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SECTION 1 - INTRODUCTION



INTRODUCTION

I . G e n e r a l

I t  i s  a l m o s t  100 y e a r s  s i n c e  t h e  p u b l i c a t i o n  o f  t h e  

e a r l y  c l a s s i c  s t u d i e s  o f  t h e  d e v e l o p m e n t  o f  s y n o v i a l  j o i n t s  

su c h  as t h o s e  o f  H e p b u r n  ( 1 8 8 9 ) ,  P a r s o n s  ( 1 9 0 0 ) ,  L e w i s  

( 1 9 0 2 )  and B a r d e e n  ( 1 9 0 5 ) .  S i n c e  t h e n ,  t h e  s u b j e c t  has 

been  r e p e a t e d l y  r e s t u d i e d ,  u s i n g  mor e  r e f i n e d  t e c h n i q u e s ,  

i n c l u d i n g  h i s t o c h e m i s t r y  and e l e c t r o n  m i c r o s c o p y ,  and t h e  

e x p e r i m e n t a l  a n a l y s i s  o f  c a u s a t i v e  f a c t o r s .

A l t h o u g h  t h e r e  i s  s t i l l  much t h a t  r e m a i n s  

c o n t r o v e r s i a l ,  t h e  g e n e r a l  s e q u e n c e  o f  e v e n t s  i s  now 

e s t a b l i s h e d ,  and t h i s  w i l l  be d e s c r i b e d  i n  b r o a d  o u t l i n e ,  

as seen  i n  a " t y p i c a l "  s y n o v i a l  j o i n t  i n  a L i mb ,  b e f o r e  t h e  

ma i n  p a p e r s  a r e  r e v i e w e d  i n  d e t a i l .

1 .  The me s e n c h y m a l  c o n d e n s a t i o n ,  o r  sc I e r o b  I a s t e m a ,  a p p e a r s  

i n  t h e  c e n t r a l  a x i s  o f  t h e  l i m b  b u d ,  o u t l i n i n g  t h e  f u t u r e  

s k e l e . t o n  and j o i n t s .  T h i s  c o n d e n s a t i o n  f o l l o w s  a p r o x i m o -  

d i s t a l  s e q u e n c e .

2 .  C h o n d r i f i c a t i o n  o c c u r s  i n  t h e  c o n d e n s a t i o n ,  p r o x i m a l  and 

d i s t a l  t o  t h e  f u t u r e  j o i n t ,  so t h a t  t h e  t w o  a r t i c u l a t i n g  

b o n e s  a r e  now r e c o g n i z a b l e  as c a r t i l a g e  m o d e l s .  The 

mesenchyme w h i c h  s u r r o u n d s  t h e i r  s h a f t s  f o r m s  a 

p e r i c h o n d r i u r n ,  w h i c h  p r o v i d e s  f o r  a p p o s i t i o n a l  g r o w t h  i n  

girth.
3 .  The ends  o f  t h e  t wo  c a r t i l a g e  mo d e l s  a r e  u n i t e d  by a 

d e n s e l y  c e l l u l a r  and a v a s c u l a r  i n t e r z o n e .  T h i s  d e v e l o p s  

i n t o  a t h r e e - l a y e r e d  s t r u c t u r e :  a c h o n d r o g e n i c  l a y e r



c o v e r i n g  e ach  a r t i c u l a r  s u r f a c e  and a l o o s e r  i n t e r m e d i a t e  

l a y e r -  The c h o n d r o g e n i c  l a y e r  c o v e r i n g  t h e  f u t u r e

e p i p h y s i s  i s  c o n t i n u o u s  w i t h  t h e  p e r i c h o n d r i u m  o f  t h e

f u t u r e  d i a p h y s i s ,  and s e r v e s  t h e  same f u n c t i o n ,  n a m e l y  

p r o v i d i n g  f o r  a p p o s i t i o n a l  g r o w t h  o f  t h e  c a r t i l a g e  m o d e l .  

C o n d e n s e d  mes enc hy me  a t  t h e  p e r i p h e r y  o f  t h e  i n t e r z o n e  

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

t h e  l o o s e r  s y n o v i a l  me s e n c h y me .  W i t h i n  t h e  l o o s e r

i n t e r m e d i a t e  z one  o f  t h e  i n t e r z o n e  t h e r e  w i l l  d e v e l o p  t h e  

j o i n t  c a v i t y  and i n t r a - a r t i c u l a r  s t r u c t u r e s ,  s u c h  as

m e n i s c i  and c r u c i a t e  l i g a m e n t s .

I I .  Some a r e a s  o f  d i s a g r e e m e n t

D e s p i t e  t h e  g e n e r a l  a g r e e m e n t ,  o u t l i n e d  a b o v e ,  t h e r e

a r e  many r e m a i n i n g  q u e s t i o n s  t o  be a n s w e r e d : -

1 .  When t h e  a r t i c u l a t i n g  bone  r u d i m e n t s  c h o n d r i f y ,  wha t  

f a c t o r s  d e t e r m i n e  t h e  d i f f e r e n t  p a t h w a y  f o l l o w e d  by t h e  

i n t e r z o n e  mesenchyme?  Does t h e  i n t e r z o n e  i t s e l f  e v e r -

become c a r t i l a g i n o u s ?

2 . Does t h e  f o r m a t i o n  o f  t h e  j o i n t  c a v i t y  ( b y  c a v i t a t i o n  o r  

" c l e f t i n g " )  d e p e n d  on e x t r i n s i c  f a c t o r s ,  such  as m u s c u l a r  

m o v e m e n t ,  o r  on i n t r i n s i c  f a c t o r s ,  s uc h  as c e l l  d e a t h  o r  

" l i q u e f a c t i o n "  i n  t h e  i n t e r z o n e ,  o r  a r e  b o t h  s e t s  o f  

f a c t o r s  r e q u i r e d  i f  t h e  j o i n t  c a v i t y  i s  t o  a p p e a r  and t o  

p e r s i s t ?  I f  c e l l  d e a t h  i s  i n v o l v e d ,  i s  i t  g e n e t i c a l l y  

p r o g r a mme d ?  What  i s  t h e  o r i g i n  and r o l e  o f  m a c r o p h a g e s  i n  

c a v i t a t i o n ?

2



3 . Does c a v i t a t i o n  s t a r t  c e n t r a l l y  o r  p e r i p h e r a l l y ?

4 .  Do i n t r a - a r t i c u l a r  s t r u c t u r e s  a r i s e  f r o m  t h e  i n t e r z o n e  

o r  f r o m  " s y n o v i a l  me s e n c h y me ? "

5 .  I s  t h e  d e v e l o p m e n t a l  s e q u e n c e  o f  e v e n t s  i n  s y n o v i a l  

j o i n t  d e v e l o p m e n t  c l o s e l y  c o r r e l a t e d  w i t h  d e v e l o p m e n t a l  

s t a g e s  o f  t h e  e m b r y o ,  as c l a i m e d  f o r  t h e  c h i c k  k nee  j o i n t  

by  O' Rah  i l l y  and G a r d n e r  ( 1 9 5 6 ) ?

6 .  I n  g e n e r a l  do s y n o v i a l  j o i n t s ,  o f  t h e  mos t  c o mmo n l y  

s t u d i e d  s p e c i e s  s uc h  as man,  l a b o r a t o r y  r o d e n t s  and t h e  

c h i c k  f o l l o w  t h e  same d e v e l o p m e n t a l  p a t t e r n ,  o r  a r e  t h e r e  

i m p o r t a n t  v a r i a t i o n s  b e t w e e n  s p e c i e s ?

7 . W i t h i n  a s i n g l e  s p e c i e s ,  do a l l  s y n o v i a l  j o i n t s  d e v e l o p  

i n  a s i m i l a r  f a s h i o n ,  o r  a r e  t h e r e  i m p o r t a n t  i n d i v i d u a l  

v a r i a t i o n s  e . g .  d o e s  t h e  f e m o r o - p a t e l l a r  j o i n t  f o l l o w  t h e  

s t a n d a r d  p a t t e r n ?  What  e f f e c t  d oe s  t h e  p r e s e n c e  o f  i n t r a -  

a r t i c u l a r  s t r u c t u r e s ,  such  as m e n i s c i ,  o r  i n t r a - a r t i c u l a r  

t e n d o n s ,  h av e  on j o i n t  d e v e l o p m e n t ?

I I I .  R e v i e w  o f  p u b l i s h e d  wor k

T h i s  i s  d i v i d e d  i n t o  t w o  s e c t i o n s :  

a) ma mma l i a n  s y n o v i a l  j o i n t s  and b)  a v i a n  s y n o v i a l  j o i n t s ,  

f o r  t wo  r e a s o n s : -

i )  b e c a u s e  t h e  p r e s e n t  s t u d y  i s  c o n c e r n e d  w i t h  t h e  c h i c k  

k n e e  j o i n t ,  and b e c a u s e  t h e  c h i c k  has bee n  t h e  a n i m a l  o f  

c h o i c e  f o r  mos t  e x p e r i m e n t a l  s t u d i e s ,  and i i )  b e c a u s e  i t  i s  

i m p o r t a n t ,  f o r  a human a n a t o m i s t ,  t o  r e l a t e  t h e  

d e v e l o p m e n t a l  p a t t e r n  i n  t h e  c h i c k  t o  t h a t  i n  mammal s and 

p a r t i c u l a r l y  i n  man.



1 . THE FORMATION OF THE INJERZONE

A.  m a m m a l i a n  SYNOVI AL JOI NTS

B a r d e e n  ( 1 9 0 5 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e  human 

s k e l e t o n ,  and r e p o r t e d  t h a t ,  i n  g e n e r a l ,  t h e  d e v e l o p m e n t  

o f  t h e  s k e l e t o n  o f  t h e  l i m b  p a s s e d  t h r o u g h  t h r e e  s t a g e s ,  

b l a s t e m a l ,  c h o n d r o g e n o u s ,  and o s s e o g e n o u s .  I n  t h e  k nee  

j o i n t ,  t h e  p e r i p h e r a l  b l a s t e m a l  t i s s u e  a t  t h e  j o i n t  became 

t r a n s f o r m e d  i n t o  a c a p s u l a r  l i g a m e n t .  The b l a s t e m a l  t i s s u e  

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

d e v e l o p e d ,  became c o n d e n s e d  a t  t h e i r  a r t i c u l a t i n g  e n d s ,  

w h i l e  i n  t h e  r e g i o n  o f  t h e  k n e e  j o i n t ,  t h e  t i s s u e  became 

l e s s  d e n s e  and f i n a l l y  d i s a p p e a r e d ,  l e a v i n g  a j o i n t  c a v i t y .

