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INTRODUCTION 

In tim course of its foetal and post-natal development the intercellular substance of 
connective tissue undergoes certain changes which are sometimes called maturation. 
Histological studies have been concerned chiefly with the morphology of the fibrous 
material, which as a rule has a network-like appearance in the early stages, the fine 
fibres having a strong affinity for complex silver salts (reticulin). This structure may 
change gradually, via several intermediate forms, into a coarser, stiffer, bundled 
structure, which is only very slightly argentophil (collagen). This maturation is not 
a uniform process that takes place in the same way in all connective tissues. Some- 
times the reticular type is maintained (reticular connective tissue) and sometimes the 

* This work was aided by a grant  from the Nether lands  Organizat ion for Pure Research 
(Z.W.O.). 
Re/erences p. 548. 
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c o l l a g e n i c  t y p e  t } r e d o m i n a t e s  e .ven iu  y o u n g  i n d i v i d u a l s  (e .g.  in t e n d o n s ) .  S o m e t i m e s  

a g a i n  t h e  h i s t o l o g i c a l  p a t t e r n  is so  f a r  r e m o v e d  f r o m  t h e  a c c e p t e d  c r i t e r i a  t h a t  it  

c a n n o t  wel l  be  f i t t e d  i n t o  t h i s  n o l n c n c l a t u r e  ( c o r n e a ) .  

HI-RING.\  AND H()()I."I 1 n o t e d  t h a t  e n v i r o n m e n t a l  f a c t o r s  i n f l u e n c e d  t h e  a s p e c t  

o f  t h c  f i b r o u s  m a t e r i a l .  T h c v  f o u n d  t h a t  t h v  s a m e  f ibre  w a s  a r g e n t o p h i l  m t h e  n e i g h -  

b ¢ m r h o o d  of  t h e  ce l l s  a n d  n o t  so  e l s e w h e r e .  

B e t w e e n  t h e  ce l l s  t h e r e  lie n o t  o n l y  f ib res ,  b u t  a l so  t h e  a m o r p h o u s ,  h o l l l o g c n c o u s  

g r o u n d  s u b s t a n c e .  T h e  t w o  c o m p o n e n t s  a rv  t ) h y s i c o - c h e m i c a l l y  r e l a t e d  to  e a c h  o t h t ' r  '-'.a. 

S t a r t i n g  f r o m  t h e  h y p o t h e s i s  t h a t  t h e  m o r p h o l o g i c a l  p i c t u r e  is a r e t h ' c t i o n  o f  t h e  

c h e m i c a l  and p h y s i c o - c h c l n i c a l  r e l a t i o n s h i p  b e t w e e n  t h e  c o m p o n e n t s  o f  t h e  t i s s u e  in 

( l u c s t i o n ,  wc  f o u n d  it n e c e s s a r y  to  m a k e  it ( t u a n t i t a t i v t  ' s t u d y  of  t h e  p r o p o r t i o n s  in 

w h i c h  t h e  c h i e f  c o m p o n e n t s  o f  t h c  i n t e r c e l l u l a r  s u l ) s t a n c e  o c c u r ,  a s  a p r e l i m i n a r y  to  

f u r t h e r  i n v e s t i g a t i o n . . q u c h  a n a l v s t , s  h a d  a l r t ; a d v  b e e n  d o n e  for  a n u m b e r  o f  t i s s u e s  o f  

a d u l t  c a t t l e ,  b u t  a c o m p a r i s o n  of  t h e  d i f f e r e n t  t i s s u e s  is v i t i a t e d  b y  c e r t a i n  f a c t o r s  

n o t  v e t  a c c e s s i b h ,  to  i n v e s t i g a t i o n  w h i c h  m a y  be  r e f e r r e d  to  a s  t h e  ' s p c c i f i c  n a t u r e "  

o f  e a c h  t i s s u e .  W c  t h e r e f o r e  u n d e r t o o k  a c h e m i c a l  i n v e s t i g a t i o n  o f  t h e  v m b r v o n a l  a n d  

