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SUMMARY

Determiimattiom off load—-extension curves of rat-tail tendon fibres showed that when
extensiomn was restiricted to 29% the slope of the linear portion of the curves was un-
changed im smecessive tests. The change of slope resulting from enzymic treatment was
used to musess the damaging effect of hyaluronidase and trypsin. Pure hyaluronidase
had mo sigoiificantt effect indicating that chondroitin sulphate A and C and hyaluronic
acid are met important in jtabilising the fibres according to this criterion. Other
preparatioms off hiwaluronid;se did damage the fibres and this is attributed to the
presemae of emzymmc nnpunt ies which attack the interfibrillar matrix rather than the
-collagem of tiwe fibres. Evidence is presented that it is the non-collagenous protein
of the mnatrirs that is attacked and which is important in stabilising the native fibres.

INTRODUCTION

For mamy pumposes it is convenient to regard connective tissues as consisting of two
more @r less distimet extracellular fractions, the protein fibres and the amorphous
matrix «or grownd! substance in which they are embedded!-2. The way in which any
pariiodlar commeetive tissue responds to applied stress will depend on the relative
propartions of tlhese two fractions and the wav in which they interact. In tissues such
as amftiowler caottifge, where the matrix predominates, its importance in determining
the madbemicall behaviour of the material has long been recognised2-¢, The matrix
-commprises omlly-a small fraction of tendons, however and although the tensile properties
of tendoms and] otiher collagenous fibres have been intensively studied?.7-75, attempts
to melate tifbese properties to tissue structure have largely been concerned with the
stractmre of tie fibrous protein, collagen, itself and the role of the matrix has been
somewizt megleotedt®: 17,

Acidl mmcopoligsaccharides, which are the major organic constituents of con-
nective tiissre matvic, comprise about 0.5 % of the weight of acetone-dried tendon?®.
‘Chomdraitim suipliates B and C and hyaluronic acid {as a minor component) have
been isdlsted firomm tendons® 1® and the presence of neutral polysaccharide has also
been meponttadP® 2. The non-collagenous proteins of connective tissue have been less
well dhamactenived although they have been shown to be intimately associated with

“ Pressmtt adidbess: Department of Pharmacy, Roval College of Sciemce and Technology,
‘Glasgow ({(Greatt Bhitzin).
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collagen prepared from skin2?? and bone?3. Our knowledge of the macromolecuar
structure of connective tissue mucopolysaccharides is largely the result of stndy of
material extracted from tissues such as cartilage where they are present in large
amount. In cartilage the long unbranched chains of chondroitin sulphate are strongiv
bound to non-collagenous protein?*—2? and similar mucopolysaccharide--protein com-
plexes have been extracted from other connective tissues?,

Atternpts have been made to assess the importance of mucopolysaccharides ani
non-collagenous protein in the properties of loose connective tissue??.3% and uterine
cervix3! of the rat by observing the effects of degrading them with enzymes which have
been assumed to leave the collagen intact. In the same way mucopolvsaccharides have
been shown to play a part in the mechanical behaviour of clastic tissue®.33 In:ithe
present work we have investigated the use of a similar appreach to the studv of-the
part played by mucopolysaccharide and non-collagenous protein in the tensile proper-
ties of rat-tail tendon fibres.

EXPERIMENTAL
Materzials

Tendon fibres: The tails of adult rats (Wistar) were dissected immediately after
sacrifice and fibre bundles (approx. 0.3 mm diameter) extracted with the minimun f
stretching. They were washed overnight in sterile isotonic saline solution at o.4°.
stored in the same medium and used within one week.

Chondroitin sulphate— protein complex: The complex was prepared from fresh
bovine nasal septum by high speed homogenisation with water?, It contained 24.2 9%,
hexosamine and 0.40 % hydroxyproline (corresponding to 3.3 % collagen).

Enzymes: The following commercial preparations of testicular hyaluronidase
were used: bovine, L. Light & Co. Ltd.; bovine, British Drug Houses Ltd.; ovine,
L. Light & Co. Ltd.; ovine, Bengers Ltd. Thev are referred to below as preparations
A, B, C and D, respectively. Trypsin was a twice-recrystallised preparation (L. Ligirt
& Co. Ltd.).