K e i t h  ( 1 9 3 3 )  s t u d i e d  t h e  d e v e l o p m e n t  and 

d i f f e r e n t i a t i o n  o f  human l i m b  b u d s  and c l a i m e d  t h a t  t h e  

p a r t  o f  t h e  o r i g i n a l  b l a s t e m a  w h i c h  was l e f t  b e t w e e n  t h e  

c a r t i l a g i n o u s  p r e c u r s o r s  o f  t h e  f e m u r ,  t i b i a  and f i b u l a ,  

f o r m e d  t h e  f i r s t  b a s i s  o f  a j o i n t ,  and he named i t  t h e  

" i n t e r c h o n d r a l  d i s c " .  The c e l l s  i n  t h e  p e r i p h e r a l  p a r t  o f  

t h e  b l a s t e m a  c o n d e n s e d  and f o r m e d  t h e  p e r i c h o n d r i u r n ,  a 

membr ane  s u r r o u n d i n g  t h e  g r o w i n g  c a r t i l a g e s .  The 

p e r i c h o n d r i u m  was c o n t i n u e d  f r o m  s e gme n t  t o  s e gmen t  o v e r  

t h e  i n t e r c h o n d r a l  d i s c  and became t h e  b a s i s  o f  t h e  c a p s u l a r  

l i g a m e n t .  He a l s o  c l a i m e d  t h a t ,  a t  f i r s t ,  t h e  ends  o f  t h e  

c a r t i l a g e s  w h i c h  p r o j e c t e d  i n t o  t h e  j o i n t  c a v i t y  we r e  a l s o  

c o v e r e d  by  an e x t e n s i o n  o f  t h e  p e r i c h o n d r i u m .  The 

p e r i p h e r a l  c e l l s  o f  t h e  i n t e r c h o n d r a l  d i s c  l i n e d  t h e  

c a p s u l e  and f o r m e d  t h e  s y n o v i a l  me mb r a ne .  He a l s o  c l a i m e d

4



t h a t  t h e r e  we r e  t h r e e  i n t e r c h o n d r a l  d i s c s  i n  t h e  knee  

j o i n t ;  an i n t e r n a l  t i b i o - f e m o r a l ,  an e x t e r n a l  t i b i o ­

f e m o r a l  and a f i b u l o - f e m o r a l .  When t h e  f i b u l a  became 

e x c l u d e d  f r o m  t h e  k nee  j o i n t ,  t h e  f i b u l o - f e m o r a l  d i s c ,  f r o m  

w h i c h  f i b r e s  o f  t h e  p o p l i t e u s  t o o k  o r i g i n ,  was i n c l u d e d  i n  

t h e  t e n d o n  o f  t h a t  m u s c l e .

W h i l l i s  ( 1 9 4 0 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e

i n t e r p h a  l a n g e a  I j o i n t s  o f  t h e  human e m b r y o ,  and he f o u n d  

t h a t ,  a t  s t a g e  30 mm, t h e  t wo  c h o n d r i f y i n g  e l e m e n t s  wer e  

s e p a r a t e d  by  r e l a t i v e l y  u n d i f f e r e n t i a t e d  me s e n c h y ma l  c e l l s  

w h i c h  c o n s t i t u t e d  t h e  " j o i n t  d i s c " .  The c e l l s  o f  t h e  d i s c  

wer e  a r r a n g e d  p a r a l l e l  t o  t h e  s u r f a c e s  o f  t h e  c a r t i l a g e

e l e m e n t s .  I n  t h e  r e g i o n  o f  t h e  f u t u r e  a r t i c u l a r  s u r f a c e s  

t h e  c e l l s  wer e  f l a t t e n e d ,  v e r y  c l o s e l y  p a c k e d  and a r r a n g e d  

w i t h  t h e i r  l o n g  a x i s  i n  t h e  j o i n t  l i n e .  At  t h e  e x t r e m e  

p e r i p h e r y  o f  t h e  d i s c  t h e  me s e n c h y ma l  c e l l s  wer e  a r r a n g e d  

l o n g i t u d i n a l l y  and f o r m e d  t h e  p e r i c h o n d r i u m .  The

me s e n c h y ma l  t i s s u e  w h i c h  r e m a i n e d  b e t w e e n  t h e  j o i n t  d i s c  

and t h e  p e r i c h o n d r i a l  c o n d e n s a t i o n  became much l o o s e r  t h a n  

t h e  c e n t r a l  p a r t  o f  t h e  d i s c .  I n  s u c c e e d i n g  s t a g e s ,  

t h e  p e r i p h e r a l  me s e n c h y ma l  t i s s u e  became v e r y  l o o s e  

and c a v i t i e s  a p p e a r e d  w i t h i n  i t ,  w h i l e  t h e  j o i n t  d i s c

became t h i n n e r  i n  i t s  c e n t r a l  p a r t  so t h a t ,  i n  an embr y o  o f  

72 mm, i t  was r e p r e s e n t e d  by a s i n g l e  l a y e r  o f  f l a t t e n e d  

c e l l s .  At  125 mm, t h e  j o i n t  d i s c  b e t w e e n  t h e  c a r t i l a g e s  

had e n t i r e l y  d i s a p p e a r e d  and t h e  t wo  e l e m e n t s  we r e  u n i t e d  

a c r o s s  t h e  j o i n t  l i n e  by  a p r i m i t i v e  t y p e  o f  c a r t i l a g e ,  o r  

" p r e c a r t i l a g e " .  He a l s o  c l a i m e d  t h a t  t h e  d i s s o l u t i o n  o f



c o n t i n u i t y  b e t w e e n  t h e  c a r t i l a g e  e l e m e n t s  was a c c o m p l i s h e d  

by  l i q u e f a c t i o n  o f  t h e  m a t r i x  o f  t h e  p r i m i t i v e  c a r t i l a g e  

u n i t i n g  t h e  t wo  e l e m e n t s .  The c a u s e  o f  t h e  l i q u e f a c t i o n  

was n o t  e x p l a i n e d .

H a i n e s  ( 1 9 4 7 )  s t u d i e d  human e m b r y o s ,  and f o u n d  t h a t  

t h e  j o i n t s  f i r s t  a p p e a r e d  as i n t e r z o n e s ,  f o r m e d  f r o m  t h e  

r e m a i n s  o f  t h e  s k e l e t a l  b l a s t e m a  b e t w e e n  t h e  c a r t i l a g e s .  

He d e s c r i b e d  eac h  i n t e r z o n e  as p a s s i n g  t h r o u g h  a t h r e e -  

l a y e r e d  s t a g e ,  w i t h  t wo  c h o n d r o g e n o u s  l a y e r s  and an 

i n t e r m e d i a t e  l o o s e  l a y e r .  The f i b r o u s  c a p s u l e s  f o r m e d  as 

c o n d e n s a t i o n s  i n  t h e  e x t r a b l a s t e m a l  t i s s u e  n e a r  t h e  j o i n t s ,  

w h i c h  c u t  o f f  a p a r t  o f  t h e  g e n e r a l  mesenchyme t o  f o r m  t h e  

" s y n o v i a l  m e s e n c h y m e " ,  and a p a r t  o f  t h e  p e r i c h o n d r i u m  t o  

f o r m  t h e  i n t r a - c a p s u l a r  p e r i c h o n d r i u m .  I n  a s u b s e q u e n t  

s t u d y  o f  t h e  e a r l y  d e v e l o p m e n t  o f  t h e  f e m o r o - t i b i a  I and 

t i b i o f i b u l a r  j o i n t s  o f  t h e  human e m b r y o ,  H a i n e s  ( 1 9 5 3 )  

f o u n d  t h a t  t h e  i n t e r z o n e s  f o r  t h e  m e d i a l  and l a t e r a l  

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

a p p e a r a n c e ,  and a r e  n o t  f o r m e d  by  t h e  s u b d i v i s i o n  o f  one 

o r i g i n a l l y  s i n g l e  i n t e r z o n e  as m e n t i o n e d  by  Gr ay  and 

G a r d n e r  ( 1 9 5 0 ) .  He a l s o  f o u n d  t h a t ,  b e f o r e

c h o n d r i f i c a t i o n ,  t h e  f i b u l a r  and f e m o r a l  r e g i o n s  o f  t h e  

s k e l e t a l  b l a s t e m a  we r e  c o n t i n u o u s  w i t h  one a n o t h e r  b u t ,  

soon  a f t e r  c h o n d r i f i c a t i o n ,  t h e  f i b u l a  was f o u n d  t o  be 

u n a t t a c h e d  t o  e i t h e r  t h e  f e m u r  o r  t h e  t i b i a .  The f i b u l a  

n e v e r  a r t i c u l a t e d  w i t h  t h e  f e m u r  a t  any  s t a g e ,  b u t  

e v e n t u a l l y  f o r m e d  an i n t e r z o n e  w i t h  t h e  t i b i a .
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Gr a y  and G a r d n e r  ( 1 9 5 0 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e  

human k n e e  j o i n t ,  and f o u n d  t h a t ,  i n  a 6 - w e e k  e m b r y o ,  t h e  

c a r t i l a g i n o u s  p r e c u r s o r s  o f  t h e  f e m u r  and t h e  t i b i a  wer e  

s e p a r a t e d  f r o m  e a c h  o t h e r  by  an a v a s c u l a r  and 

u n d i f f e r e n t i a t e d  b l a s t e m a l  z o n e .  At  6 %  w e e k s ,  due  t o  

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

c l o s e r  t o  e ac h  o t h e r  and t h e  i n t e r z o n e  became d e n s e r  i n  

a p p e a r a n c e .  At  1  \  w e e k s ,  t h e  i n t e r z o n e  d i f f e r e n t i a t e d  

i n t o  a t h r e e - l a y e r e d  s t r u c t u r e .  The m i d d l e  l o o s e r  l a y e r  

c l o s e l y  r e s e m b l e d  t h e  mesenchyme w h i c h  was l o c a t e d  a d j a c e n t  

t o  t h e  j o i n t  and w i t h  w h i c h  i t  a p p e a r e d  t o  be c o n t i n u o u s .  

The o u t e r  l a y e r s  o f  t h e  i n t e r z o n e  a r r a n g e d  a l o n g  t h e  d i s t a l  

ends  o f  t h e  c a r t i l a g e  e l e m e n t s  we r e  c o n t i n u o u s  w i t h  t h e  

p e r i c h o n d r i a .  T h e y  a l s o  c l a i m e d  t h a t  t h e r e  was no a p p a r e n t  

c a r t i l a g i n o u s  c o n t i n u i t y  b e t w e e n  t h e  f e m u r  and t i b i a ,  such  

as had been  d e s c r i b e d  by  B a r d e e n  ( 1 9 0 5 )  and by  W h i l l i s  

( 1 9 4 0 ) ,  n o r  d i d  t h e  f i b u l a  e n t e r  i n t o  t h e  f o r m a t i o n  o f  t h e  

k n e e  j o i n t ,  as K e i t h  ( 1 9 3 3 )  had c l a i m e d .

