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SUMMARY 

D ~ ~ 0 m  og Ibad~-extension curves of rat-tai l  tendon fibres showed tha t  when 
ex~en+fi0m ~aw ~ t e d  to z % the slope of the linear portion of the curves was un- 
Chaztgo~t ii~..~m~es,i~e tests. The change of slope resulting from enzymic t rea tment  was 
used ~ 0 ) : ~  tflie, ~ g  effect of hyaluronidase and trypsin. Pure hyaluronidase 
had  aao ~gmtkfxmmm ~ffeet indicating tha t  chondroitin sulphate A and C and hyaluronJc 
acid am~e mort iim~gtma~t in ~;tabilising the fibres according to this  criterion. Other  
pre~am~ii~ms ~tt ~ o n i d ~ i ~ s e  did damage the fibres and this is a t t r ibu ted  to the 
.presemoe ~at ~ impuri~'ies which at tack '  the interfibrillar matr ix  ra ther  than  the 
collag~a ~ott tltim~ fltbt~s. Evidence is presented that  it is the non-collagenous protein 
oI ~ ma~,ii~ tflka~ is ~t tacked and which is impor tant  in stabilising the nat ive fibres. 

INTRODUCTION 

For  ~mamSx- - lFtmtt~ses i/t is convenient to regard connective tissues as consisting of two 
m ~ e  ,~r ~ "'dtmlf~.t extracellular fractions, the protein fibres and the amorphous 
m~mi~ ,0xr ~ m r r ~  m~stance  in which they  are embedded 1, 2. The way  in which any  
p a ~ c m l l ~  ~,mmetfiare tissue responds to applied stress will depend on the relative 
pro~0nttii0m~ oK tlIkese, two fractions and the way  in which they  interact.  In tissues such 
as :aa~irrdir~ ¢ ~ ,  where the matr ix  predominates,  its importance in determining 
the  ~m~m~fimall b~hn~ottr  of the material  has long been recogn..is~ 2-6. The matr ix  
, c ~ ~ m I ~ z ,  sm~H! fraction of tendons, however and al though the tensile properties 
:eft ff~mdt~ms ammll 0 , ~  collagenous fibres have been intensively studieda, v-~s, a t t empts  
to  ~dl~n~e tlltmae t]moperties to tissue structure have largely been concerned with the  
stamrnnme t~t ~ filbrous protein, collagen, itself and the role of the matr ix  has been 

.~aSit mmmltm~saccharides, which are the major  organic const i tuents  of con- 
aaecaig~ tliisane m ~ j ~  comprise about  o.5 % of the weight of acetone-dried tendon ~8. 
,Cia~~ safl~tha~es B and C and hyaluronic acid (as a minor component) have 
been iia~ffzm~tl fimm~ ~endons as, as and the presence of neutral  polysaccharide has also 

na~to~adl~.~., q~ae non-collagen0us proteins of connective tissue have been less 
~,e_~l ~ ~  a ~ o u g h  they  have been shown to be in t imate ly  associated with 

~ ~  a~R~m~:: D e p a r t m e n t  of Pha rmacy ,  Royal  College of  Sc ience  and  Technology,  
:G~,~. (~.~,~ ~e~eain-). 
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collagen p repa red  f rom skin ~-2 and  bone  23. Our  knowledge  of t he  macromotecvd~rr 
s t r u c t u r e  of connec t ive  t issue mucopo lysaccha r ides  is largely  the  resul t  of s tudy ,  of 
ma te r i a l  e x t r a c t e d  f rom t issues  such as car t i lage  where  t h e y  are  presen t  in i l a ~ e  
a m o u n t .  In  car t i lage  the  long u n b r a n c h e d  cha ins  of chondro i t in  su lpha t e  are s t ro r~ ty  
bound  to non-coi lagenous  p ro te in  ~*-°-7 and  similar  m u c o p o l y s a c c h a r i d e - p r o t e i n  com- 
plexes h a v e  been e x t r a c t e d  f rom o the r  connec t ive  t issues  ~s. 

A t t e m p t s  h a v e  been  made  to  assess the  i m p o r t a n c e  of mucopo lysacchar ides  ant i  
non-col lagenous  p ro te in  in t h e  p roper t i e s  of loose connec t ive  t issue e9.3° and  u t e r ine  
ce rv ix  at of the  ra t  b y  observ ing  t he  effects of deg rad ing  t h e m  wi th  enzymes  wh ich  trove 
been  a s sumed  to leave the  collagen in t ac t .  I n  the  same  w a y  mucopo lysacchar ides  h~vt. 
been shown to play a p a r t  in the  mechan ica l  b e h a v i o u r  of ~"-* . c , , odc  t issue 3-°, 33 I n  ~th~ 
p re sen t  work  we h a v e  i n v e s t i g a t e d  the  use of a s imilar  appro~_ch to tl:e ~ tudv  of~the 
p a r t  p l ayed  b y  mucopo lysaccha r ide  and  non-col lagenous  p ro te in  in the  tensi le  p r ~ r  - 
t ies  of r a t - t a i l  t e n d o n  fibres. 

E X P E  R I M E  N T A L  

NIaterials 
Tendon fibres" T h e  ta i ls  of adu l t  r a t s  (Wis tar )  were  d issected  i m m e d i a t e l y  a f te r  

sacrifice a n d  fibre bund les  (approx.  o.3 m m  diameter )  e x t r a c t e d  wi th  the  minimama, of 
s t r e tch ing .  T h e y  were  w a s h e d  ove rn igh t  in steri le  isotonic sal ine solut ion a t  o-4~. 
s to red  in t h e  same  m e d i u m  a n d  used wi th in  one week.  