Protein solutions: Solutions of acid-soluble calf-skin collagen were prepared bythe
method of Woop axp KeecH? and dialysed against 0.23 M NaCl containing 0.023
Tris buffer (pH 7.1) at 0—4°. Solutions (1 %) of gelatin were prepared in the -sams=
Tris-buffered 0.23 M NacCl at 37° and equilibrated at this temperature for 1 h befare
use. Two samples of gelatin were used; one was an acid pigskin gelatin (gelatin No.
149 (see ref. 35)) whose amino acid composition has been reported by EAsTOE® anil
which, according to LEACHS33, does not contain any of the licat-coaguiabie mucoprotein
present as a minor component (0.1 %) in some other gelatins; the other was ailime
processed ox-hide gelatin (gelatin No. 127 (see ref. 35)) whose amino acid compesition
is also known® and from which a protein—polysaccharide complex (0.36 %) has been
isolated¥. Neither gelatin gave a distinct peak at 530 mu in its absorption spectrm
after treating with diphenylamine, a reaction which has been used by Courrs®:ic
detect mucoproteins in gelatins.

METHODS
Load-extension curves of tendon fibres

The apparatus (Fig. 1) was designed to give load-extension curves at constamt
rate of strain. One end of the fibre (approx. 5 cm long) was held in a stainless ste¢l
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clamp suspended from a stiff steel spring whose ends were rigidly attached to a brass
plate. The other end of the fibre was held in a similar clamp carried by a stainless steel
bar which could be driven in a vertical direction by rotating a micrometer head, thus
stretching the fibre. The displacement of the centre of the spring arising from the
tensioin in th fibre was detected by a Philips displacement pick-up (Pg310) mounted
on the brass plate. The signal from the pick-up was fed to a Philips direct-reading
measuring bridge (PRg300) which was balanced with the fibre unstretched. The meter
gave readings which were proportional to load and was calibrated by hanging known
weights from the spring in place of the fibre. The centre of the spring was displaced
approx. 10 u by a load of 120 g, i.e. about 0.02 %, of the fibre length. Some difficulty
was encountered in effectively gripping the ends of the fibres but small engineers’
clamps with serrations 0.0z in deep on *i.2 faces were found to be suitable. Each jaw
was lined with thin wash-leather in order tc avoid damaging the fibres.

micrometer head

Philips pick-up

/ braoss plate ;

~= N\ =l

—-brass cubes—— ! |_[[)

steel spring—

steel baor__
—

——Clamp___
.-r—-—«

——— — sample

clamp

——glass cylinder

Fig. 1. Diagram of extensometer.

Fibres were chosen so that their diameters did not vary along their length by more
than about 10 % of their mean diameter. In order to approach physiological conditions
the fibres were immersed in 0.23 M NaCl containing either 0.02 M Tris buffer (pH 7.1)
or 0.0z M sodium phosphate buffer (pH 7.1) in the glass cylinder (Fig. 1) which was
itself immersed in a constant temperature bath. Before a load extension curve was
determined the fibre was left in the apparatus for 15 min to attain swelling equilibrium
and then drawn taut. The length of the fibre was measured with a travelling micro-
scope reading to 0.002 cm. The fibre was extended by rotating the micrometer head
either by means of a motor at a constant rate of 1 % /min, or manually, at about the
same overall rate, in increments of 0.ox cm.

Enzymic treatment of fibres: Single fibres were incubated with 5 ml enzyme solu-
tion for 16 h at 35° or 37° and then washed with 3 changes of 5 ml buffered salt
solution for 3 h. Control fibres were incubated with buffer alone. In order to avoid
bacterial contamination all buffer solutions were autoclaved and penicillin (100
I.U./ml) and streptomyecin (100 pg/ml) included in the incubation mixtures.
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Fibre shrinkage temperature was .datsmnr=Z “y the method of Jacksox3®.
Enzvmic degradation of collagen, gelatin .amd «thepdroitin sulphate - protein complex
in solution was followed viscometrically. A kmoweme woliime of chondroitin sulphate—
protein complex (0.4 %) or gelatin (1 °;) was «ymitiinated at 37°. A known volume of
enzvime solution, also equilibrated at 37°. ws mdifed! and after mixing, a known
volume was transferred to a viscometer at 37 ° andl the flow time determined at inter-
vals during the reaction. Degradation -af «codibgem att 25° was followed in a similar
manner but CaCl, was incorporated into the emzwme sollation so that its concentration
in the reaction mixture was 0.5 M (see vef. o). Osttwald Fenske viscometers (10 ml)
with flow times for water at 37° of abomt g mmm were used with gelatin. Miniature
U-tube viscometers (2 ml) with flow times abougt 7 min. for water at 37° were used
with chondroitin sulphate—protein complex andl simtiar viscometers, with flow times
for water at 25° of about 2 min, were nsed witfh «eilzgen.