O' Rah i l l y  ( 1 9 5 1 ) ,  who s t u d i e d  t h e  d e v e l o p i n g  human 

k n e e  j o i n t ,  f o u n d  t h a t ,  i n  e mb r y o s  o f  15 mm, t h e  t i b i a l  

c o n d e n s a t i o n  was d i r e c t l y  i n  l i n e  w i t h  t h a t  f o r  t h e  f e m u r ,  

and t h e  f i b u l a ,  w h i c h  was l a t e r a l  t o  t h e  f e m o r o - t i b i a l  

a x i s ,  a p p e a r e d  t o  r e a c h  t h e  same l e v e l  as t h e  u p p e r  

s u r f a c e  o f  t h e  t i b i a .  At  16 mm, t h e  f i b u l a  l o s t  i t s  

e c c e n t r i c  p o s i t i o n  and was s i t u a t e d  u n d e r  t h e  f e m u r ,  and 

t h e  t i s s u e  b e t w e e n  t h e  f e m u r  and f i b u l a  was a r r a n g e d  as a 

t h r e e - l a y e r e d  i n t e r z o n e .  At  18 mm, t h e  f e m o r a l  c o n d y l e s  

o v e r h u n g  t h e  t i b i a  and f i b u l a  on eac h  s i d e ,  and t h e  u p p e r



end o f  t h e  f i b u l a  r e a c h e d ,  o r  e v e n  e x c e e d e d ,  t h e  same l e v e l  

o f  t h e  t i b i a  b u t  a p p e a r e d  b e n t  b a c k w a r d s -  At  25 mm, t h e  

f i b u l a  was s e p a r a t e d  f r o m  t h e  f e m u r  by  t h e  l a t e r a l  c o n d y l e  

o f  t h e  t i b i a ,  and a t h r e e  l a y e r e d  i n t e r z o n e  was f o u n d  

b e t w e e n  t h e  f e m u r  and t i b i a ,  b u t  t h e  t i b i a  and f i b u l a  wer e  

n o t  y e t  i n  c o n t a c t  w i t h  eac h  o t h e r .  At  28 mm, a t h r e e -  

l a y e r e d  s u p e r i o r  t i b i o - f i b u I  a r  i n t e r z o n e  was p r e s e n t .

G a r d n e r  and Gr a y  ( 1 9 5 3 )  s t u d i e d  t h e  human s h o u l d e r  and 

a c r o m i o c l a v i c u l a r  j o i n t s .  I n  t h e  s h o u l d e r  j o i n t ,  a t h r e e -  

l a y e r e d  i n t e r z o n e  was n o t e d  f o r  t h e  f i r s t  t i m e  a t  s t a g e  20 

mm, and a t  s t a g e  22 mm, t h e  c a p i l l a r i e s  p e n e t r a t e d  t h e  

t i s s u e  i m m e d i a t e l y  a d j a c e n t  t o  t h e  i n t e r z o n e  and c o n v e r t e d  

i t  i n t o  a " s y n o v i a l  m e s e n c h y m e " .  I n  t h e  a c r o m i o - c l a v i c u l a r  

j o i n t ,  on t h e  o t h e r  h a n d ,  t h e y  d i d  n o t  f i n d  a t h r e e - 1  aye r e d  

i n t e r z o n e  i n  any  o f  t h e  s p e c i m e n s  s t u d i e d .  Th e y  f o u n d  t h a t  

t h e  a c r o m i o - c l a v i c u l a r  j o i n t  was r e p r e s e n t e d  as a w i d e  zone  

a t  12 mm, and r e m a i n e d  as a b r o a d  zone  i n  s p e c i m e n s  b e t w e e n  

22 and 45 mm. A c a v i t y  i n  t h i s  j o i n t  was f i r s t  n o t e d  a t  

49 mm, and i t  was u n i l a t e r a l  and l o c a t e d  much c l o s e r  t o  t h e  

a c r o m i o n  t h a n  t o  t h e  c l a v i c l e .

O' Rah  i l l y  ( 1 9 5 7 )  s t u d i e d  v a r i o u s  human s y n o v i a l  

j o i n t s ,  and d e s c r i b e d  t h e  f o r m a t i o n  o f  t h e  i n t e r z o n e .  At  

a b o u t  5-g- w e e k s ,  t h e  i n t e r z o n e  was composed  f r o m  t h r e e  

l a y e r s :  a l o o s e  m i d d l e  l a y e r ,  and t wo  c h o n d r o g e n i c  l a y e r s ,

e ac h  o f  w h i c h  was c o n t i n u o u s  w i t h  t h e  p e r i c h o n d r i u m  o f  t h e  

a d j a c e n t  c a r t i l a g e  e l e m e n t .  The e x t r a b l a s t e m a l  mesenchyme 

was i n v a d e d  by  b l o o d  v e s s e l s  and became v a s c u l a r i s e d  and
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c o n t i n u o u s  w i t h  t h e  Loose  m i d d l e  L a y e r  o f  t h e  i n t e r z o n e  — 

t h a t  p o r t i o n  o f  t h e  v a s c u l a r  mesenchyme a d j a c e n t  t o  t h e  

b l a s t e m a l  i n t e r z o n e ,  c a l l e d  " s y n o v i a l  m e s e n c h y m e " .  I n  a 

s u b s e q u e n t  s t u d y  o f  t h e  human k n e e  j o i n t ,  O ' R a h i l l y  ( 1 9 6 8 )  

d e s c r i b e d  t h e  f o r m a t i o n  o f  t h e  i n t e r z o n e .  He f o u n d  t h a t  

t h e  b l a s t e m a  b e t w e e n  t h e  f e m u r  and t i b i a  became a 

homoge nous  i n t e r z o n e  a t  ( C a r n e g i e )  s t a g e  19 ( 1 6 - 2 1  mm) ,  and 

r e c o g n i z e d  i t  as a t h r e e - I  a y e r e d  s t r u c t u r e  a t  s t a g e  21 ( 22  — 

24 mm) .  At  s t a g e  22 ( 2 3 - 2 5  mm) a l l  t h e  c o n s t i t u e n t

s t r u c t u r e s  o f  t h e  j o i n t  we r e  r e c o g n i z a b l e  a l t h o u g h  

c a v i t a t i o n  d i d  n o t  o c c u r  u n t i l  s t a g e  23 ( 2 7 - 3 1  mm).

G a r d n e r ,  Gr ay  and O ' R a h i l l y  ( 1 9 5 9 )  s t u d i e d  t h e  

s k e l e t o n  and j o i n t s  o f  t h e  human f o o t ,  and f o u n d  t h e  

i n t e r z o n e  t o  d e v e l o p  i n  a manne r  s i m i l a r  t o  t h a t  d e s c r i b e d  

by  p r e v i o u s  w o r k e r s .  They  c l a i m e d  t h a t  c a v i t a t i o n  b e g a n  i n  

a f e w  j o i n t s  d u r i n g  t h e  e m b r y o n i c  p e r i o d ,  b u t  t h a t  

f o r m a t i o n  o f  t h r e e - I  a y e r e d  i n t e r z o n e s ,  f o l l o w e d  by 

c a v i t a t i o n ,  bega n  i n  mos t  j o i n t s  d u r i n g  t h e  e a r l y  f e t a l  

p e r i o d .  C a p s u l e s  and l i g a m e n t s  we r e  p r e s e n t  as c e l l u l a r  

c o n d e n s a t i o n s  b e f o r e  c a v i t i e s  a p p e a r e d  a n d ,  i n  some,  b e f o r e  

t h e  a p p e a r a n c e  o f  a t h r e e  l a y e r e d  i n t e r z o n e .

The f i n d i n g s  o f  mor e  r e c e n t  w o r k e r s  s u p p o r t  p r e v i o u s  

r e s u l t s  on t h e  e a r l y  f o r m a t i o n  o f  t h e  i n t e r z o n e s .  

A n d e r s e n  ( 1961  ,  1 9 6 2 a , b ,  1 9 6 3 ,  1 9 6 4 ) ,  i n  h i s  h i s t o c h e m i c a  I 

s t u d i e s  on t h e  h i s t o g e n e s i s  o f  t h e  k n e e ,  e l b o w ,  s h o u l d e r  

and a c r o m i o - c l a v i c u l a r  j o i n t s  i n  human f o e t u s e s ,  d e s c r i b e d  

t h e  f o r m a t i o n  o f  i n t e r z o n e s  i n  d e t a i l .  The c a r t i l a g i n o u s  

c e n t r e s  o f  t h e  i n d i v i d u a l  s k e l e t a l  s t r u c t u r e s  wer e  l a i d
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down i n  t h e  c o n d e n s e d  m e s e n c h y m a l  c o r d ,  o r  " s k e l e t a l  

b l a s t e m a " ,  and u n d e r w e n t  a p p o s i t i o n a l  g r o w t h  i n  a l l  

d i r e c t i o n s .  P a r t  o f  t h e  o r i g i n a l  b l a s t e m a  was l e f t  b e t w e e n  

t h e m ,  and t h i s  c o n d e n s e d  mesenchyme was c a l l e d  t h e  

a r t i c u l a r  i n t e r z o n e .  The c e l l s  o f  t h i s  i n t e r z o n e  had r o u n d  

o r  o v a l  n u c l e i  and a v e r y  s p a r s e ,  b a s o p h i l i c  c y t o p l a s m .  At  

t h e  o u t s e t ,  t h e y  we r e  n o t  a r r a n g e d  a c c o r d i n g  t o  any 

d e f i n i t e  p l a n ,  b u t ,  o w i n g  t o  t h e  g r o w t h  o f  t h e  a d j a c e n t  

c a r t i l a g i n o u s  p r i m o r d i a ,  t h e  c e l l s  o f  t h e  i n t e r z o n e  

g r a d u a l l y  bec ame o r i e n t e d  w i t h  t h e i r  l o n g  axes  t r a n s v e r s e  

t o  t h e  l o n g  a x es  o f  t h e  s k e l e t a l  p r i m o r d i a .  Then  a 

s t r i k i n g  c h a n g e  t o o k  p l a c e  i n  t h e  i n t e r z o n e .  I t s  c e l l s  

b e g a n  t o  s e c r e t e  a h i g h l y  m e t a c h r o m a t i c  and a l c i a n - b l u e  

s t a i n e d  i n t e r c e l l u l a r  s u b s t a n c e ,  f o r c i n g  t h e  c e l l s  a p a r t ,  

e s p e c i a l l y  i n  t h e  c e n t r a l  l a y e r .  Now t h e  i n t e r z o n e  was

d i s t i n c t l y  t h r e e - I  a y e r e d ,  c o n s i s t i n g  o f  t wo  c h o n d r o g e n o u s  

l a y e r s  s e r v i n g  as a p p o s i t i o n a l  g r o w t h  l a y e r s  f o r  t h e  

e p . i p h y s e s  a d j a c e n t  t o  t h e  i n t e r z o n e ,  and c o n t i n u i n g  a t  t h e  

p e r i p h e r y  o f  t h e  j o i n t s  i n t o  t h e  o r d i n a r y  p e r i c h o n d r i a  o f  

t h e  c a r t i l a g e  ( A n d e r s o n ,  1 9 6 2 ) .  B e t we e n  t h e  t wo  

c h o n d r o g e n o u s  l a y e r s ,  t h e r e  was an i n t e r m e d i a t e  l o o s e r ,  

mor e  h i g h l y  m e t a c h r o m a t i c  and a l e  i  an b l u e - s t a i n e d  l a y e r  

made up o f  l o n g  s p i n d l e - s h a p e d  c e l l s .  T h i s  l a y e r  was 

c o n t i n u o u s  t o w a r d s  t h e  p e r i p h e r a l  m a r g i n a l  l a y e r s  o f  t h e

i n t e r z o n e  w i t h  a s i m i l a r  t i s s u e  w h i c h  was c l e a r l y

s e p a r a t e d ,  by  t h e  deep  s t a i n i n g  o f  i t s  i n t e r c e l l u l a r

s u b s t a n c e ,  f r o m  t h e  s u r r o u n d i n g  v a s c u l a r  g e n e r a l
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me s e n c h y me .  T h i s  s e p a r a t i n g  z o ne  was a t  t h e  s i t e  w h e r e  t h e  

j o i n t  c a p s u l e  was f o r m e d  by  t h e  p e r i p h e r a l  a r e a s  o f  t h e  

s k e l e t a l  b l a s t e m a ,  o r i g i n a l l y  as a c e l l u l a r  s t r a n d  

c o n t i n u o u s  w i t h  t h e  p e r i c h o n d r i a  o f  t h e  c a r t i l a g e s  

c o n c e r n e d  ( A n d e r s o n , 1 9 6 1 ) .  The i n t e r c e l l u l a r  s u b s t a n c e  o f  

t h e  i n t e r z o n e  c o n s i s t e d  o f  c h o n d r o i t i n  s u l p h a t e  A o r  C 