Ckondroitin sulphate-protein complex: T h e  complex  was  p r e p a r e d  f rom fl 'esh 
bov ine  nasa l  s e p t u m  by  h igh  speed homogen i sa t ion  wi th  w a t e r  ~. I t  c o n t a i n e d ~ 4 ~ o %  
h e x o s a m i n e  a n d  o.4 o % h y d r o x y p r o l i n e  (corresponding to  3.3 % eonagen) .  

Enzymes" T h e  fol lowing commerc ia l  p r e p a r a t i o n s  of t e s t i cu la r  h y a l u r o n i d ~ e  
were  used" bovine ,  L. L igh t  & Co. Ltd .  ; bovine ,  Br i t i sh  D r u g  Houses  L td .  ; ovine,  
L. Ligil t  & Co. L td .  ; ovine,  Bengers  Ltd .  T h e y  are  refer red  to  below as p r e p a r a t i o n s  
A, B, C a n d  D, respect ive ly .  T r y p s i n  was  a twice- recrys ta l l i sed  p r e p a r a t i o n  (L. ~Ligtrt 
& Co. Ltd . ) .  

Protein solutions" Solut ions  of acid-soluble  calf-skin col lagen were  p r e p a r e d  b3~tt~ 
m e t h o d  of WOOD AND KEECH ~ a n d  d ia lysed  aga ins t  o.~-3 M NaC1 c o n t a i n i n g  o,c~z_~ 
Tr i s  buffer  (pH 7.x) a t  0 -4  °. Solut ions  (I %) of ge la t in  were  p r epa red  in  t h e - s a m e  
Tr is -buffered  o.23 M NaC1 at  37 ° a n d  equ i l ib ra t ed  a t  this  t e m p e r a t u r e  for I h: .~for~ 
use. T w o  samples  of ge la t in  were  used ;  one was  an  acid p igskin  ge la t in  (gelatin?No. 
149 (see ref. 35)) whose amino  acid compos i t ion  has  been  r epo r t ed  b y  EASTOE~ ~ t  
which,  accord ing  to  LEACH aS, does no t  con ta in  a n y  of t h e  hea t - coagu lab le  mucopro t¢ in  
p r e sen t  as a m ino r  c o m p o n e n t  (o.x %) in some o the r  ge la t ins ;  t h e  o the r  was  ai]krr~ 
processed  ox-hide  ge la t in  (gelat in No. I27 (see ref. 35)) whose  amino  acid composi t ion  
is also k n o w n  a6 a n d  f rom which  a p r o t e i n - p o l y s a c c h a r i d e  complex  (o.36 %) h a s l b e ~  
i so la ted  w. N e i t h e r  ge la t in  gave  a d i s t inc t  peak  a t  53 ° m_/z in its absorp t ion  spec t rum 
a f t e r  t r e a t i n g  w i t h  d ipheny lamine ,  a reac t ion  which  has  been used by  C o t T ~ T . ~ o  
d e t e c t  m u c o p r o t e i n s  in gela t ins .  

ME'I  HODS 

Load-extension curves of tendon fibres 
T h e  a p p a r a t u s  (Fig. I) was  des igned  to give load-extens ion  curves  a t  eonstan~ 

r a t e  of s t ra in .  One  end  of the  fibre (approx.  5 cm long) was  held  in a s t a i n l e s s ~ l  
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c lamp suspended  from a stiff steel  spr ing  whose ends were r ig idly  a t t a c h e d  to a b rass  
plate .  The  o the r  end  of the  fibre was  held  in a s imilar  c lamp carr ied b y  a s ta inless  s tee l  
ba r  which  could be d r iven  in a ver t i ca l  d i rec t ion  b y  r o t a t i n g  a mic rome te r  head,  t h u s  
s t r e t ch ing  t he  fibre. The  d i sp lacemen t  of the  cen t re  of the  spr ing ar is ing f rom t h e  
tcnsioi-, i~, thL fibre was  de t ec t ed  b y  a Phi l ips  d i sp lacemen t  p ick-up  (P93IO) m o u n t e d  
on t he  brass  plate .  T h e  signal  f rom the  p ick-up  was  fed to a Phi l ips  d i r ec t - r ead ing  
m e a s u r i n g  br idge (PR93oo) which  was  b a l a n c e d  wi th  the  fibre uns t r e t ched .  The  m e t e r  
gave  read ings  which  were  p ropor t iona l  to  load a n d  was  ca l ib ra ted  by  h a n g i n g  k n o w n  
weigh ts  f rom the  spr ing in place of t he  fibre. T h e  cen t re  of the  spr ing was  displaced 
approx ,  xo tt b y  a load of 12o g, i,e. abou t  0.02 % of the  fibre length .  Some difficulty 
was e n c o u n t e r e d  in effect ively g r ipp ing  the  ends  of t he  fibres b u t  small  eng ineers '  
c lamps  wi th  se r ra t ions  o.oz in deep  on t: ;e faces were  found to be sui table .  E a c h  j a w  
was  l ined wi th  th in  wash - l ea the r  in order  t e  avoid  d a m a g i n g  t h e  fibres, 

micrometer heQd 

/ / /Phi l ips pick-up \i" 

steel . ._..__~ ~ ~ ! 