RESTITS

Load-extension curves of native tendon fihres i sffler solutions (pH 7.1) at 25° were
similar to those described by others for mative Hibnes and fibres which have been dried
and then re-swollen®-12,15, They showed ({ig. =) & imitial region concave to the load
axis followed by a linear region which persist«d ugp to. 3—5 % extension. Retraction
curves showed considerable hysteresis ‘bt dihe omgimal length was regained, provided
the fibre had not been stretched more tham 37,..

When fibres were stretched mare tham 3%, fmmeversible changes occurred and
they did not return to their original length wilem melkased. Only occasional fibres could
be stretched more than 4—7 °; even when tulzm through a series of load extension
cycles whose maximum extension increased im imerements of 0.5 % (see ref. 15).

As observed by MORGAN AND Mormos®™ amd HEarr!' there was considerable
variation in the slope of the linear pomion «if stimess-extension curves. This effect
(Fig. 3) did not appear to be related to fibre dimmetter orlength but was not investigated
in detail.

Successive load extension curves mwp o 2%, extiension for single fibres which were
allowed to rest unstretched for 15 nin beatwesm exsgeniments were similar but showed
a progressive displacement to higher extensioms. e magnitude of this displacement
varied from fibre to fibre and did not appoar to be related to fibre diameter. When the
experiments were done with the fibres immmeamsed im pliosphate-buffered NaCl solution,
the slope of the linear portion of the «omrwe zizw flll progressively but using Tris-
buffered NaCl solution the slopes of snccessive conwes were almost the same (Fig. 4)
except in about 3 % of the fibres which dhemed gmgmsswe weakening. Tris-bufiered
NaC(l solutions were used in all subseqmett «egpeiz

Effect of enzymic treatment on ivad-exiension ausmas

The rather wide variation of stress<exsansiom agrvwes of rat-taii tendon fibres from
fibre to fibre would preclude any precise assessmest off the effect of enzymic treatments
based on comparison of the behaviour -af trented @md untreated fibres. However, since
the slopes of the successive load-extensiom cumwes ugp to 2%, extension were repro-
ducible it was considered likely that the «fent of enmvrmes might be assayed by inter-

Baaksm. Biophys. 4cta, 69 (1963) 485-405



MECHANICAL BEHAVIOUR OF TENDON FIBRES 489

posing an enzymic treatment between the determination of two successive curves,
when any change of slope could be attributed to the effect of the enzyme.

Hyaluronidase

Two load extension curves up to 2 % extension were determined on each of several
tendon fibres. This enabled us to discard the few fibres (about 3 %) which behaved
atvpically. One group of fibres was then treated at 37° with hyaluronidase A (1 mg/ml
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o 35
~
c
530 o~
> E
L. 2
$
._é VQ
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Fig. 2. Typical load-extension cycle for a rat-
/° tail tendon fibre immersed in 0.23 M NaCl con-
" taining o.02 M Tris buffer (pH 7.1) at 25°. Rate
z s of extension approx. I%/min: O—O ex-
3 / tension, A — A, retraction.
»20r Wad
: LA
‘a Fig. 3. Stress-extension curves for several
o /( tendon fibres from a single rat tail. The figure
B ) accompanying each curve is the mean cross-
S 10 s sectional area {cm?2) X 10%.
—
Fig. 4. Successive load-extension curves (in
order, 0O —0, A—A, O0—0O, ®@—@®) for a
o L ~j tendon fibre immersed in Tris-buffered 0.23 M
NaCl (pH 7.1) at 25°. Rate of extension approx.
Extension (%) 1 9% /min. Interval between extensions 15 min.