( p o s s i b l y  b o t h ) ,  and n o t  h y a l u r o n i c  a c i d .  C a v i t y  f o r m a t i o n  

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

i n t e r z o n e  became i n c o r p o r a t e d  on each  s i d e  w i t h  t h e  t wo  

c h o n d r o g e n o u s  l a y e r s ,  w h i c h  i n  t u r n  we r e  i n c o r p o r a t e d  i n  

t h e  e p i p h y s e a l  c a r t i l a g e s .  L a t e r  on t h e  e p i p h y s e s  f a c e d  

e ac h  o t h e r  i n  t h e  c e n t r a l  p a r t s  o f  t h e  j o i n t ,  by  s m o o t h ,  

h y a l i n e  c a r t i l a g i n o u s  s u r f a c e s ,  s e p a r a t e d  o n l y  by  a n a r r o w  

c e n t r a l  j o i n t  c a v i t y .  He a l s o  f o u n d  t h a t  t h e  t i s s u e  o f  t h e  

i n t e r z o n e  w h i c h  had b een  c o m p l e t e l y  a v a s c u l a r ,  was i n v a d e d  

by  v e s s e l s  f r o m  t h e  s u r r o u n d i n g  g e n e r a l  mesenchyme so t h a t  

t h e  p e r i p h e r a l  a r e a s  o f  t h e  i n t e r z o n e  wer e  c o n v e r t e d  f r o m  a 

d e n s e  c e l l u l a r  t i s s u e  t o  a l o o s e r  v a s c u l a r  s t r u c t u r e  c a l l e d  

" s y n o v i a l  m e s e n c h y m e " .

A n d e r s o n  and B r o - R a s m u s s e n  ( 1 9 6 1 )  r e a c h e d  s i m i l a r  

c o n c l u s i o n s  i n  t h e i r  s t u d y  o f  t h e  hand and f o o t  o f  human 

f e t u s e s ,  b u t  t h e y  c o n s i d e r e d  t h e  s y n o v i a l  mesenchyme as 

a p a r t  f r o m  t h e  s u r r o u n d i n g  g e n e r a l  me s e n c h y me ,  p r o j e c t i n g  

w e d g e - s h a p e d  i n t o  t h e  p e r i p h e r a l  p a r t s  o f  t h e  j o i n t .  The 

j o i n t  c a v i t y  f i r s t  a p p e a r e d  i n  t h e  c e n t r a l  a r e a  o f  t h e  

j o i n t ,  t h e n  s p r e a d  p e r i p h e r a l l y ,  wh e r e  t h e  s y n o v i a l  

mesenchyme p r o j e c t e d  i n t o  t h e  j o i n t .

Sc h n e c k  ( 1 9 6 5 )  s t u d i e d  t h e  k n e e  and a n k l e  j o i n t s  o f
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t h e  r a b b i t  and r e p o r t e d  t h a t ,  i n  t h e i r  d e v e l o p m e n t ,  t h e

j o i n t s  we n t  t h r o u g h  t h e  t y p i c a l  m e s e n c h y m a l ,  p r e -

c a r t i l a g i n o u s  and c a r t i l a g i n o u s  b l a s t e m a l  s t a g e s ,  w i t h  t h e  

f o r m a t i o n  o f  a c h a r a c t e r i s t i c  i n t e r z o n e  a t  t h e  s i t e  o f  t h e

d e v e l o p i n g  j o i n t .  A c a p s u l a r  c o n d e n s a t i o n  was o b s e r v e d  

p r i o r  t o  t h e  d e v e l o p m e n t  o f  t h e  t h r e e  t y p i c a l  l a y e r s  o f  t h e  

i n t e r z o n e .

O ' R a h i l l y  and G a r d n e r  ( 1 9 7 8 )  i n  t h e i r  r e v i e w  o f  t h e

e m b r y o l o g y  o f  m o v a b l e  j o i n t s ,  r e p o r t e d  t h a t  a n umbe r  o f  

s y n o v i a l  j o i n t s  d i f f e r e d  f r o m  t h e  g e n e r a l  p r o c e s s  i n  t h e i r  

d e v e l o p m e n t .  Some,  e s p e c i a l l y  some o f  t h e  s m a l l  j o i n t s ,  

s howed  c o n s i d e r a b l e  d e l a y  b e t w e e n  d i f f e r e n t i a t i o n  and 

c a v i t a t i o n .  Some o f  t h e s e ,  su c h  as t h e  a c r o m i o - c  l a v i c u l a r ,  

m i g h t  n e v e r  d i s p l a y  t h e  u s u a l  h o mog e ne o us  and t  h r  ee-* I ay e r  ed 

i n t e r z o n e s .  O t h e r s  suc h  as t h e  s t e r n o c h o n d r a l  j o i n t s ,  

s howed  c a r t i l a g i n o u s  c o n t i n u i t y  a c r o s s  t h e  i n t e r z o n e  i n  

e a r l y  s t a g e s ,  and m i g h t  o r  m i g h t  n o t  s u b s e q u e n t l y  d e v e l o p  

c a v i t i e s .  Some j o i n t s ,  s u c h  as t h e  t e m p o r o - m a n d i b u l a r ,  

d e v e l o p e d  wh e r e  a c o n t i n u o u s  b l a s t e m a  n e v e r  e x i s t e d .

M i t r o v i c  ( 1 9 7 8 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  

d i a r t h r o d i a l  j o i n t s  i n  t h e  r a t ,  and d e s c r i b e d  t h e  e v e n t s  i n  

t h e  d e v e l o p m e n t  o f  t h e  i n t e r z o n e .  He f o u n d  an e a r l y  wave 

o f  c e l l  n e c r o s i s  o c c u r r i n g  i m m e d i a t e l y  a f t e r  

d i f f e r e n t i a t i o n  o f  t h e  i n t e r z o n e ,  and t h o u g h t  t h a t  t h i s  

c e l l  d e a t h  m i g h t  s e r v e  one ( o r  b o t h )  o f  t wo  p u r p o s e s :  i )

t o  p r e v e n t  c h o n d r i f i c a t i o n  o f  t h e  i n t e r z o n e  by  g e t t i n g  r i d  

o f  c e l l s  w i t h  c h o n d r o b l a s t i c  p o t e n t i a l i t i e s ;  and i i )  t o
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p r o v i d e  f o r  L o o s e n i n g  o f  t h e  i n t e r z o n e  and f o r  t h e

d i f f e r e n t i a t i o n  o f  a t h r e e - l a y e r e d  i n t e r z o n e .  He a l s o

c l a i m e d  t h a t  t h e  Ms y n o v i a l  me s e n c h y me "  f o r m e d  f r o m  t h e

g e n e r a l  mesenchyme by  an i n v a s i o n  o f  b l o o d  v e s s e l s  i n t o  t h e  

m e s e n c h y m a l  t i s s u e  a t  t h e  p e r i p h e r a l  p a r t s  o f  t h e  j o i n t ;  

t h i s  i n v a s i o n  d i d  n o t  e x t e n d  i n t o  t h e  i n t e r z o n e  b e t w e e n  

t h e  c a r t i l a g e s  a t  any  s t a g e  o f  d e v e l o p m e n t .

B.  AVI AN SYNOVIAL JOI NTS

H e p b u r n  ( 1 8 8 9 )  i n  h i s  s t u d y  o f  t h e  d e v e l o p m e n t  o f  

d i a r t h r o d i a l  j o i n t s  i n  b i r d s  and mamma l s ,  n o t e d  t h e  c l o s e  

s i m i l a r i t y  i n  t h e  m o r p h o g e n e s i s  o f  t h e  e a r l y  k n e e  j o i n t  i n  

ma mma l i a n  and a v i a n  e m b r y o s .

F e l l  and C a n t i  ( 1 9 3 4 )  i n  t h e i r  c l a s s i c  s t u d y  o f  t h e  

d e v e l o p m e n t  i^n v i t r o  o f  t h e  a v i a n  k n ee  j o i n t ,  d e s c r i b e d  i t s  

n o r m a l  e a r l y  h i s t o l o g i c a l  d e v e l o p m e n t .  C a r t i l a g e  m a t r i x  

was f i r s t  seen  i n  a l i m b  bud  a b o u t  2 . 8  mm i n  l e n g t h ;  t h e  

r u d i m e n t s  o f  t h e  t i b i a  and f i b u l a  we r e  s t i l l  d i r e c t l y  

c o n t i n u o u s  w i t h  t h a t  o f  t h e  f e m u r ,  w h i l s t  t h e  k n e e - j o i n t  

r e g i o n  s t i l l  c o n s i s t e d  o f  a d e n s e  mass o f  u n d i f f e r e n t i a t e d  

m e s o d e r m .  V e r y  s h o r t l y  a f t e r  t h i s  s t a g e ,  i n  a 3 mm l i m b  

b u d ,  t h e  f i r s t  s i g n  o f  t h e  f u t u r e  k n e e - j o i n t  a p p e a r e d .  The 

a r t i c u l a r  b o u n d a r y  o f  eac h  b one  r u d i m e n t  became f a i n t l y  

i n d i c a t e d  i n  t h e  k n e e - j o i n t  r e g i o n  by  t h e  f l a t t e n i n g  o f  t h e  

t e r m i n a l  mesoder m c e l l s  and t h e i r  o r i e n t a t i o n  a l o n g  c u r v e s  

w h i c h  we r e  r o u g h l y  p a r a l l e l  w i t h  t h e  f u t u r e  a r t i c u l a r  

s u r f a c e s .  T h e r e  was s t i l l ,  h o w e v e r ,  d i r e c t  c o n t i n u i t y  

b e t w e e n  t h e  d e n s e l y  c e l l u l a r  ends  o f  t h e  t h r e e  r u d i m e n t s .
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I n  a 4 . 3  mm Li mb b u d ,  t h e y  f o u n d  t h a t  c a r t i l a g e  m a t r i x  o f  a 

v e r y  y o u n g  and i m m a t u r e  t y p e  e x t e n d e d  r i g h t  a c r o s s  t h e  L i n e  

o f  t h e  j o i n t ,  so t h a t  t h e  a r t i c u l a r  s u r f a c e  o f  t h e  f e m u r  

was s t i l l  u n i t e d  t o  t h e  a r t i c u l a r  s u r f a c e  o f  t h e  t i b i a  and 

f i b u l a .  I n  a 6 - d a y  l i m b  b u d ,  t h e y  f o u n d  t h a t  t h e  c a r t i l a g e  

was w e l l  d e v e l o p e d  t h r o u g h o u t  t h e  e p i p h y s e a l  r e g i o n ,  e x c e p t  

i n  t h e  i n t e r z o n e  me s e n c h y me ,  w h e r e  c h o n d r i f i c a t i o n  was 

s t i l l  a t  an e a r l y  s t a g e .  T h i s  d e n s e  c h o n d r i f y i n g  i n t e r z o n e  

showed  s i g n s  o f  t r a n s v e r s e  d i v i s i o n  and became 

d i f f e r e n t i a t e d  i n t o  a t h i c k  l a y e r  o f  h i g h l y  c e l l u l a r  e a r l y  

c a r t i l a g e  c o v e r i n g  t h e  a r t i c u l a r  s u r f a c e s .  The n a r r o w  

s p a c e  b e t w e e n  t h e  a r t i c u l a r  s u r f a c e s  was o c c u p i e d  by  r a t h e r  

l o o s e  t i s s u e ,  w h i c h  l a t e r  on d i s a p p e a r e d .