~ - - - -  s a m p l e  " 

~gloss cyl (rider 

Fig, t. Diagram of extensometer. 

F ibres  were  chosen  so t h a t  t he i r  d i ame te r s  did no t  v a r y  a long the i r  l eng th  b y  more  
t h a n  a b o u t  Io  % of the i r  m e a n  d iamete r .  I n  order  to a p p r o a c h  physiological  condi t ions  
t h e  fibres were  immersed  in o.23 M NaC1 c o n t a i n i n g  e i the r  o.o2 M Tris  buffer  (pH 7.x) 
or o.oz M sod ium p h o s p h a t e  buffer  (pH 7.x) in t h e  glass cy l inder  (Fig. x) which  was  
itself immersed  in a c o n s t a n t  t e m p e r a t u r e  ba th .  Before  a lnad e>_tension curve  was  
d e t e r m i n e d  t h e  fibre was  !eft in the  a p p a r a t u s  for x5 min  to  a t t a i n  swell ing equi l ib r ium 
a n d  t h e n  dra~na t a u t .  T h e  l eng th  of t h e  fibre was  m e a s u r e d  w i t h  a t r ave l l ing  micro-  
scope r ead ing  to  o.ooz cm. The  fibre was  e x t e n d e d  b y  r o t a t i n g  t h e  m i c r o m e t e r  head  
e i the r  by  m e a n s  of a m o t o r  a t  a c o n s t a n t  r a t e  of x %]rnin, or m a n u a l l y ,  at  abou t  t he  
same overal l  ra te ,  in i n c r e m e n t s  of o.ox cm. 

Enzymic treatment of fibres: Single fibres were  i n c u b a t e d  w i t h  5 ml  e n z y m e  solu- 
t ion  for x6 h a t  35 ° or  37 ° a n d  t h e n  washed  wi th  3 changes  of 5 ml  buffered sal t  
solut ion for 3 h.  Control  fibres were  i n c u b a t e d  w i t h  buffer alone, In  order  to  avoid  
bac te r ia l  c o n t a m i n a t i o n  all buffer  solut ions  were  au toc l aved  a n d  penici l l in  ( too 
l .U. /ml)  a n d  s t r e p t o m y c i n  (zoo ~g/ml)  inc luded  in  t he  i n c u b a t i o n  mix tures .  
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Fibre  shr inkage t e m p e r a t u r e  wa.g ,~3e~÷~: ,-~ 'Sxr the  m e t h o d  of JAcKsox a~. 
Enzx~nic degrada t ion  of collagen, g e l ~  :madt ~ d ~ ~ ~  s u l p h a t e - p r o t e i n  complex 
in solution was followed v i s c o m e t r i c ~ .  ~ ikmo~m x~lmne of chondroi t in  s u l p h a t e -  
protein complex (0. 4 %) or gelat in (~ %) ~,~a~. ~ ~  a t  37 °. A known volume of 
enzxalle solution, also equi l ibra ted  a~ ~7:  ~ a,~_d~ and  af ter  mixing,  a known 
volume was t ransfer red  to a viscometer.art 5~77: anfli rifle, flow t ime de te rmined  at inter-  
vals dur ing  the  reaction.  Degrada t ion  ~ff ,e~b~nm a~ z5  ° was followed in a similar  
m a n n e r  bu t  CaCIe was incorpora ted  i m o ~ e ~ m % v m ~ . s o ~ o n  so tha t  its concent ra t ion  
in the  react ion mix tu r e  was  0.5 M (see a, etf. 4,~*'~. ~ a l c [ - F e n s k e  viscometers  (IO ml) 
wi th  flow t imes  for wa te r  at  37 ° of a b o m  4¢ ~ w.ere, used with  gelatin.  Miniature  
U- tube  viscometers  (2 ml) wi th  flow ~naes :a~0mtt x~ m / n  for wate r  at 37 ° were used 
with  chondroi t in  s u l p h a t e - p r o t e i n  compte~ ~am~ "~n~n~ viscometers,  wi th  flow time~ 
for wa te r  at 25 ° of about  2 rain,  were x~ed .~,eoirh_~,en.  

Load-extens ion  curves of na t ive  t endon  ~ f i l ~  im ~ r  solutions (pH 7.I) at  25 ° were 
s imilar  to  those described b y  others  f,ar laali~e ~t~s¢ ~ fibres which have  been dried 
and  then  re-swollen ~-12, in. They  showed c([F~. -~i area ~ 1  region concave to the load 
axis followed b y  a lilaear region Which ~ p ~ r ~  ~ 1:o~ 3=5 % extension.  Re t rac t ion  
curves  showed considerable hysteres is  ~ ~ - e  ~ ~  leng th  was regained,  provided 
the  fibre had  not  been s t re tched  mo~e ~ .~'~,. 

W h e n  fibres were s t re tched  more  ~]a~m " .~; ,~. iim~versible changes occurred and 
t h e y  did not  re tu rn  to thei r  original lengqih , , ~  ~ On ly  occasional fibres could 
be s t re tched  more  t han  4-7  %, even wh~m mature ~ o u g h :  a series of load extension 
cycles whose m a x i m u m  extension inczFe~qe~l im iknn~rne_nts of o. 5 % (see ref. IS). 

