysaccharides and of protein—polysac-
charide complexes on the formation of collagen fibrils in vitro have frequently been investigated (1, 2, 5, 7, 8,
10-12, 14, 15].

In this investigation an attempt was made to simulate the ground substance of connective tissue by using
a gel formed during combined precipitation of tropocoliagen and various polysaccharides from solution.

EXPERIMENTAL METHOD

Solutions of tropocollagen were obtained by extracting the protein from the skin of albino rats with citrate
buffer, pH 3.4 [3]. The protein concentration was. about 0.1%. The solutions were purified by filtration. The
polysaccharides used included: hyaluronic acid (Reanal, Hungary), chondroitin sulfate A (Schuchardt, West
Germany), gum arabic (Merck, West Germany), amylose, and also proteoglycan isolated by extraction with wa-
ter from bovine tracheal cartilage [6]. To avoid uncontrollable changes of pH in the solution of tropocollagen
on the addition of the polysaccharides, solutions of tropocollagen and polysaccharides with weakly acid or neu-
tral pH values were made up separately, after which the solutions were mixed and the pH of the mixture deter~
mined. The polysaccharides were dissolved in citrate buffer. Besides tropocollagen the solutions contained
only one polysaccharide component. The concentration of hyaluronic acid was 0.5-2%, of chondroitin sulfate
5-10%, gum arabic 5-15%, amylose 5-15%, and proteoglycan 1-2%. The mixture of tropocollagen and polysac-
charides was incubated at 37°C for a few days. For electron-microscopic investigation the material precipitated
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Fig. 1. Collagen fibrils in gel formed in solution containing tro-
pocollagen and chondroitin sulfate. Stained with phosphotungstic
acid, 30,000 x.

from the solution was transferred by means of a bacteriological loop to grids covered with collodion film sta-
bilized with carbon., The structure of some specimens of gel was investigated in ultrathin sections cut from
material embedded in Araldite. The sections were stained with a 3% aqueous solution of phosphotungstic acid
(pH 6.5). They were examined in the JEM- 100B electron microscope.

EXPERIMENTAL RESULTS

In some of the tubes containing the mixed solutions, gel clots were formed after a few days of incubation
at 37°C, and in the course of time they contracted. Clots were formed in solutions containing chondroitin sul-
fate and gum arabic at pH 6.0-6.5. The densest clots were formed in solutions with chondroitin sulfate, less
dense in a solution containing proteoglycan. No gel was formed in solutions containing amylose, even in high
concentrations (up to 15%). A gel formed in solutions containing hyaluronic acid but did not condense into clots.
Examination in the electron microscope showed that the collagen—polysaccharide gel formed in solutions con-
taining chondroitin sulfate, hyaluronic acid, gum arabic, and proteoglycan was permeated by cross-striated
collagen fibrils with a period of 64 nm, forming a fibrillary felt (Fig. 1). The diameter and length of the fibrils
depended on the concentration of polysaccharides added; with an increase in concentration the diameter de-
creased but the length increased. In particular, in the absence of added polysaccharides tropocollagen in citrate
solution (at pH about 6.0) formed fibrils or tactoids over 1 ¢ in diameter, but in a 10% concentration of chon-
droitin sulfate it formed fibrils only 100-200 nm in diameter, i.e., the collagen fibrils were of about the same
diameter as in connective tissue. The addition of amylose also led to a decrease in the thickness of the fibrils
formed, although no gel was formed in this case. The influence of mucopolysaccharides on the diameter of
collagen fibrils formed in vitro has also been noted by other workers [10, 15]. The results suggest that the ef-
fect of mucopolysaccharides on the diameter of collagen fibrils formed in their presence can be the explanation
why fibrils 50-150 nm in diameter are found in connective tissue, whereas the diameter of fibrils or tactoids
formed in tropocollagen solutions may reach tens of microns. Fibrous structures and the ground substance of
connective tissue are evidently indissolubly connected.

As has already been stated, no gel was seen to form in tropocollagen solutions containing amylose, even
if the polysaccharide was present in high concentrations. All polysaccharides in the presence of which gel clots
were formed contained ionogenic groups — in the case of gum arabic these were carboxyl groups, in chondroitin
sulfate carboxyl and also sulfate groups. However, in solutions containing hyaluronic acid, a noncontracting
gel was formed, despite the presence of carboxyl groups in this polymer. The explanation of this fact must
probably be sought in the high hydrophilic property of the hyaluronic acid, which is capable of binding large
quantities of water. In the presence of proteoglycan from tracheal cartilage, weakly contracting gel clots were
formed, and this may also be attributed to the farily high hydrophilic property of the protein—polysaccharide
complex.

The degree of contraction of the gel clots formed in solutions containing tropocollagen and polysaccharides
was thus determined, first, by the character and quantity of ionogenic groups in the polysaccharides and, sec-
ond, by the hydrophilic property of the polysaccharides, connected with their molecular weight.

1519



Because of these findings it is natural to try to associate the formation of connective tissue with a varied
degree of contraction with the nature and quantity of mucopolysaccharides present during this process. Dur-
ing the formation of dense forms of connective tissue {cartilege, bone, dermis, tendon) large quantities of sul-
fated mucopolysaccharides are present. Loose connective tissue, synovial fluid, certain connective-tissue
components of the eye, and Wharton's jelly are formed in the presence of large quantities of hyaluronic acid or
of incompletely sulfated hexosaminoglycans. The hyaluronic acid prevents contraction of these tissues, so that
their degree of hydration remains adequate.

The study of the collagen—polysaccharide gel formed under certain conditions in solutions containing
tropocollagen and polysaccharides can thus explain some of the properties of connective tissue; such a gel can
be regarded as a model of the ground substance of connective tissue.
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