O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 )  i n  t h e i r  c o m p r e h e n s i v e  

s t u d y  o f  t h e  d e v e l o p m e n t  o f  t h e  k n e e - j o i n t  o f  t h e  c h i c k  and 

i t s  c o r r e l a t i o n  w i t h  t h e  s t a g i n g  o f  e m b r y o n i c  d e v e l o p m e n t ,  

a l s o  d e s c r i b e d  t h e  mode o f  f o r m a t i o n  o f  t h e  i n t e r z o n e .  By 

s t a g e  26 t h e  e a r l y  c a r t i l a g i n o u s  b l a s t e m a  was s e g me n t e d  

i n t o  t h r e e  p o r t i o n s ,  t h e r e b y  i n d i c a t i n g  t h e  s i t e  o f  t h e  

f u t u r e  k n ee  j o i n t  as an i n t e r z o n e  o r  i n t e r c a r t i l a g i n o u s  

b l a s t e m a l  d i s c .  The i n t e r z o n e  was a d e n s e  c e l l u l a r  r e g i o n  

w h i c h ,  on i t s  f i r s t  a p p e a r a n c e ,  was u n i f o r m  o r  homogeneous  

i n  s t r u c t u r e .  At  s t a g e  2 7 ,  b e g i n n i n g  c h o n d r i f i c a t i o n  i n  

t h e  f u t u r e  b o n e  e l e m e n t s  a c c e n t u a t e d  t h e  homogeneous  

f e m o r o - t i b i a  I and f e m o r o - f i b u I  a r  i n t e r z o n e s  o f  t h e  k n e e ,  

and i n  some i n s t a n c e s  t h e  p r i m o r d i a  o f  t h e  f u t u r e  bones  

seemed t o  be c o n t i n u o u s ,  o w i n g  t o  an a p p e a r a n c e  o f
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c h o n d r i f i c a t i o n  e x t e n d i n g  p a r t l y  a c r o s s  t h e  i n t e r z o n e s .  I t  

i s  i m p o r t a n t  t o  n o t e  t h a t  t h e y  f o u n d  t h a t  a t y p i c a l  t h r e e -  

l a y e r e d  i n t e r z o n e  was q u i t e  d i f f i c u l t  t o  r e c o g n i z e  i n  t h e  

k n e e  o f  t h e  c h i c k  e m b r y o .  G a r d n e r  and O ' R a h i l l y  ( 1 9 6 2 )  i n  

t h e i r  s t u d y  o f  t h e  d e v e l o p m e n t  o f  t h e  c h i c k  e l b o w  j o i n t ,

f o u n d  t h a t ,  a t  s t a g e  2 9 ,  a t h r e e - l a y e r e d  i n t e r z o n e  was

e s t a b l i s h e d ,  and t h e  c e n t r a l  p o r t i o n s  o f  t h e  h u m e r o - r a d i a l  

and h u m e r o - u l n a r  p a r t  o f  t h e  i n t e r z o n e  wer e  l o o s e r  i n  

t e x t u r e ,  and p r e s e n t e d  b l o o d  v e s s e l s  i n  t h e i r  p e r i p h e r a l  

p a r t s .  At  s t a g e  3 7 ,  c o n d e n s a t i o n s  f o r  t h e  c a p s u l e ,  and 

f o r  t h e  m e d i a l  and l a t e r a l  l i g a m e n t s  we r e  n o t e d ,  and l o o s e ,  

v a s c u l a r  t i s s u e  was o b s e r v e d  deep  t o  t h e s e  c o n d e n s a t i o n s .  

T h i s  was b e l i e v e d  t o  be e a r l y  s y n o v i a l  t i s s u e .

H e n r i k s o n  and Cohen ( 1 9 6 5 )  s t u d i e d  t h e  c h i c k

i n t e r p h a l a n g e a l  j o i n t ,  and t h e y  f o u n d  t h a t  o c c a s i o n a l l y  t h e  

i n t e r z o n e  showed a t h r e e - l a y e r e d  s t r u c t u r e ,  t wo  c o mp a c t  

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

a d j a c e n t  c a r t i l a g e  e l e m e n t s ,  and an i n t e r m e d i a t e  l a y e r  

l y i n g  b e t w e e n  t h e m .  Th ey  a l s o  f o u n d  t h a t  a band  o f

m e t a c h r o m a t i c  s u b s t a n c e  was o c c a s i o n a l l y  p r e s e n t  i n  t h e  

j o i n t  i n t e r z o n e .  T h i s  a r e a  was shown by t h e  e l e c t r o n  

m i c r o s c o p e  t o  be s t r u c t u r a l l y  d i s t i n c t  f r o m  t h e

m e t a c h r o m a t i c  p h a l a n g e a l  c a r t i l a g e .  They  t h o u g h t  i t  l i k e l y  

t h a t  t h i s  m e t a c h r o m a s i a  was a d i s t i n c t  e n t i t y ,  and n o t  an 

e x t e n s i o n  o f  t h e  a r t i c u l a r  s u r f a c e .  They  c l a i m e d  t h a t  t h e  

d i f f e r e n t i a t i n g  j o i n t  i n t e r z o n e  i n c l u d e d  b l o o d  v e s s e l s  

w h i c h  e x t e n d e d  f r o m  t h e  s y n o v i a l  me s e nc h y me ,  w h i c h  was

p r e s e n t  i n  t h e  p e r i p h e r a l  p a r t s  o f  t h e  j o i n t .
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M i t r o v i c  ( 1 9 7 7 )  s t u d i e d  t h e  c h i c k  m e t a - t a r s o p h a  I a n g e a I  

j o i n t .  The e v e n t s  a r e  s i m i l a r  t o  t h o s e  w h i c h  he d e s c r i b e d  

i n  t h e  r a t  e mb r y o  ( 1 9 7 8 )  ( s e e  p .  1 2 ) .

S e v e r a l  a u t h o r s  h av e  c o n s i d e r e d  t h e  p r e s e n c e  o f  

v e s s e l s  w i t h i n  t h e  i n t e r z o n e  d u r i n g  d e v e l o p m e n t .  

H e n r i k s o n  and Cohen ( 1 9 6 5 )  i n  t h e  c h i c k  i n t e r p h a l a n g e a l  

j o i n t ,  f o u n d  b l o o d  v e s s e l s  w i t h i n  t h e  d i f f e r e n t i a t i n g  j o i n t  

i n t e r z o n e .  Th e y  s u g g e s t e d  t h a t ,  even  i f  v e s s e l s  do n o t  

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

p r e s e n c e  may be n e c e s s a r y ,  i n  some as y e t  u n d e f i n e d  

f a s h i o n  f o r  t h e  i n i t i a t i o n  and s u s t e n a n c e  o f  t h e  a r t i c u l a r  

s p a c e .  M i t r o v i c  ( 1 9 7 7 )  who a l s o  s t u d i e d  t h e  c h i c k  

i n t e r p h a l a n g e a l  j o i n t ,  f r e q u e n t l y  f o u n d  some b l o o d  v e s s e l s  

and f r e e  e r y t h r o c y t e s  i n  t h e  a x i a l  p a r t  o f  t h e  j o i n t .  

T h e s e  f i n d i n g s  i n  t h e  c h i c k  c o n t r a s t  w i t h  t h o s e  o f  s e v e r a l  

s t u d i e s  on ma mma l i a n  j o i n t s  e . g .  i n  t h e  r a t ,  M i t r o v i c  

( 1 9 7 8 )  r e p o r t e d  t h a t  b l o o d  v e s s e l s  we r e  c o n f i n e d  

e x c l u s i v e l y  t o . t h e  p e r i p h e r y  o f  t h e  j o i n t ,  i n  t h e  s y n o v i a l  

me s e n c h y me ,  a f i n d i n g  i n  a g r e e m e n t  w i t h  t h o s e  o f  H a i n e s  

( 1 9 4 7 ) ,  G a r d n e r  ( 1 9 5 0 ) ,  O' Rah  i l l y  ( 1 9 5 7 )  and A n d e r s o n  and 

B r o - R a s m u s s e n  ( 1 9 6 1 )  among o t h e r s .
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11 - I HE FATE OF THE INTERZONE

A . FORMATION OF THE I NTRAz ARTICULAR STRUCTURES 

Ca) Mamma I i  an s y n o v i a l  j .o i  n t

Two q u e s t i o n s  h av e  been  f r e q u e n t l y  r a i s e d :  do i n t r a -

a r t i c u l a r  s t r u c t u r e s  a r i s e  f r o m  t h e  i n t e r z o n e  o r  f r o m  t h e  

"  s y n o v i a l  me s e n c h y me "  and d oe s  t h e  s y n o v i a l  mesenchyme 

f o r m  f r o m  t h e  i n t e r z o n e  o r  i s  i t  r e a l l y  a s e p a r a t e  e n t i t y ?

Some w o r k e r s  h av e  c l a i m e d  t h a t  t h e  " s y n o v i a l

me s e n c h y me "  i s  f o r m e d  by  t h e  i n v a s i o n  o f  b l o o d  v e s s e l s  i n t o  

t h e  p e r i p h e r a l  p a r t s  o f  t h e  i n t e r z o n e ,  w h i c h  a r e  t h e r e b y  

c o n v e r t e d  i n t o  a v a s c u l a r  and l o o s e r  t i s s u e :  ( e . g .  A n d e r s o n  

1 9 6 1 ,  1 9 6 2 ,  1963 and 1 9 6 4 ) .  O t h e r s  h av e  c l a i m e d  t h a t  t h e

s y n o v i a l  mesenchyme i s  f o r m e d  f r o m  t h e  g e n e r a l  mesenchyme 

a t  t h e  p e r i p h e r a l  p a r t s  o f  t h e  j o i n t  e . g .  H a i n e s  ( 1 9 4 7 ) ,  

G r a y  and G a r d n e r  ( 1 9 5 0 ) ,  G a r d n e r  & Gr ay  ( 1 9 5 3 ) ,  O ' R a h i l l y  

( 1 9 5 7 ) ,  Sc h e n c k  ( 1 9 6 5 ) ,  G a r d n e r  & O ' R a h i l l y  ( 1 9 6 8 )  and 

M i t r o v i c  ( 1 9 7 8 ) .