As observed b y  MORGAN AND ~-,~'~t~L~, "m ~ma'~ ]~r_r_ 11 there  was considerable  
var ia t ion  in the  slope of the  l inear  ~nv~i~na ,0tt s~v~s-extension curves. This effect 
(Fig. 3) did not  appear  to be r e l a t e d t o  ~-eat~rrrwtmro~rrength bu t  was not  inves t iga ted  
in detai l .  

Successive load extension curves ,trp , o  .e%, ~a~enr, ii~n for single fibres which were 
al lowed to rest uns t r e t ched  for I5  ra in  i ~  ~ I t m ~ x m n t s  were s imilar  bu t  showed 
a progressive d i sp lacement  to  higher  ~ ~ n m . ' f f t i m .  m a g n i t u d e  of this d isp lacement  
var ied  f rom fibre to  fibre and did n~t  ~ e a ~ 0 ~  ~n~ ~ e ~  to  fibre d iameter .  When  the  
exper iments  were done wi th  the  f i b r e s ' t o r t u r e r  i r o n - - h a t e - b u f f e r e d  NaCI solut ion,  
the  slope of the  l inear  por t ion  of t h e  , ~ m v ,  Mke, ~llq progress ively  bu t  using Tris- 
buffered NaC1 solut ion the  slopes off ~ a e e e s ~ e  ~ were a lmost  the  same (Fig. 4) 
except  in abou t  3 % of the  fibres whi_'e_h a ] a ~ t t  ttmog~sAve weakening.  Tris-buffered 
NaCI solut ions  were used in all s u b s e q n e ~  ~ ~ .  

Effect  o f  enzymic  treatment on ioad-ex~ ,~ 'mt  ~zur~as~ 

The  r a t h e r  wide var ia t ion  of s t r u m  ¢ m ~ e s  of ra t - ta i l  t endon  fibres from 
fibre to  fibre would  preclude a n y  precise~ao~rnm~tQfft~m effect of e n z ~ n i c  t r e a t m e n t s  
based on compar ison  of the  beha~-iour,~f ~ a ~ w ~ r m t ~ a t e d  fibres. However ,  since 
the  slopes of the  successive l o a d - ~ m m i ~ a  ~ wl~ t o  z %;, extension were repro- 
ducible  it was considered l ikely  ~ ~ ~ ~ ~  migh t  be assayed b y  inter-  
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posing an e n z y m i c  t r e a t m e n t  be tween  the  de t e rmina t i on  of two successive curves.  
when  any  change  of slope could be a t t r i b u t e d  to  the  effect of the  enzyme.  

H yalttronidase 

Two load extens ion  curves  up  to 2 % extens ion  were de t e rmined  on each of several  
t e n d o n  fibres. This  enabled  us to  d iscard  the  few fibres (about  3 %) which b e h a v e d  
a typica l ly .  One group  of fibres was t h e n  t r e a t e d  at  37 ° wi th  hya lu ron idase  A (I m g / m l  
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Fig .  z. T y p i c a l  l o a d - e x t e n s i o n  c y c l e  fo r  a r a t -  
t a i l  t e n d o n  f ibre  i m m e r s e d  in  0 .23  M NaC1 c o n -  
t a i n i n g  0.02 M T r i s  b u f f e r  ( p H  7.1) a t  25 °. R a t e  
of  e x t e n s i o n  a p p r o x .  I % [ m i n :  O - - O  ex-  

t e n s i o n ,  A - -  A ,  r e t r a c t i o n .  

F ig .  3. S t r e s s - e x t e n s i o n  c u r v e s  for  s e v e r a l  
t e n d o n  f ibres  f r o m  a s i ng l e  r a t  t a i l .  T h e  f igure  
a c c o m p a n y i n g  e a c h  c u r v e  is  t h e  m e a n  c ross -  

s e c t i o n a l  a r e a  (cm =) × Io  I. 

F ig .  ,I- S u c c e s s i v e  l o a d - e x t e n s i o n  c u r v e s  (in 
o r d e r ,  O - - O ,  A - - A ,  [ ] - - C 3 ,  • - - • )  fo r  a 
t e n d o n  f ibre  i m m e r s e d  in  T r i s - b u f f e r e d  o . z3  M 
NaC1 ( p H  7- i) a t  25 °. R a t e  of  e x t e n s i o n  a p p r o x .  
1 % / m i n .  I n t e r v a !  b e t w e e n  e x t e n s i o n s  t5  ra in .  

300 I .U. /ml)  and  a n o t h e r  i n c u b a t e d  wi th  buffer alone. B o t h  groups  were t hen  
re tes ted.  The  results,  of which those shown in Fig. 5 are typical ,  d e m o n s t r a t e d  t h a t  
th is  enzymic  t r e a t m e n t  m a r k e d l y  reduced  the  slope of the  load ex tens ion  curves  whils t  
the  control  g roup  was a lmos t  unchanged .  Most of tile t r ea t ed  fibres did  no t  recover  
the i r  original  l eng th  af ter  t he  first pos t - incuba t ion  extension.  Some of t h e m  broke  
before reaching  2 % extension.  W h e n  t r e a t e d  fibres were s t r e t ched  to  b r e a k  the i r  
fibrillar c o m p o n e n t s  appea red  to slip over  one ano the r  and  did  no t  b r eak  c leanly  
across, as u n t r e a t e d  fibres did. T h e  same  behav iour  was observed  wi th  fibres t r e a t e d  
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x ~ t h  o~z m g / m I  hya luronidase  A, variable results were obta ined  us ing an e n z y m e  
,t~,rmenttmt~on of o.ox m g / m l  whilst  no d a m a g i n g  effect was  observed at o .ooI  m g / m l .  