post-natal dm'elopmcul of  c e r t a i n  t i s s u e s ,  e a c h  c o n s i d e r e d  separately. T h i s  i n v e s t i g a -  

t i o n  o r i g i n a l l y  c o n s i s t e d  o f  d e t e r m i n a t i o n s  o f  c o l l a g e n  a n d  n m c o t ~ o l y s a c c h a r i d c s ,  

w h i c h  a r c  g e n e r a l l y  r e g a r d e d  a s  t h c  c h i e f  c o m p o n e n t s  o f  c o n n e c t i x t :  t i s s u e .  A t  a l a t e ,  

s t a g e  o f  t h e  i n v e s t i g a t i o n  wt' a l so  d e t e r m i n e d  t h e  a m o u n t s  o f  n o n - c o l l a g e n  p r o t e i n s ,  

w h i c h  f o r m  a q u a n t i t a t i v e l y  i m p o r t a n t  f r a c t i o n  o f  c e r t a i n  c m m e c t i v e  t i s s u e s ,  a s  s h o w n  

bV ] t l )O(; t tWINI,~I ' : I .  1. 

MA'rF.RI.\I. AND MFTH()I)S 

The  choice of connec t ive  t issues  for inves t iga t ion  was guided by the  folhJwing cons idera t ions :  
(a) The  t issues  m u s t  t>e such t ha t  t hey  can be dissected out  in a reproducible  n lanner .  
(l))'l'he t i ssues  m u s t  be as ' honmReneous '  as possibh; in s t ruc ture ,  i.e. the  different par t s  of a 

sample  m u s t  differ its little as possible ill s t r uc t u r e  and  composi t ion .  
(c)'Fhe mater ia l  m u s t  be avai laMe ill sufficient q u a n t i t y  w i thou t  the  use ,if , t h e r  t han  me- 

chanical  m e t h o d s  of isolation. 
The  t i ssues  ch(lsen were cornea,  sclera, . \chilies ten(loll, itll(l skill, ot b()'¢illC ellll)r}-os, newborn  

calves and  adu l t  cat t le .  Costal  cart i lage and  ar t icu lar  car t i lage were at  first also inchlded ill the  itl- 
ves t iga t ion,  bu t  they  yielded such var iable  resul ts  wi thin  one and  tile same  age-Rroup t ha t  n .  
compar i son  of differen{ age groups  was possible. Th i s  was pi 'otmbly due  to the diffwulty of isolat ing 
s amp le s  in a reproducilfle nlannel ' .  

The  bovine embryos*  were s tored ;It o 5 ('. The  t issues  were. dissected (nit ab(Ult 2. I h af ter  
dea th .  The  length  of the  emllrvos was obta ined  by l l r ingmg the  neck iuto a posit ion ill a line with 
the  spine and  n leasur ing  the  [listance from tile lower end ~f the  spine to a line t angent ia l  to the  
skull  and  perpendicu la r  to the. spree. 

Cornea and  sclera were dissected with an ample  r l l a rg in  f r o m  t h e  lil l l t)us, t[Io e v e s  havillL{ 
first been careflllly freed from fat and  connec t ive  t issue.  After  isolation, the  t issues  were dried with 
a piece of filter paper .  

Achilles t endon  was wiped tie.an superficial ly and  fur ther  used in its e.ntiretv. Flaps of skill 
were cu t  from the  [lacks of tile embryos  and  freed from the  easily renlovable  ep i the lmnl  and  fat  llv 
sc rap ing  with a lf lunt knife. We were unable, to ob ta in  pieces of skin from tile backs  of tile n e w -  
born c a l v e s  a l ld  adu l t  cat t le ,  on accoun t  of tile loss of econolllic value of tile h ides  t ha t  this  would 
have  involved.  Ins tead  we took pieces f rom the  ou t s ide  of the  upper  par t  of t he  Iore-liml~s. 