Some a u t h o r s  h av e  c l a i m e d  t h a t  i n t r a - a r t i c u l a r

s t r u c t u r e s  a r o s e  f r o m  t h e  i n t e r z o n e  e . g .  B a r d e e n  ( 1 9 0 5 ) ,

Mc Der mo t  ( 1 9 4 3 ) ,  A n d e r s e n  ( 1 9 6 1 ) ,  Sc h e n c k  ( 1 9 6 5 )  and 

M i t r o v i c  ( 1 9 7  8 ) .  O t h e r s  f o u n d  t h a t  t h e  i n t r a - a r t i c u l a r  

s t r u c t u r e s  a r o s e  f r o m  t h e  s y n o v i a l  mesenchyme e . g .  H a i n e s

( 1 9 4 7 ) ,  G a r d n e r  8 Gr a y  ( 1 9 5 0 ) .

B a r d e e n  ( 1 9 0 5 )  s t u d i e d  human s k e l e t o n s ,  and f o u n d  

t h a t ,  i n  20 mm e m b r y o s ,  t h e  c r u c i a t e  l i g a m e n t s  and t h e  

m e n i s c i  we r e  d i f f e r e n t i a t e d  d i r e c t l y  f r o m  t h e  b l a s t e m a .  

The p e r i p h e r a l  b l a s t e m a l  t i s s u e  o f  t h e  j o i n t s  became
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t r a n s f o r m e d  i n t o  a c a p s u l a r  l i g a m e n t ,  s t r e n g t h e n e d  i n  

f r o n t  by  t h e  t e n d o n  o f  t h e  q u a d r i c e p s .

K e i t h  ( 1 9 3 3 )  r e g a r d e d  t h e  m e n i s c i  as r e m n a n t s  o f  t h e  

i n t e r c h o n d r a l  d i s c s ,  p r o j e c t i n g  i n t o  t h e  gap  b e t w e e n  t h e  

a r t i c u l a r  s u r f a c e s .  A c c o r d i n g  t o  t h i s  a u t h o r ,  t h e  b a c k w a r d  

e x t e n s i o n  o f  t h e  f e m o r a l  c o n d y l e s  t o w a r d  t h e  p o p l i t e a l  

s p a c e  i s o l a t e d  a p o s t e r i o r  p a r t  o f  t h e  c a p s u l e ,  w h i c h  came 

t o  l i e  w i t h i n  t h e  j o i n t  and f o r m e d  t h e  c r u c i a t e  l i g a m e n t s .

M c D e r m o t t  ( 1 9 4 3 )  c o n c l u d e d  t h a t  t h e  m e n i s c i  and t h e  

i n t r a - a r t i c u l a r  l i g a m e n t s ,  as w e l l  as t h e  c a p s u l e ,  wer e  

d i f f e r e n t i a t e d  d i r e c t l y  f r o m  t h e  b l a s t e m a  w h i c h  r e m a i n e d  

a f t e r  t h e  f o r m a t i o n  o f  t h e  j o i n t  s p a c e .

A n d e r s e n  ( 1 9 6 1 )  s t u d i e d  t h e  human k n e e ,  and f o u n d

t h a t  a t  23 mm, t h e  c r u c i a t e  l i g a m e n t s  and t h e  m e n i s c i  wer e  

d e v e l o p e d  i n  s i t u ,  as a c e l l u l a r  c o n d e n s a t i o n  i n  t h e  

i n t e r z o n e .  S c h e n c k  ( 1 9 6 5 )  s t u d i e d  t h e  r a b b i t  k n e e ,  and he 

a l s o  o b s e r v e d  t h a t  t h e  c r u c i a t e  l i g a m e n t s  and t h e  m e n i s c i  

d e v e l o p e d  i n  s i _t u f r o m  t h e  i n t e r z o n e .

M i t r o v i c  ( 1 9 7 8 )  s t u d i e d  r a t  e m b r y o s ,  and r e p o r t e d  t h a t  

t h e  p e r i - a r t i c u l a r  l i g a m e n t s ,  c a p s u l a r ,  and s y n o v i a l  t i s s u e  

d i f f e r e n t i a t e d  by  a d i s t i n c t  and u s u a l l y  r e t a r d e d

s e g r e g a t i o n  o f  t h e  c e l l s  o f  t h e  mesenchyme t h a t  s u r r o u n d e d  

t h e  i n t e r z o n e ,  b u t  t h a t  t h e  m e n i s c i  and i n t r a - a r t i c u l a r  

l i g a m e n t s  d i f f e r e n t i a t e d  f r o m  t h e  c e l l s  t h a t  c o n s t i t u t e d  

t h e  i n t e r z o n e .

On t h e  o t h e r  h a n d ,  H a i n e s  ( 1 9 4 7 )  t h o u g h t  t h a t  t h e

f i b r o u s  c a p s u l e s  w h i c h  d e v e l o p e d  as c o n d e n s a t i o n s  i n  t h e
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e x t r a b l a s t e m a t  t i s s u e  n e a r  t h e  j o i n t s ,  c u t  o f f  a p a r t  o f  

t h e  g e n e r a l  mes enc hy me  t o  f o r m  t h e  s y n o v i a l  me s e n c h y me ,  and 

t h a t  i t  was t h i s  w h i c h  g a v e  r i s e  t o  t h e  mor e  c e n t r a l  p a r t s  

o f  t h e  s y n o v i a l  c a v i t i e s ,  t h e  s y n o v i a l  and s u b - s y n o v i a l  

t i s s u e s  and a l l  i n t r a c a p s u l a r  s t r u c t u r e s  i n c l u d i n g  

l i g a m e n t s ,  t e n d o n s ,  and f i b r o - c a r t i l a g e s .  Gr a y  and G a r d n e r  

( 1 9 5 0 )  s t u d i e d  t h e  human k n e e ,  and c l a i m e d  t h a t  a t  7 i  

w e e k s ,  b e f o r e  a f i b r o u s  c a p s u l e  i s  f o r m e d ,  and due  t o  

i n c r e a s e  i n  j o i n t  s i z e ,  a d j a c e n t  mesenchyme became i n t r a -  

a r t i c u l a r  i n  p o s i t i o n .  At  8 weeks  o f  d e v e l o p m e n t ,  t h e  

m e n i s c i  and c r u c i a t e  l i g a m e n t s  a r o s e  f r o m  t h e  

c h a r a c t e r i s t i c a l l y  v a s c u l a r  s y n o v i a l  me s e n c h y me .

b . A v i a n  s y n o v i a l  i o ^ n t s

O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 )  s t u d i e d  t h e  c h i c k  k n e e ,  

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

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

became i n c o r p o r a t e d  i n  t h e  j o i n t  f r o m  t h e  v a s c u l a r  

e x t r a b l a s t e m a l  t i s s u e .  Th ey  a l s o  s a i d  t h a t  t h e  l a c k  o f  a 

c l e a r l y  d e f i n e d  c a p s u l e  i n  t h e  d e v e l o p m e n t  o f  t h e  knee  

j o i n t  o f  t h e  c h i c k  l e n d s  s u p p o r t  t o  t h e  c o n t e n t i o n  t h a t  

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

s y n o v i a l  mesenchyme w i t h i n  t h e  j o i n t .

B . CAVITY FORMATION

The q u e s t i o n  has been f r e q u e n t l y  r a i s e d ,  d oe s  t h e  

f o r m a t i o n  o f  t h e  j o i n t  c a v i t y  d e p e n d  on e i t h e r  e x t r i n s i c  

f a c t o r s ,  s u c h  as m u s c u l a r  mo v e me n t ,  o r  i n t r i n s i c  f a c t o r s .
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s u c h  as c e l l  d e a t h  o r  " L i q u e f a c t i o n 1 i n  t h e  i n t e r z o n e /  o r  

a r e  b o t h  f a c t o r s  r e q u i r e d  i f  t h e  j o i n t  c a v i t y  i s  t o  a p p e a r  

and t o  p e r s i s t ?  A l s o  d o e s  c a v i t a t i o n  s t a r t  c e n t r a l l y  o r  

p e r i p h e r a l l y ?  Many a u t h o r s  hav e  s u g g e s t e d  t h a t  m e c h a n i c a l  

f a c t o r s  a r e  i m p o r t a n t  i n  j o i n t  d e v e l o p m e n t  b a s i n g  t h e i r  

s t u d i e s  on e x p e r i m e n t a l  a n a l y s i s ,  w h i l e  o t h e r s  b a s i n g  t h e i r  

s t u d i e s  on n o r m a l  h i s t o l o g i c a l  m a t e r i a l ,  h av e  a t t a c h e d  

g r e a t e r  i m p o r t a n c e  t o  i n t r i n s i c ,  g e n e t i c ,  f a c t o r s .

1 ■ f a c i o r s  LEADI NG TO CAVITY FORMATION AS SEEN I N NORMAL 

HI S I QL OGI CAL  M A T E R I A L : -  

A) CAVI TY FORMATION DUE TO CELL DEATH 

( a )  Mamma M a n  s y n o y j a j .  i o i n t s

O ' R a h i l l y  & G a r d n e r  ( 1 9 7  8 ) ,  i n  t h e i r  s t u d y  o f  t h e  

e m b r y o l o g y  o f  m o v a b l e  j o i n t s ,  q u o t e d  W a s s i l e v ' s  ( 1 9 7 2 )  

f i n d i n g  t h a t ,  i n  t h e  d e v e l o p m e n t  o f  t h e  k n ee  j o i n t  o f  t h e  

r a t ,  c a v i t a t i o n  p r o c e e d e d  w i t h  d e g e n e r a t i v e  c h a n g e s  o f  

m e s e n c h y m a l  c e l l s  i n  t h e  c e n t r a l  p a r t  o f  t h e  i n t e r z o n e ,  b u t  

g a v e  no d e t a i l  o f  t h e  me c h a n i s m o f  d e g e n e r a t i o n .

Raj  an and M e r k e r  ( 1 9 7 5 ) ,  i n  a b r i e f  a b s t r a c t ,  r e p o r t e d  

on j o i n t  f o r m a t i o n  o f  t h e  human e mb r y o  d i g i t s  i n  c u l t u r e .  

T h e y  f o u n d  t h a t  t h e r e  was e v i d e n c e  o f  m a t e r i a l  i n  t h e  

j o i n t  c a v i t y ,  w h i c h  was a c i d  m u c o p o l y s a c c h a r i d e  i n  n a t u r e ,  

w i t h  o c c a s i o n a l  c e l l s  s h o w i n g  p y k n o t i c  n u c l e i  l i n i n g  t h e  

c a v i t y .  Un d e r  t h e  e l e c t r o n  m i c r o s c o p e  t h e r e  was s i n g l e  

c e l l  n e c r o s i s  w i t h  e v i d e n c e  o f  l o s s  o f  g l y c o s a m i n o g  l y c a n s . 