T A B L E  i 

~LttitiliI'l~ ()I~ HYALURONIDASE (SAMPLE A) oN THE LOAD-EXTENSION CURVES OF TENDON FIBRES 

.2~lamatt.~N,.are t h e  s lopes  of t h e  l i n e a r  p o r t i o n s  of l o a d - e x t e n s i o n  c u r v e s  d e t e r m i n e d  be fore  a n d  a f t e r  
i n c u b a t i o n  w i t h  e n z y m e  or  w i t h  bu f f e r  (cont ro ls ) .  

( S ,  - -  $2)1S,  
p t t  . . . . . . . . . .  

CO~llYtd Etczymc-trealed 

4.() o. tO o. 14 

5.5 O.OO 0.93 
( , . 2  o . 2  7 0.80 

7-  I 0 . 0 0  0 . 9 2  

7.5 o. lo o.73 
~ . 0  O. I 5 o , 0 0  

][nea.__~nent wi th  hya luronidase  A haa  the same  d a m a g i n g  effect from p H  5-5 to  
77-.$ (Nable [). The  e n z y m e  was  inact ive  in a narrow region on each side of this  p H  

n a n l ~ l h t ~  fl ie total  p H  range that  could be covered was  l imi ted  b y  the  fact that  the  
a ~ j o s m ~  off fibres to  buffers of p H  less t h a n  4.4 or greater than  8.6 at 37 ° itself had 
ca ~m~_. ~ing~ effect. 

~ n i d a s e s  B and C had a similar d a m a g i n g  effect to preparat ion A but  were 

1 

Extension (%) 

}I~g. ~ .  ~._ffmxrt: o f  t r e a t i n g  a f ibre  w i t h  b y a l u r o n i -  
: t tm~ tmmapli~ A) on  i t s  l oad  e x t e n s i o n  c u r v e .  

and!  A - - A ,  t w o  s u c c e s s i v e  c u r v e s  
t t ~ e  ~ e n t ~  F1--F1 a n d  O - - t ,  t w o  
~ n ~ i k u ~  (rttrves a f t e r  t r e a t - a e n t .  De ta i l s  of 
~ ~  m e r i t  a r e  givt:n in t e x t  a n d  
~ w  (~t: t r e a t e d  a n d  c o n t r o l  f ibres  in 

T a b l e  I. 

1.0 = ¢~ ~_ 

O'8 I 

0-6 

20 40 ~0 80 100 1000 
Time(rnin) 

Fig.  6. D e g r a d a t i o n  of c h o n d r o i t i n  s u l p h a t e -  
p r o t e i n  c o m p l e x  b y  h y a l u r o n i d a s e .  T]0 a n d  rlt 

a re  specif ic  v i scos i t i e s  a t  37 ° of  m i x t u r e s  of  3 ml  
0.4°,0 s o l u t i o n  of  c h o n d r o i t i n  s u l p h a t e - p r o t e i n  
c o m p l e x  a n d  0.5 m l  h y a l u r o n i d a s e  so lu t i on  
a t  t i m e  of m i x i n g  a n d  a t  t i m e  t a f t e r  m i x i n g .  
O - -  O,  H y a l u r o n i d a s e  A;  A - - A ,  h y a l u r o n i -  
d a s e  D;  [ ] - - , - 1  h y a l u r o n i d a s e  A. a t  f inal  c o n -  
c e n t r a t i o n s  5o, 50, a n d  25 l . L . / m l ,  r e s p e c t i v e l y .  

I - - O ,  b u f f e r  (cont ro l ) .  

B i o c h i m .  B i o p k y s o  A c t a ,  69 ( t963)  485--495 



'~ MECHANICAL BEHAVIOUR OF T E N D O N  FIBRES J~ .~ I  

n o t  e x a m i n e d  in detai l .  Hya lu ron idase  D, on the  o ther  hand ,  h a d  a ~mu~h~mh~l~r 
effect on the  load-extens ion  curve  a l t hough  it  was  s tud ied  over  the  p H - x a n g e s ~ t ~  
(Table Ii).  

T A B L E  I I  

E F F E C T  OF H Y A L U R O N I D A S E  (SAMPLE ] ) )  ON T H E  L O A D - E X T E N S I O N  C U R V E S  OF T ~ N D O N F ~ r : t ~ - ~  

S x a n d  Sz a re  t h e  s lopes  of t h e  l i nea r  p o r t i o n s  of l o a d - e x t e n s i o n  c u r v e s  d e t e r m i n e d  befor~m~ckXti~r  
i n c u b a t i o n  w i t h  e n z y m e  of  w i t h  buf fe r  (cont ro ls ) .  

( S l  - -  S t ) / S t  
pH 

Control Enzyme-treated 

5.8 0.03 - - o . I I  
6.8 o . 2 i  o . i  5 

7.0 --o._, t - -0 .04  
8.0 - -0 .05  o .oo  
8 . t  - -0 .05  - - o . I x  

Trypsin 
This  enzyme  h a d  a less m a r k e d  d a m a g i n g  effect t h a n  any  of t he  _ h y a k ~ o i d d ~ .  

p r epa ra t i ons  a n d  was not  s tud ied  in detai l  

Shrinkage temperature 
Fibres  t r e a t e d  wi th  hya lu ron idase  A con t r ac t ed  in Tr is -buffered sa]ine~rr $he~mn~. 

t e m p e r a t u r e  range  (59-61°) as fibres which  h a d  been i n c u b a t e d  wi th  bu f fe r~hme .  