Immed ia t e ly  af ter  i so la tmn the  f r a g m e n t s  of t issue were d e h y d r a t e d  ill ace tone  a t  room 
t empera tu re .  After  several  days  a t  least, dur ing  which t ime  the  ace tone  was renewed several  t imes,  
the  f r agmen t s  were placed over  ('aCI a in a desiccator,  in which they  were fu r ther  kept .  l~':fore the  
anah ' s i s  t hey  were dried in vacuo for 3 h a t  1o5  ' ('. 

* Our  t h a n k s  are due  t~, l ) r . . \ ,  v..\x XlAAxEN and  l)r. t '. t'()S'I'XlA of the  Alns te rdan/  s lauRhter-  
h o u s e  for the i r  ass i s tance  in the  provision of nlaterial .  

Re/crcnccs p. ~ F;. 
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For hexosamine determinat ions the following modification of the method of ELSON AND 
MORGAN 5 WaS used: A suitable am oun t  of dried tissue was hydrolysed with 5 ml of 2N HCI for 
16 h at  iooCC. Solid CaCO 3 was added to the hydrolysate  until  no more gas was evolved and then 
Ca ++ was  precipitated with 3 ml of a sa tura ted solution of potass ium oxalate. After shaking, the 
mixture  was centrifuged: 2 ml of a mixture  of 25 m] o.5 N Na~CO~ and o.75 ml freshly-distilled 
acetylacetone were added to 2 ml of the superna tant ,  and thoroughly  mixed, the tube was closed 
with a rubber  s topper  and heated 20 rain in a boiling waterba th .  After the contents  of the tube  
had cooled to room temperature ,  4 ml of 96% alcohol were added and then 2 ml of a solution of 
1.6 g p-dimethylaminobenzaldehyde in 3 ° ml of a i : I mixture  of 96% alcohol and 36% HCI, 
cautiously added. The whole was allowed to s tand for 45 min and the extinction was read at  53 ° 
m/~ in a C~leman Junior  spectrophotometer .  The am oun t  of hexosamine-HCl present was read 
from a s tandard  curve obtained by the same method. A determinat ion on a s tandard solution of 
hexosamine was run as a check with each analysis. 

Hydroxyprol ine  was determined by the method of NEUMAN AND LOGAN 8 and tyrosine by 
tha t  of UDENFRIEND AND COOPER "/. 

Calculation o/percentages o/collagen and mucopolysaccharides 
The percentage of collagen was calculated from the value found for hydroxyproline.  Collagen in 
the chemical sense (chemocollagen) is a protein tha t  is characterised by a high hydroxyprol ine 
content  (the most  probable value for mammal ian  collagen is I3.6%s, 9. x0. Reticulin from fat tissue 
and lymph nodes, which is regarded as a collagen type of proteintl ,  a2, was found by BowEs AND 
KENTE,'# a, who used a semiquant i ta t ive  paper-chromatographic  method,  to have a slightly lower 
hydroxyprol ine  content  than  ox-hide collagen. We calculate the chemocollagen content  by 
mult iplying the hydroxyprol ine content  by a factor of IOO/X3.6; this means tha t  we assume tha t  
reticulin contains a small amoun t  of another  subs tancO 4, is in addition to chemocollagen. Hydroxy-  
proline does not  occur in measurable amounts  in any other protein 16, except perhaps  elastin. 
According to NEOMAN 17, elastin contains 2% of hydroxyproline,  bu t  DEMPSEY AND LANSING 18 
are of the opinion tha t  this may  be due to collagen included in the elastin. In view of the relatively 
small amoun t  of this protein in the tissues examined by us, the interference caused by it in the 
collagen determinat ion can be regarded as negligible. 