Th e y  d i d  n o t  g i v e  any  d e t a i l  f o r  t h e  e v i d e n c e  i n  t h e i r  

f i n d i n g s .
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M i t r o v i c  ( 1 9 7 8 )  i n  h i s  s t u d y  o f  t h e  d e v e l o p m e n t  o f  t h e  

d i a r t h r o d i a l  j o i n t s  i n  t h e  r a t  e m b r y o ,  n o t e d  t w o  waves  o f  

c e l l  d e g e n e r a t i o n .  The f i r s t ,  w h i c h  o c c u r r e d  was a f t e r  

d i f f e r e n t i a t i o n  o f  t h e  j o i n t  t i s s u e  he t h o u g h t  m i g h t  s e r v e  

one  ( o r  b o t h )  o f  t wo  p u r p o s e s ,  i )  t o  p r e v e n t  

c h o n d r i f i c a t i o n  o f  t h e  i n t e r z o n e  by  r e m o v i n g  c e l l s  w i t h  

c h o n d r o b l a s t i c  p o t e n t i a l i t i e s ;  and i i )  t o  p r o v i d e  f o r  

l o o s e n i n g  o f  t h e  i n t e r z o n e  and t h e  d i f f e r e n t i a t i o n  o f  a 

t h r e e - l a y e r e d  i n t e r z o n e .  A s e c o n d  wave was n o t e d  

i m m e d i a t e l y  p r e c e d i n g  and a c c o m p a n y i n g  t h e  j o i n t

c a v i t a t i o n .  T h e s e  c e l l s  s howed  p y k n o t i c  n u c l e i ,  p o o r l y  

s t a i n e d  c y t o p l a s m ,  and " f u z z y "  l i m i t s .  He a l s o  r e p o r t e d  

t h a t  t h e  l a t e r  s t a g e s  o f  c e l l  d e a t h ,  suc h  as c e l l  

d i s i n t e g r a t i o n  and m a c r o p h a g o c y t o s i s ,  we r e  n o t  seen  d u r i n g  

t h e  s e c o n d  w a v e ,  and he s u g g e s t e d  t h a t  t h e s e  c e l l s  e i t h e r  

d i s a p p e a r e d  o r  c h a n g e d  t h e i r  s t a i n i n g  p a t t e r n  and 

c o n s t i t u t e d  a s u r f a c e  c e l l  l a y e r  o f  t h e  a r t i c u l a r

c a r t i l a g e .  He c l a i m e d  t h a t  t h e s e  dead  c e l l s  m i g h t  have

p l a y e d  some r o l e  i n  t h e  c a v i t a t i o n  p r o c e s s ,  and he 

c o n s i d e r e d  t hem as a t y p e  o f  p h y s i o l o g i c a l  c e l l  d e a t h  

c o m p a r a b l e  t o  t h a t  f o u n d  b y  o t h e r s  i n  t h e  i n t e r d i g i t a l  

a r e a s .

T e n C a t e ,  F r eeman  and D i c k i n s o n  ( 1 9 7 7 )  i n  t h e i r  s t u d y  

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

f o u n d  t h a t  c e l l  d e a t h  o c c u r r e d  i n  t h e  c e n t r a l  p a r t  o f  t h e  

s u t u r e  a s s o c i a t e d  w i t h  n e w l y  d i f f e r e n t i a t e d  o s t e o b l a s t s ,  

e n g a g e d  i n  p h a g o c y t o s i s  o f  t h e  c e l l u l a r  d e b r i s .  They
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c l a i m e d  t h a t  t h e s e  c e l l s  we r e  i m p l i c a t e d  i n  t h e  d e v e l o p m e n t  

o f  t h e  s u t u r e  and c o n s i d e r e d  i t  as p r o g r a mm e d  c e l l  d e a t h ,  

b u t  t h e y  d i d  n o t  g i v e  any  d e t a i l  o f  t h e  c y t o l o g i c a l  c h a n g e s  

i n  d y i n g  c e l l s .

b . A v i a n  s y n o v i a l  j . o i n t

O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 ) ,  i n  t h e i r  s t u d y  o f  t h e  

d e v e l o p m e n t  o f  c h i c k  k n e e  j o i n t ,  d i d  n o t  g i v e  any 

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

s t a r t e d  as a f e m o r o - m e n i s c a l  c a v i t y ,  a t  s t a g e  3 3 .  They  

f o u n d  p y k n o t i c  c e l l s  i n  t h e  j o i n t  r e g i o n  i n  o n l y  2 e mb r y o s  

o u t  o f  122 e mb r y o s  a t  s t a g e  3 4 ,  and d i d  n o t  comment  on 

t h e i r  n a t u r e  o r  s i g n i f i c a n c e .

M i t r o v i c  ( 1 9 7 7 ) ,  i n  h i s  s t u d y  o f  t h e  d e v e l o p m e n t  o f  

t h e  met  a t a r s o - p h a  l a n g e a  I j o i n t  o f  t h e  c h i c k  e m b r y o ,  f o u n d  

t w o  waves  o f  c e l l  d e g e n e r a t i o n :  an e a r l y  w a v e ,  w h i c h  was

n o t e d  a f t e r  d i f f e r e n t i a t i o n  o f  t h e  j o i n t  t i s s u e ,  he

t h o u g h t  m i g h t  p r o v i d e  f o r  l o o s e n i n g  o f  t h e  i n t e r z o n e  and 

t h e  d i f f e r e n t i a t i o n  o f  a t h r e e - l a y e r e d  i n t e r z o n e .  A s e c o n d  

wave w h i c h  was n o t e d  i m m e d i a t e l y  p r e c e d i n g  and a c c o m p a n y i n g  

t h e  j o i n t  c a v i t a t i o n ,  he t h o u g h t  m i g h t  be i m p l i c a t e d  i n  

some way i n  t h e  c a v i t a t i o n  p r o c e s s .  Th es e  c e l l s  u n d e r  t h e  

l i g h t  m i c r o s c o p e  showed  p y k n o s i s ,  b a s o p h i l i a  and 

v a c u o l i z a t i o n .  U n d e r  t h e  e l e c t r o n  m i c r o s c o p e ,  t h e s e  dead 

c e l l s  showed  s t r o n g  b a s o p h i l i a ,  e l e c t r o n  o p a c i t y  and

e n l a r g e d  e n d o p l a s m i c  r e t i c u l u m .  He s u g g e s t e d  t h a t  t h e s e  

d e a d  c e l l s  e i t h e r  r a p i d l y  d i s i n t e g r a t e d  and wer e

p h a g o c y t o s e d  by  t h e  s u r r o u n d i n g  c e l l s ,  o r  c e l l s  r e m a i n e d
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a f t e r  t h e  j o i n t  c a v i t y  was f u l l y  d i f f e r e n t i a t e d  as a 

d i s c o n t i n u o u s  c o v e r  f o r  t h e  a r t i c u l a r  s u r f a c e s .  A l s o  i n  

a d d i t i o n  t o  c e l l  d e g e n e r a t i o n ,  he f o u n d  t h e  p r e s e n c e  o f  an 

o r g a n i c  c o m p o n e n t ,  p r e s u m a b l y  m u c o p o l y s a c c h a r i d e ,  i n  t h e  

p r i m i t i v e  s y n o v i a l  f l u i d ,  w h i c h  was t h o u g h t  m i g h t  be 

i m p l i c a t e d  i n  c a v i t a t i o n  a t  t h e  s i t e s  o f  i t s  a c c u m u l a t i o n .

M i t r o v i c  ( 1 9 8 2 )  i n  a s u b s e q u e n t  s t u d y  o f  t h e  

d e v e l o p m e n t  o f  t h e  a r t i c u l a r  c a v i t y  i n  p a r a l y s e d  and 

c u l t u r e d  l i m b  b u d s  o f  c h i c k  e m b r y o ,  f o u n d  dead  c e l l s  i n  t h e  

j o i n t  r e g i o n  and t h o u g h t  t h a t  t h e s e  we r e  i n v o l v e d  i n  t h e  

c a v i t y  i n i t i a t i o n .

B . CAVITY FORMATION DUE TO " L I QUEFACTI ON^

( a )  M a mma I i_ an s y n o v | a l  i o i n t s

S e v e r a l  w o r k e r s  h av e  s u g g e s t e d  t h a t  11 l i q u e f a c t i o n "  o f  

c e l l s  was r e s p o n s i b l e  f o r  c a v i t y  f o r m a t i o n ,  ( e . g .  R e t t e r e r ,  

1 9 0 2 ;  K e i t h ,  1 9 3 3 ;  W a l m s l e y ,  1 9 4 0 ;  W h i l l i s ,  1 9 4 6 ;  M c D e r m o t ,  

1 9 4 3 ;  H a i n e s ,  1 9 4 7 ;  and S c h n e c k ,  1 9 6 5 ) .

R e t t e r e r  ( 1 9 0 2 )  ( c i t e d  i n  a r e v i e w  by  H a i n e s ,  1947)  

f o u n d  t h a t  t h e  i n t e r c e l l u l a r  n e t w o r k  was compos ed  o f

s c a t t e r e d  s t r a n d s  c o n t a i n i n g  i r r e g u l a r l y  d i s p o s e d  n u c l e i .  

Some o f  t h e  c e l l s  we r e  e v e n t u a l l y  d e s t r o y e d ,  b u t  most  

became a t t a c h e d  t o  one  o r  o t h e r  o f  t h e  w a l l s  o f  t h e  c a v i t y ,  

and p e r s i s t e d  as i t s  l i n i n g .  T h i s  v i e w  was s u p p o r t e d  by 

H a i n e s  ( 1 9 4 7 ) ,  who s t u d i e d  t h e  human s y n o v i a l  j o i n t s  and 

f o u n d  t h a t  t h e  s y n o v i a l  s u r f a c e  was r a g g e d ,  and t h a t

s t r a n d s  o f  t i s s u e  f l o a t e d  o u t  f r o m  t h e  s u r f a c e  i n t o  t h e

s y n o v i a l  c a v i t y .  Some o f  t h e  c e l l s  i n  t h e  i n t e r i o r  o f  t h e
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c a v i t y  a p p e a r e d  t o  be d y i n g ,  and t h e  s y n o v i a l  f l u i d  

c o n t a i n e d  c e l l u l a r  d e b r i s .  He a l s o  r e p o r t e d  t h a t  when t h e  

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

t h e  l i q u e f i e d  t i s s u e  o f  t h e  i n t e r z o n e  o r  s y n o v i a l  

mesenchyme came t o  f o r m  a t h i n  f i b r i l l a r  l a y e r  o v e r l y i n g  

t h e  c a r t i l a g e ,  c o n t a i n i n g  f l a t t e n e d  c e l l s  some o f  t hem 

p y k n o t i c  o r  r e d u c e d  t o  d e b r i s .  E v e n t u a l l y  t h e s e  f l a t t e n e d  

c e l l s  d i s a p p e a r e d .

K e i t h  ( 1 9 3 3 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  v a r i o u s  human 

s y n o v i a l  j o i n t s  and f o u n d  t h a t ,  d u r i n g  t h e  3 r d  m o n t h ,  t h e  

s k e l e t a l  b l a s t e m a  b e t w e e n  t h e  c h o n d r i f i e d  b a s e s  o f  t h e  

b o n e s ,  by  a p r o c e s s  o f  " v a c u o l a t i o n  w i t h i n  and b e t w e e n  t h e  

c e l l s " ,  o p e n e d  o u t  i n t o  a c a v i t y  and f o r m e d  t h e  j o i n t  

cavity.
W i l l i s  ( 1 9 4 0 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  human and r a t  

s y n o v i a l  j o i n t s  and f o u n d  t h a t  t h e  t wo  e l e m e n t s  i n  t h e  

j o i n t  we r e  u n i t e d  f o r  a t i m e  by  p r i m i t i v e  c a r t i l a g e .  The 

d i s s o l u t i o n  o f  c o n t i n u i t y  i n  t h e  l a t e r  s t a g e s  o f  j o i n t  

f o r m a t i o n  was a c c o m p l i s h e d  by  " l i q u e f a c t i o n "  o f  t h e  m a t r i x  

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

c a u s e  o f  l i q u e f a c t i o n  and i t s  n a t u r e  was n o t  e x p l a i n e d .  He 

s u g g e s t e d  t h a t  movement  a l o n e  d i d  n o t  c a u s e  b r e a k d o w n  o f  

t h e  bond  o f  u n i o n  b e t w e e n  t h e  t w o  c a r t i l a g e  e l e m e n t s ,  b u t  

t h a t  i t  m i g h t  p l a y  an a n c i l l a r y  p a r t  i n  t h e  p r o c e s s .