Degradation of chondroitin sulphate-protein complex by hyaluronidaseand=~,~ry#smz 
All the  p r epa ra t i ons  of hya lu ron idase  reduced  the  v iscos i ty  of a-.so|rfit4"tm,)~f 

1.0 ~ e t m : t l : r ~ = .  -~..,,i, ~ .... 

0"8 I 

0 6  L 

~:1 ,,a ,,ik 

0 . 4 - -  

0.2- -  

CO 210 [ ! t ! ! 
40 60 80  100 120 

Time (min) 

Fig .  7- E f f e c t  of h y a l u r o n i d a s e  a n d  t r y p s i n  on  
t h e  v i s c o s i t y  of a c o l l a g e n  so lu t i on .  ~/0 a n d  *lt a r e  
t h e  specif ic  v i scos i t i e s  a t  25 ° of  m i x t u r e s  of 2 m l  
co l l agen  so lu t i on ,  o.3 m l  4 M CaCI~ a n d  o.z m l  
e n z y m e  s o l u t i o n  a t  t i m e  of m i x i n g  a n d  a t  t i m e  t 
a f t e r  m i x i n g .  O - - O ,  t r y p s i n ;  A - - A ,  A - - A ,  
~ - - - D ,  h y a l u r o n i d a s e ,  s a m p l e s  A, C a n d  D 
r e s p e c t i v e l y ;  O ~ • ,  bu f f e r  (cont ro l ) .  C o n c e n -  
t r a t i o n  of e n z y m e s  in  r e a c t i o n  m i x t u r e  o.2 m g / m ,  

1.0 

06 I- 

o.4 t 
0.2 

ol 
0 20 40 60  -_80 3 0 0  ~2t20 

Time fn-dn) 

Fig .  8. E f f ec t  of h y a l u r o n i d a s e :  a n & ~ m n a  
t h e  v i s c o s i t y  of  a gelatial  s o l u t i o n  -~L~o.r4~t9~ r/~,, 
a n d  ~t a r e  t h e  specif ic  viscomfAes_at~ 377,£~i~6~i~- 
t u r e s  of  IO m l  g e l a t i n  s o l u t i o n  ma&.znm~ . m ~ m D t  ~ 
s o l u t i o n  a t  t i m e  of m i x i n g  a n d ~ a l ~  ~ ' t t ~ r  
m i x i n g .  C o n c e n t r a t i o n s  of enzymeaah-~mmii~ma 
m i x t u r e ;  O - -  O ,  t r y p s i n  ( i , o , # )  ;Amk--al~, 
t rypsi .n  (0.2 p g / m l )  ; A - - A ,  .£D--- : : I : ) , ixkm~- 
r o n i d a s e ,  s a m p l e s  A a n d  !~TD : ~ -  

(50 p g l m i )  ; ~ • - - - ~ ,  b ~ f f ~ r , ' { ~ ) .  
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chondro i t i n  s u l p h a t e - p r o t e i n  complex  (Fig. 6). H o w e v e r  p r e p a r a t i o n s  A a n d  C, which  
h a d  a m a r k e d  d a m a g i n g  effect on t e n d o n  fibres, d id  so more  r a p i d l y  t h a n  p r e p a r a t i o n  
D which  h a d  only" a v e r y  smal l  d a m a g i n g  effect. Moreover ,  even  when  t h e  concen-  
t r a t i o n s  of A and  C were  decreased  so t h a t  their  d e g r a d a t i o n  of c h o n d r o i t i n  s u l p h a t e -  
p ro te in  complex  occur red  a t  t h e  s ame  ini t ia l  r a t e  as t h a t  due  t o  D, t h e y  r educed  the  
v i scos i ty  to  a g r ea t e r  e x t e n t  t h a n  D ind ica t ing  t h a t  d e g r a d a t i o n  h a d  p roceeded  to  a 
g r e a t e r  e x t e n t .  

Effect of  hyaluronidase ov protein solutions 

Collagen" H v a l u r o n i d a s e  p r e p a r a t i o n s  A, C a n d  D had  no effect on the  v iscos i ty  of 
a so lu t ion  of col lagen (pH 7.1) a t  25 ° (Fig. 7). T ryps in ,  on the  o the r  hand ,  had  a small  
t h o u g h  s ignif icant  effect in a g r e e m e n t  wi th  HOD(;E et al. ~2. 

T . X B L E  1II  

E F F E C T  O F  H Y A L t ' R O N I D A S E  O N  T H E  V I S C O S I T Y  O F  G E L A T I N  S O L U T I O N S  

tllsp!o a n d  ~tisp~lao a r e  t h e  s p e c i f i c  x i s c o s i t i e s  o f  t h e  g e l a t i n  a t  t i m e  of  a d d i t i o n  o f  e n z y m e  a t  37 a n d  
t o o  m i n  l a t e r .  H y a l u r o n i d a s e  c o n c e n t r a t i o n  ,50 I . U . / m l  a n d  g e l a t i n  c o n c e n t r a t i o n  o . 8 3  g / J o e  rnl  in 

r e a c t i o n  m i x t u r e .  