The mucopolysaccharide content  was calculated from the value found for hexosamine-HCl. 
The most  impor tan t  mucopolysaccharide c o m p o n e n t s - - i n  the quant i ta t ive  s e n s e - - o f  the tissue 
examined are chondroit insulphuric  acid and keratosulphate.  The contain respectively 47.1 and 
48.05% of hexosamine calculated as hydrochloride. Multiplication by a factor of 2.t gives a 
reasonably good approximat ion  to the mucopolysaccharide content  4. 

Par t  of the material was also analysed for tyrnsine. HOOGHWINKEL 4 had found tha t  non- 
collagen proteins obtained by extract ion from tissues had a much higher tyrosine content  than  
chemocollagen (5.5 against  o.6%). From these figures an est imate of the proport ion of non-collagen 
protein (NCP) was made  as follows: 

0.6 
T - - H P  × - -  

NCP(%) 13"6 x' ioo 
5..5 

where T ~ tyrosine found and H P  = hydroxyprol ine  found. 

RESULTS 

For the sake of clarity in the presentation of results, the foetal material has been di- 
vided into a number of groups. These groups have been so chosen that the number of 
observations per group is sufficient for statistical analysis while at the same time the 
characteristics of the curves, as seen when the total of results is plotted, are fully pre- 
served. 

When part of the data on hexosamine content of cornea, sclera and tendon had 
already been obtained, we decided to include skin in the investigation and to deter- 
mine hydroxyproline contents. The number of such observations is thus smaller than 
the number of hexosamine determinations, but is still large enough to warrant in- 
clusion in the discussion. Tables I and II show the mean values for hexosamine-HC1, 
hydroxyproline and tyrosine (in percentages of dry weight) calculated for the various 
Re/erences p. 548. 
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T A B L E  II 

T Y R O S I N E  C O N T E N T S  O F  C O R N E A ,  S C L E R A ,  A C H I L L E S  T E N D O N  A N D  S K I N  

O F  T H E  L E G S  O F  N E W B O R N  A N D  A D U L T  C A T T L E  

n = n u m b e r  of observa t ions .  :Jm = s t a n d a r d  error  of the  m e a n  

N e w b o r n a M v e s  A d u l t  catt le  

n m e a n  a m n m e a n  a m 

cornea  I7 1.64 0.03 I5 t.93 0.03 
sclera 17 I . I O  0 . 0 2  I 5 l . l  3 0 . 0 2  

t endon  17 I.o 3 o.oi 15 o.86 o.ox 
skin of the  legs 15 1.7~ o.o 5 15 1.27 0.04 

groups, in addition to the number of observations per group and the standard error of 
the mean. 

The general tendency is that hexosamine decreases and hydroxyproline increases 
with age. Sclera, tendon and skin all show the same pattern, as represented in Fig. I. 
The length of the embryos is shown on the horizontal axis; the newborn calves were 
not measured, but their position on the axis corresponds to the lengths reported in the 
literature TM. 

During early embryonal development the drop of hexosamine content in skin 
is somewhat steeper than that in tendon and sclera. The rise of hydroxyproline con- 

CORNEA 

23 

0 ~ 20 30 4 0  50  6 0  New Adult  
born Length cm 

TENDON 

- f - / ' - b .  ~-. L - t - ! - - -  

iJ i 
Length cm 

L 

12.0 

1.5 

1.0 

G5 

New AduR 
born 

SCLERA 

i ,H~:I ro+~yprol|ne__ 

? 

0 1 o 2 o 3 o 4 o 5 o 6 o  ~ k 

\ ++2: - 

Length cm 

1X) 

O~ 
ult 

2.5 

2.0 

/.5 

New Adult 

Fig. t. Hexosamine -HCl  (right axis) and  hydroxypro l ine  (left axis) concen t ra t ions  in % of drv  
weight  in some  connec t ive  t i ssues  of cat t le  in the  course of the  deve lopmen t .  