Fig. 4

= 300 I.U./ml) and another incubated with buffer alone. Both groups were then
retested. The results, of which those shown in Fig. 5 are typical, demonstrated that
this enzymic treatment markedly reduced the slope of the load extension curves whilst
the control group was almost unchanged. Most of the treated fibres did not recover
their original length after the first post-incubation extension. Some of them broke
before reaching 29, extension. When treated fibres were stretched to break their
fibrillar components appeared to slip over one another and did not break cleanly
across, as untreated fibres did. The same behaviour was observed with fibres treated
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wiith ¢: mg/ml hvaluronidase A, variable results were obtained using an enzyme
wepuantration. of 0.01 mg/ml whilst no damaging effect was observed at 0.001 mg/ml.

TABLE I
HEEHAT OF HYALURONIDASE (SAMPLE A) ON THE LOAD-EXTENSION CURVES OF TENDON FIBRES

K, @milH, are the slopes of the linear portions of load-extension curves determined before and after
incubation with enzvme or with buffer (controls).

(S — 52015,
PH — e
Contral Enzyme-treated
4.9 0.10 0.14
35 0.00 0.93
6.2 0.27 0.89
7.1 0.00 .02
7.5 o.10 0.73
5.0 0.15 0,00

Tieatment with hyaluronidase A had the same damaging effect from pH 5.5 to
gl 725 (TMable I). The enzyme was inactive in a narrow region on each side of this pH
mengge Bt the total pH range that could be covered was limited by the fact that the
exposape off fibres to buffers of pH less than 4.4 or greater than 8.6 at 37° itself had

a dlemaging effect.
Hivaliironidases B and C had a similar damaging effect to preparation A but were

agr
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Hgg. 5. Effeat of treating a fibre with hyaluroni-
{iess: (s@mple A) on its load extension curve.
D—@ andl A—A, two successive curves
Hadfime tmeatment. I—O and @—@, two
quessEne curves after treat-aent. Details of

eymiic toeatment are given in text and
aonygassor: of treated and control fibres in
Table I.

Fig. 6. Degradation of chondroitin sulphate-
protein complex by hyaluronidase. 5, and 7,
are specific viscosities at 37° of mixtures of 3 ml
0.49%, solution of chondroitin sulphate-protein
complex and 0.5 ml hyaluronidase solution
at time of mixing and at time ¢ after mixing.
O — O, Hyaluronidase A; A—A, hyaluroni-
dase D; O—O, hyalurcnidase A, at final con-
centrations 30, 50, and 25 [.1U./ml, respectively.
@®-—@, buffer (controlj.
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not examined in detail. Hyaluronidase D, on the other hand, had a much:smHHer

effect on the load-extension curve although it was studied over the pH ranges3i83&1
(Table II).

TABLE 11
EFFECT OF HYALURONIDASE (SAMPLE J)) ON THE LOAD-EXTENSION CURVES OF TENDONFEIBRE-

S, and S, are the slopes of the linear portions of load-extension curves determined before adduititrr
incubation with enzyme of with bufier (controls).

(S1—S:)/S,
pH
Control Enzyme-treated

5.8 0.03 —0.11
6.8 0.21 .15
7.0 —0.21 —0.04
8.0 —0.05 0,00
8.1 —0.03 —0.11

Trypsin

This enzyme had a less marked damaging effect than any of the hyaloranidss.
preparations and was not studied in detail

Shrinkage temperature
Fibres tieated with hyaluronidase A contracted in Tris-buffered salineinthesam«
temperature range (59—61°) as fibres which had been incubated with buffer.alone.