Enzyme 
z o~, 5 ( ~sp ),  - -  OJsp) ,.~l t ( osp). 

Gclalin [4q Gelat#~ z.'7 

N o n e  0. z 4- o 3 . 6  

H y a l u r o n i d a s e  A - '3.S z r. 4 t 4 . o  

H y a l u r o n i d a s e  B o. x 1 t . 8  

H y a l u r o n i d a s e  C 14- 9 18.2 

H v a l u r o n i d a s e  O [ 1-4 4-4 2 .8  

T r y p s i n  o .2  p g / m l  30 -4  ..... 

T r y p s i n  x.o p g / m l  t) 4 . . . . . . . .  

Gelatin: H y a l u r o n i d a s e  A m a r k e d l y  reduced  the  v i scos i ty  of ge la t in  so lu t ions  
( p H  7.1) at  37 °, t h e  m a g n i t u d e  of the  effect be ing  e q u i v a l e n t  to  the  presence  of a b o u t  
o . I  /~g]ml t r y p s i n  in t he  reac t ion  m i x t u r e  (Fig. 8). H y a l u r o n i d a s e  C b e h a v e d  in a 
s imi lar  m a n n e r  (Table I I I )  b u t  hva lu ron ida~e  D had  an  e x t r e m e l y  smal l  effect on t h e  
v i scos i ty  of ge la t ins .  This  effect of h y a l u r o n i d a s e s  A a n d  C was  no t  i nh ib i t ed  by  HgCI 2 
( i .  3- lO -3 M a n d  I o  -3 M), CaC12 (lO -2 M), E D T A  (re -2 M), soybean  t ryps in  i nh ib i to r  
(0.33 / ,g/ml)  or b y  p r e - t r e a t m e n t  wi th  p -ch lo romercu r i  benzoa te .  

D I S C U S S I O N  

T h e  obse rved  s h a p e  of load-ex tens ion  curves  of r a t - t a i l  t e n d o n  fibres is gene ra l ly  in 
a g r e e m e n t  w i t h  t h e  resu l t s  of o the r  worke r s  wi th  t e n d o n  fibres f rom this  a n d  o t h e r  
sources.  O u r  o b s e r v a t i o n  t h a t  successive load-ex tens ion  curves  u p  to  2 % ex t ens ion  
are  d i sp laced  a long  the  ex t ens ion  axis  is not ,  however ,  in accord  wi th  the  obse rva t i ons  
of RJGBV el, ed.aS; n o r  h a v e  we been  able to  conf i rm the i r  f inding of t he  convers ion  of the  
fibres i n t o  a h igh ly  ex tens ib le  fo rm mere ly  b y  r e p e a t e d  s t r e tch ing .  However ,  in agree-  
m e n t  wi th  t he i r  w o r k  a n d  w i t h  t h a t  of MORGAN AND MXTXON 4~ a n d  HALL u the  slopes 
of t he  l inear  po r t i ons  of successive load ex t ens ion  curves  of s ingle  fibres were found  

B i o c h i m .  B i o p h y s .  A c t a ,  6 9  ( r 9 6 3 )  4 8 5 - 4 9 5  
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to be nearly the sanle a n d  t j ~ i s : ~ ~ a ~ ~ - ~  t rea tment  of the fibres with 
hyaluronidase damages them. 

The repeated ,testing p r o ~ ~  ~ ~ i p l e ,  a method of assaying the 
effect of any  t reatment ,  .which : ~ ~ / ~ e ~ o f ,  the  very marked fibre-to-fibre 
variat ion of stress-strain curves. ! ~ x ~ s ~ t h a ~  this would enable us to assay 
quant i ta t ive ly  the effect o f - ~ ~ c ~  T Fro method could not be fully 
exploited, however, because o f ~ f i f ~ t ~ - i ] ~  variat ion in the response of the 
material  to low concentraticms ~ f ~ ~ . I ~ s p i t e  of this, the results clearly 
show the marked effect which  :eert/iinpitmt~ammiimm:-of, testicular hyaluronidase have 
on the mechanical properties , o f ~ c ~ m m l ~ m f f f ~ - M o t  only is the slope of the load 
extension curves much redueedi~mtet~mmin~m~eee~ :to~ only 2 % is to ~_ large extent  
irreversible, i .e. pronounced p l a s ~ c ~ , o o c ~ . . ~  untrea ted  fibres wl-Ach are 
perfectly elastic. 

From the difference in m m a m e r . ~ ~ i x e a t e 6  and untrea ted  fibres it is con- 
cluded tha t  the e n z y m e ( s ) a t t a ~ s o f i t t t ~ f i t ~ ,  lying between its components.  
The term " tendon fibres" n v h i 0 h ~ e h h a n ~ , f ~ h r ; ~ ,  used to describe the experi- 
mental  material  is not entirely m e t m m m e ~  ~ : :ou r  fibres is in reali ty a bundle 
of fibres each of which can inrtmmabl~seete&.~c~e~ s~tI thinner  fibres. This process 
could, presumably,  be repeated ~ommmofl~a4~g~t~kvfi ithe collagen fibrils, those entities 
which are identifiable by  the i r  :_ bkmamt~viVi t~~at-a~ee  in the electron microscope 
and are 5oo-2ooo/k in diameter.~F,h~m~. ~ : t r e a t e d  fibres break indicates tha t  
the active hyaluronidase p r ~ ~ ~ - f f l b r e  and/or inter-fibril material  
usually referred to as matr ix  e r i e :  