Re/erences p..5./8. 
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tent in sclera occurs at all earlier stage than in skin, while the rise in tendon proceeds 
at a practically uniform rate throughout  foe.tal development. After birth the hexos- 
amine content of the skin of the limbs remains about the same, but in sclera we ob- 
served a significant decrease (1' ... o.o5) and m tendon a highly significant decrease 
(P ~ o.o~). The hydroxyprol ine content of tendon and sclera remains practically 
unaltered after birth, but in the skin of the limbs it rises significantly (P --. o.o5). 
HI.;RINGA 2° also observed an appreciat~le further increase of the collagen character of 
the fibrous material in the skin of catth; after birth. As shown in "l'at)le II, the rise of 
the hydroxyproline content of skin after birth is accompanied bv a signilicant fall of 
tim tyrosine content.  

Cornea differs markedly from the other three tissues in its development. In the 
very early embryonic stage it does indeed also show the decremse of hexosamine and 
increase of hydroxyproline,  but then it seems as though a new phase appears in the 
mucopolysaccharkle metabolism. "fhe hexosamine content begins to rise and in the 
group of 3o.5-35 cm length it is already significantly higher than in the groups be- 
tween z5-5 and e5 cm. 

Cornea also stands apart  as regards the development of its collagen component.  
The hydroxyproline content a t  first rises, as in other tissues, lint towards the end of 
gestation it begins to fall; the decrease is already significant in the newborn animal 

CORNEA SCLI=RA 

y~ ~'/./'d/~ c o,I a g • n "///////////A 

Rest ~ - ~  

i!',!l.1½ I ~  
3 0  40  50  6 0  New Adult 20 30  40  50  6 0  New Adult 

Length cm born Length cm born 

TENDON SKIN 

Rest 

" i 

20 30  40 50  F:)O New Adult 20  30  40  50  6 0  New Adult 
Length crn born Length cm born 

l : ig .  2. P r u | ) o r t i ( m s  of  t h e  c h i e f  c o m p o n e n t s  ~Jf s~mle c o n n e c t i v e  t i s s u e s  of c a t t l e  in t h e  c o u r s e  of 
t i le  d c v e h q ) m e n t .  N . ( ' . P .  - -  n~m-col lagen . - tm~tv in .  

t&/erum~s p. 546'. 
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and continues after birth,  so that  the difference in hydroxyproline content  between 
corneae of newborn and adul t  animals is significant. This is accompanied by a signifi- 

cant  rise of the tyrosine content  (Table II).  
To show the quan t i t a t ive  interrelat ionships between collagen, mucopolysaccha- 

rides and non-collagen proteins in the tissues studied, the values calculated for these 
components  in percentage of dry weight are given in Fig. 2. Three features call for 

comment  : 
(i) The quant i ta t ive  significance of the mucopolysaccharides is only small. This 

is remarkable in view of their qual i ta t ive importance with regard to water-binding 

and the t ransparency of corneal tissue2L 
(2) Bovine skin is still a relatively collagen-poor tissue in the early foetal stage 

and always remains lower in collagen content  than  tendon and sclera. 
(3) Although after bir th the collagen content  of the cornea decreases significant- 

ly and that  of the skin increases significantly the proportion of non-collagen protein 
changes in the opposite direction, so tha t  there remains a constant  fraction of the total  
for the non-mucopolysaccharide-non-protein components  (salts, nucleic acids, lipids, 
etc.). 

SUMMARY 

Determinations of hydroxyproline and hexosamine in cornea, sclera, tendon and skin of bovine 
embryos, newlx)rn calves and adult cattle have been carried out. The results give a picture of the 
development of these connective tissues, particularly as regards their collagen and mucopoly- 
saccharide contents. As a general rule the hexosamine content decreases in the course of develop- 
ment, while the hydroxyproline content increases. Cornea develops in a more complicated way: 
the hexosamine content decreases at first, but at a quite early foetal stage it starts to increase 
again, while the hydroxyproline content reaches a maximum towards the end of foetal life and the 
decreases again. 
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