Degradation of chondroitin sulphate—protein complex by hyaluronidase and #rypsin
All the preparations of hyaluronidase reduced the viscosity of .a-soloionodf
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Fig. 7. Effect of hyaluronidase and trypsin on  Fig. 8. Effect of hyaluronidase. andtrypsinopn

the viscosity of a collagen solution. 7, and )¢ are
the specific viscosities at 25° of mixtures of 2 ml
collagen solution, 0.3 ml 4 M CaCl, and 0.1 ml
enzyme solution at time of mixing and at time ¢
after mixing. O—O, trypsin; A—A, A—A,
1— 0, hyaluronidase, samples A, C and D
respectwel\ @ —@, buffer (control). Concen-
tration of enzymes in reaction mixture o.2mg/m.

the viscosity of a gelatm solution XNo.r 1g9) ng.
and n; are the specific viscosities at 37 Obininx-
tures of 10 mi gelatin solution and mhésaemEmc
solution at time of mixing and.attime fitter
mixing. Concentrations of enzymesdmresesition
mixture; O—O, trypsin (1.o.pgfml) kb
trypsin (0.2 ug/ml); A—A, O—=0], Ixha:hiﬂ—
ronidase, samples A and 7D :

(50 pgjmi) ; @-—® , buffer (contbl).
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chondroitin sulphate —protein complex (Fig. 6). However preparations A and C, which
had a marked damaging effect on tendon fibres, did so more rapidly than preparation
D which had onlv a veryv small damaging effect. Moreover, even when the concen-
trations of A and C were decreased so that their degradation of chondroitin sulphate -
protein complex occurred at the same initial rate as that due to D, they reduced the

viscosity to a greater extent than D indicating that degradation had proceeded to a
greater extent.

Effect of hvaluronidase on protein solutions

Collagen : Hvaluronidase preparations A, C and D had no effect on the viscosity of

a solution of collagen (pH 7.1) at 257 {Fig. 7). Trypsin, on the other hand, had a small
though significant effect in agreement with HoDpGE ef al.42,

TABLE 111
EFFECT OF HYALURONIDASE ON THE VISCOSITY OF GELATIN SOLUTIONS
11splo and (Jsp'yee @re the specific viscosities of the gelatin at time of addition of enzyme at 37 and
100 min later. Hyaluronidase concentration 50 [.U./ml and gelatin concentration 0.83 g/1oo mlin
reaction mixture.

1007 (nsplo— fasp)iaadlnsple

Enzyme
Gelatin 1.4y Gelatin 127
None 9.2 4.0 3.6
Hyaluronidase A 23.8 21.4 13.0
Hyaluronidase B — 9.1 11.8
Hyaluronidase C — 14.9 3.2
Hyaluronidase D IT.4 +-4 2.8
Trvpsin 0.2 ng/ml 39.4 - —_
Trypsin 1.0 ug/ml 6y m —

Gelatin: Hyaluronidase A markedly reduced the viscosity of gelatin solutions
(pH 7.1) at 37°, the magnitude of the effect being equivalent to the presence of about
0.1 pg/ml trypsin in the reaction mixture (Fig. 8). Hyaluronidase C behaved in a
similar manner (Table III) but hyvaluronidase D had an extremely small effect on the
viscosity of gelatins. This effect of hyaluronidases A and C was not inhibited by HgCl,
(1.3-103 M and 102 M), CaCl, (r0-2 M), EDTA (102 M), soybean trvpsin inhibitor
(0.33 pg/ml) or by pre-treatment with p-chloromercuri benzoate.

DISCUSSION

The observed shape of load-extension curves of rat-tail tendon fibres is generally in
agreement with the results of other workers with tendon fibres from this and other
sources. Our observation that successive load-extension curves up to 2 % extension
are displaced along the extension axis is not, however, in accord with the observations
of RIGBY et al.13; nor have we been able to confirm their finding of the conversion of the
fibres into a highlv extensible form merely by repeated stretching. However, in agree-
ment with their work and with that of MORGAN AND MiTTON# and HALL! the slopes
of the linear portions of successive load extension curves of single fibres were found
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to be nearly the same and this-enablddmsttoshizwethat treatment of the fibres with
hyaluronidase damages them.

The repeated testing procedmreppreidadss imprinciple, a method of assaying the
effect of any treatment. which -eiminstestiisceffiiet of the very marked fibre-to-fibre
variation of stress-strain curves. Ztvasmashbgpddthat: this would enable us to assay
quantitatively the effect of -enzymiic tteestmert: The method could not be fully
exploited, however, because of rihe fiftbretbefilbipe: variation in the response of the
material to low concentrations ofrhbecemyymes: Ifv.spite of this, the results clearly
show the marked effect which certainppeppsziiens of testicular hyaluronidase have
on the mechanical properties ofrthetteaistanfifives: Not only is the slope of the load
extension curves much reduced memﬂnmmevem to-only 29, is to a large extent
irreversible, 7.e. pronounced plasiictiiew cecoms; undike untreated fibres whlich are
perfectly elastic.