The failure of h y a l u r o n i d a s ~ e t t t ~ s ~ e  temperature  of the tendon 
fibres confirins and e x t e n d s - t h e  - " _ : ~WN eta/ .  ~a and indicates tha t  the 
sites a t tacked by  the enzyme d o ~ c ~ ~  fi~rils themselves. In addition, 
the failure of the enzyme p r ~ m o ~ t f l m e - t _ h _ e - v i s c o s i t y  of collagen solution 
under conditions which favorer, ~ l e 2 g ~ b t ~ .  - c o t ~ e n a s e  ~° and trypsin** also in- 
dicates tha t  collagen itself ~smotm~_ ~ ~ ~ 3 q ~ =  **~fida~e. Our results thus provide 
strong evidence for the i m p o r t m t x e o ~  of the mat r ix  for the mechanical  
s t rength of tendon fib:es in-kh~-nm-t~&Ftl. 

The actual  site of actioxl: O ~ c c , ~ . ~ q ~ p a w a t i o n s  is uncertain. Testicular 
hyaluronidase is considered:to ~ ~  ~ and chondroit in sulphates A 
and C but  not B p r i m a r i l y ~  * ~ ~ : "dic bends,  the end products 
being tetrasaccharides aald~he.~fieL-togfo~rmtmyme pre.~arations might  be due to 
degradation of polysacchm4_de : O ~ s ~ F $ ~ ~ m v ,  i =  the  matr ix.  I t  is unlikely tha t  
their effect is due to t h i s a l o n e ~ ~ ~ o t m ~ _ ~ n i d a s e  preparat ion had almost 
no effect on the load extensiem:_ _ m r v ~ . ~ ~ o ~ f f ~ o r s  i t  was highly active against a 
preparat ion of chondroit/m=srfl~_~ ~ c ~ x  but  did not degrade this sub- 
stance to the same extent.  

I t  seems likely t h a t ~ t h e ~ m t t e r a a ~ ~ f l : h ~ o t h e r  hyaluronidase preparat ions 
is due to the presence of enzyme~): ~ " " ,:rinse which, either alone or in 
conjunction with hyaluronidase,z~venes~mit~:fo~-:  damaging collagen fibres. The 
observation tha t  those h ~ ~ : ~ h  damage the tendon fibres 
markedly  reduce the v i s c ~ , ~ : ~ f ~ ~ : - s ~ g g e s t s  tha t  they contain a 
proteolytic impuri ty.  O n l y ~  ~ - ~ m t i t b e : n e c e s s a r y  to account for the 
observed chunge of v i s c o s i t y ~ ~ - ~ . _ e n t s  *~ show tha t  in fact no 
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extens ive  pro teolys is  occurs. The  gela t ins  used were of a high degree of p u r i t y  bu t  the  
poss ibi l i ty  canno t  be exc luded  t h a t  the  observed  effects were due to  d e g r a d a t i o n  of 
mucopro te in  i m p u r i t y ,  p resen t  in v e r y  small  a m o u n t  bu t  s t rong ly  b o u n d  to the  
gela t in  *e. 

The  non col ] -genous  c o m p o n e n t  which appear s  to  be a t  least  p a r t l y  responsible  
for the  cohesion of t e n d o n  fibres is thus  some th ing  o the r  t h a n  chondro i t in  sulph.ate 
A or C or hva ln ron ic  acid a n d  is p r o b a b l y  prote in .  DAYZg, z° and  HARKNESS AND 
HARKNESS a~ found  t h a t  the  mechan ica l  s t ab i l i t y  of loose connec t ive  t issue of r a t  and  
mouse  and  of ra t  u t e ru s  was m a r k e d l y  reduced  when  the  t issues were t r e a t e d  wi th  
t r y p s i n  b u t  no t  when t h e y  were t r e a t e d  wi th  t e s t i cu la r  hya lu ron idase  (Bengers,  ovine).  
HARKNESS AND HARKNESS 31 concluded t h a t  non-col lagenous  pro te in  con t r i bu t e s  
s igni f icant ly  to  the  mechan ica l  s t a b i l i t y  of the  collagen f rame work  of the  ra t  u terus .  
In view of the  work  of HODGE et al. 40- sugges t ing  t h a t  t r y p s i n  has  a l imi ted  p ro teo ly t i c  
ac t ion  on collagen itself  in solut ion,  HARKNESS 2 has  expressed  doub t  as to  the  va l id i t y  
of this  conclusion bu t  the more  recent  obse rva t ions  of KOHN et al. 4T suggest  t h a t  the  
site of t r y p s i n  a t t a c k  resides in non col lagenous p ro te in  presen t  as an i m p u r i t y  in 
collagen p repara t ions .  T h u s  the  s tabi l is ing funct ion  of non col lagenous pro te in  which 
we pos tu l a t e  for ra t  ta i l  t e n d o n  fibres m a y  be of more  genera l  occurrence.  Th~s pro te in  
m a y  be visuat ised as a mac romolecu la r  cross-l ink be tween  fibres and /o r  be tween  
fibrils. I t  m a y  be of considerable  l eng th  and  f lexibi l i ty  and  i ts  de fo rma t ion  could 

c o n t r i b u t e  a p p r e c i a b l y  to fibre ex tens ion .  
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