TFrom the difference in marmernobiseassmgroi Treated and untreated fibres 1t is con-
cluded that the enzyme(s) attacksregionsofithefibre lying between its components.
The term “‘tendon fibres” which-wehharee, féorbrevity, used to describe the experi-
mental material is not entirely:acomzate féoreashiof our “‘fibres’ is in reality a bundle
of fibres each of which can intmmnbbeddiseeteddimto still thinner fibres. This process
could, presumably, be repeated ﬂmwmm(t&e{éwhbﬁthe collagen fibrils, those entities
which are identifiable by their chazatéristincappparance in the electron microscope
and are 500-2000 Ai in dmmeter ll e mmmtﬁtreated fibres break mdlcates that

The failure of hyaluromdasé&ﬁrbmﬁettthhtshmkage temperature of the tendon

fibres confirms and extends the obserw
sites attacked by the enzyme domnetildstiscolliigen fibrils thernselves. In addition,
the failure of the enzyme -prepuaimmstmore&me the- viscosity of collagen solution
under conditions which favour degzddafdenblyvcollagenase!® and trypsin®2 also in-
dicates that collagen itself ismotmtiakkddbvihivahmronidase. Our results thus provide

strong evidence for the importameexdithbamkgrity: of the matrix for the mechanical
strength of tendon fibres in-therzatetalil.

The actual site of action @ftbhaeeenW(mepmahons is uncertain. Testicular
hyaluronidase is considered-to degss 2 agid and chondroitin sulphates A
and C but not B prnnanly- VIR xosaminidic bends, the end products
being tetrasaccharides®. - mrerrayme preparations rmght be due to
degradation of polysaccharide mfﬂ:&sttwwmﬂu the matrix. It is unlikely that
their effect is due to this alone; heweeer ffeoasdivaluronidase preparation had almost
no effect on the load extension waree. H hie« othiers it was highly active against a
preparation of chondroitin-sntphats ncomsplex but did not degrade this sub-
stance to the same extent.

T{ seems likely that the.gas&atematisﬂ“néﬂtlm» other hyaluronidase preparations
is due to the presence of enzymeé{s)abhe aluronidase which, either alone or in
conjunction with hyaluronidase,:areree X fw damagmg collagen fibres. The
observation that those hyaluresdda =-which damage the tendon fibres
markedly reduce the mscestty @f@&ﬂmm suggests that they contain a
proteolytic impurity. Only-a ksnitdd would be necessary to account for the
observed change of viscesity.asilpp Ty emnments“’ show that in fact no

ofBRowN et al #® and indicates that the
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extensive proteolysis occurs. The gelatins used were of a high degree of purity but the
possibility cannot be excluded that the observed effects were due to degradation of
mucoprotein impurity, present in very small amount but strongly bound to the
gelatini®.

The non collagenous component which appears to be at least partly responsible
for the cohesion of tendon fibres is thus something other than chondroitin sulphate
A or C or hyaluronic acid and is probably protein. DAv?%.3® and HARKNESS AND
HARKNESS3! found that the mechanical stability of loose connective tissue of rat and
mouse and of rat uterus was markedly reduced when the tissues were treated with
trypsin but not when they were treated with testicular hyaluronidase (Bengers, ovine).
HARKNESS AND HARKNEss3 concluded that non-collagenous protein contributes
significantly to the mechanical stability of the collagen frame work of the rat uterus.
In view of the work of HODGE ef al.4% suggesting that trypsin has a limited proteolytic
action on collagen itself in solution, HARKNEss? has expressed doubt as to the validity
of this conclusion but the more recent observations of KUHN ¢f a/.47 suggest that the
site of trypsin attack resides in non collagenous protein present as an impurity in
collagen preparations. Thus the stabilising function of non collagenous protein which
we postulate for rat tail tendon fibres may be of more general occurrence. This protein
mayv be visualised as a macromolecular cross-link between fibres and/or between
fibrils. It may be of considerable length and flexibility and its deformation could
contribute appreciably to fibre extension.
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