M c D e r m o t t  ( 1 9 4 3 )  f o u n d  i n  human e mb r y o s  t h a t ,  a t  t h e  

age o f  60 d a y s ,  t h e  i n t e r c h o n d r a  I d i s c  ( i n t e r z o n e )  had 

b e g u n  t o  show e a r l y  and s m a l l  d e g r e e s  o f  d e c r e a s e d  d e n s i t y
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and i r r e g u l a r  l o s s  o f  c e l l u l a r  s u b s t a n c e  a n t e r i o r l y  and 

p o s t e r i o r l y -  T h e s e  c h a n g e s  a p p e a r e d  t o  be i n  t h e  n a t u r e  o f  

a r a p i d  and c o m p l e t e  d i s s o l u t i o n  o f  t h e  c e l l s  i n  t h e  a r e a ,  

w i t h o u t  f i n d i n g  c e l l s  i n  d i f f e r e n t  s t a g e s  o f

d i s i n t e g r a t i o n .  T h i s  l o s s  o f  s u b s t a n c e  was t h e  f i r s t  s i g n  

o f  t h e  f o r m a t i o n  o f  t h e  c a v i t y  o f  t h e  j o i n t .

( b )  A v i a n  s y n o v i a l  i o i n t S

H e n r i k s o n  and Cohen ( 1 9 6 5 ) ,  i n  t h e i r  s t u d y  o f  t h e  

d e v e l o p i n g  c h i c k  i n t e r p h a l a n g e a l  j o i n t ,  f o u n d  t h a t  t h e  

j o i n t  c a v i t y  was f i r s t  s een  e i t h e r  b e t w e e n  o r  l a t e r a l  t o  

t h e  a r t i c u l a r  s u r f a c e s ,  and e m p h a s i s e d  t h a t  t h e r e  was no 

s i g n  o f  l i q u e f a c t i o n  o r  c e l l  d e g e n e r a t i o n  p r e c e d i n g  c a v i t y  

f o r m a t i o n .  Th e y  f o u n d  b l o o d  v e s s e l s  w i t h i n  t h e

d i f f e r e n t i a t e d  j o i n t  i n t e r z o n e  and t h e y  s u g g e s t e d  t h a t  

t h e i r  p r e s e n c e  may be n e c e s s a r y  f o r  t h e  i n i t i a t i o n  o f  

c a v i t y  f o r m a t i o n .

2 .  FACTORS LEADING TO CAVITY FORMATION AS SEEN I N 

EXPERIMENTAL STUDIES

S e v e r a l  w o r k e r s  have  s t u d i e d  t h e  e f f e c t  o f  e x t r i n s i c  

f a c t o r s ,  s u c h  as m u s c u l a r  m o v e m e n t ,  on t h e  d e v e l o p m e n t  o f  

t h e  s y n o v i a l  j o i n t s  u s i n g  one  ( o r  b o t h )  o f  t wo  

e x p e r i m e n t a l  m e t h o d s :

i )  c u l t u r i n g  t h e  e m b r y o n i c  l i m b  bud  i n  v i t r o ;  and i i )  by  

p a r a l y s i n g  t h e  e m b r y o .
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a - A v i a n  s y n o v i a l  i o i n t s

E x p e r i m e n t s  p e r f o r m e d  by  M u r r a y  and S e l b y  ( 1 9 3 0 ) ,  and 

t h o s e  s u b s e q u e n t l y  made by  F e l l  and C a n t i  ( 1 9 3 4 )  and by 

H a m b u r g e r  and Waugh ( 1 9 4 0 )  u s i n g  c h i c k  e mb r y o  l i m b  b u d s ,  

c u l t u r e d  i_n v i t r o ,  a l l  s howed  t h a t  t h e  j o i n t  mesenchyme 

( i n t e r z o n e )  u n d e r w e n t  n o r m a l  d e v e l o p m e n t  b u t  t h a t  

s e p a r a t i o n  o f  s k e l e t a l  a n l a g e n  d o e s  n o t  o c c u r .  I n  t h e

a b s e n c e  o f  mov eme n t  t h e  j o i n t  t i s s u e  u n d e r w e n t  

c h o n d r i f i c a t i o n ,  p r o g r e s s i v e l y  d i s a p p e a r i n g  t h r o u g h  f u s i o n  

w i t h  t h e  a d j a c e n t  c a r t i l a g i n o u s  s k e l e t a l  e l e m e n t s .

T h i s  r e s u l t  was s u p p o r t e d  by  B r a d l e y  ( 1 9 7 0 ) ,  who

c u l t u r e d  c h i c k  e mb r y o  l i m b  b ud s  on t h e  c h i c k

c h o r i o a l l a n t o i c  me mb r a n e s .  He f o u n d  t h a t ,

m o r p h o l o g i c a l l y ,  l i m b  d e v e l o p m e n t  was r e t a r d e d  by  a t  l e a s t  

1 d a y ,  a l t h o u g h  f e a t h e r  d e v e l o p m e n t  was n o r m a l  f o r  t h e

g r a f t  a g e .  He c o n c l u d e d  t h a t  t h e  s k e l e t o n  o f  t h e  c h i c k  

l i m b  may be r e g a r d e d  as c a p a b l e  o f  s e l f - d i f f e r e n t i a t i o n ,  

s i n c e  c h o n d r i f i c a t i o n  and t h e  f i r s t  p h a s e  o f  o s s i f i c a t i o n  

p r o c e e d e d  n o r m a l l y  i n  t h e  a b s e n c e  o f  i n n e r v a t i o n .  He a l s o  

f o u n d  t h a t  j o i n t  f o r m a t i o n  was s o m e t i m e s  a l m o s t  p e r f e c t  b u t  

t h e  p r e s e n c e  o f  f u s i o n s  i n  t h e  m a j o r i t y  o f  c a s e s  s u p p o r t e d  

t h e  s u g g e s t i o n  t h a t  p r o p e r  m a i n t e n a n c e  o f  t h e

d i f f e r e n t i a t i o n  o f  a j o i n t  d e p e n d e d  on i t s  u n d e r g o i n g  

m o v e m e n t .

L e l k e s  ( 1 9 5 8 )  c u l t i v a t e d  k n e e  j o i n t s  o f  6 - 7  d ay  o l d  

c h i c k  e m b r y o s ,  e i t h e r  i n  a w a t c h  g l a s s ,  o r  i n  f l a s k s  

c o n t a i n i n g  a m i x t u r e  o f  f o w l  b l o o d - p l a s m a  and f o w l
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e m b r y o n i c  e x t r a c t  as a me d i um.  I n  e ac h  c a s e  t h e  t wo  L i mbs  

o f  t h e  same e mb r y o  we r e  e x p l a n t e d  i n  t h e  same w a t c h g t a s s  o r  

f l a s k ,  and one  l i m b  was s u b j e c t e d  t o  p a s s i v e  m o v e m e n t ,  

w h i l e  t h e  o t h e r  s e r v e d  as c o n t r o l .  He c o n c l u d e d  t h a t ,  i n

t h e  c o n t r o l  e x p l a n t e d  l i m b s ,  wh e r e  no movement  was 

e x t e r n a l l y  a p p l i e d ,  c a r t i l a g i n o u s  f u s i o n  a c r o s s  t h e  j o i n t  

o f  t h e  s k e l e t a l  p a r t s  was g e n e r a l l y  f o u n d .  Movement  

p r e v e n t e d  t h i s  f u s i o n .  An a r t i c u l a r  c a v i t y  was s o m e t i m e s  

f o r m e d  i n  t h e  moved e x p l a n t s  b u t  n o t  i n  t h e  c o n t r o l s .  He 

c o n c l u d e d  t h a t  movement  e x e r t e d  a f o r m a t i v e  e f f e c t  on t h e  

s h a p e  and s t r u c t u r e  o f  t h e  a r t i c u l a r  s u r f a c e s ,  and on t h e  

h i s t o t y p i c a l  p r o l i f e r a t i o n  o f  c a r t i l a g e  t i s s u e .

T h i s  h y p o t h e s i s  was s u p p o r t e d  by  Dr achman  and S o k o l o f f  

( 1 9 6 6 ) ,  who p r o d u c e d  p a r a l y s i s  o f  e m b r y o n i c  movement  o f  t h e  

c h i c k  e mb r y o  t h r o u g h  a d m i n i s t r a t i o n  o f  d e c a m e t h o n i u m  

b r o m i d e ,  b o t u l i n u s  t o x i n ,  o r  by  s p i n a l  m e d u l l a  s e c t i o n .  

Th e y  o b s e r v e d  t h a t  an a r t i c u l a r  c a v i t y  d i d  n o t  f o r m  and 

t h a t  t h e  f o o t  s e s a m o i d s  we r e  a b s e n t .  T h e i r  r e s u l t s  

u n d e r l i n e d  t h e  i m p o r t a n c e  o f  s k e l e t a l  m u s c l e  c o n t r a c t i o n  i n  

b o t h  t h e  f o r m a t i o n  o f  a r t i c u l a r  c a v i t i e s  and i n  

d e t e r m i n a t i o n  o f  t h e  f o r m  o f  a r t i c u l a r  s u r f a c e s .  T h i s  v i e w  

was s u p p o r t e d  by  S u l l i v a n  ( 1 9 6 6 ) ,  M u r r a y  and Dr achman  

( 1 9 6 9 ) ,  Dr ac h ma n  e t  a l  ( 1 9 7 6 ) ,  R a u n o - G i l  e t  aj. ( 1 9 7 8 )  and 

mor e  r e c e n t l y  by  P e r s s o n  ( 1 9 8 3 )  who p r o d u c e d  p a r a l y s i s  o f  

t h e  e m b r y o n i c  movement  o f  t h e  c h i c k  e mb r y o  t h r o u g h  

a d m i n i s t r a t i o n  o f  d e c a m e t h o n i u m  i o d i d e .  He f o u n d  t h a t  a l l  

e m b r y o s  whose mo v e me n t s  we r e  p a r a l y s e d ,  showed r e g r e s s i o n  

o f  t h e  a r t i c u l a r  c a v i t y  and . i t s  r e p l a c e m e n t  by



m 6 s e n c h y in a t  o u s t i s s u e ;  t h i s  r e g r e s s i o n  a l s o  a f f e c t e d  a l l  

p a r a - a r t i c u I  a r  s t r u c t u r e s  s u c h  as t h e  c a p s u l e ,  l i g a m e n t s  

and m e n i s c i .  He c o n c l u d e d  t h a t  t h e  s k e l e t a l  m u s c l e  

c o n t r a c t i o n s  we r e  n e c e s s a r y  t o  m a i n t a i n  t h e  a r t i c u l a r  

c a v i t y  and p a r a - a r t i c u  l a r  f o r m a t i o n s .

H o w e v e r ,  o t h e r  w o r k e r s  r e p o r t e d  t h e  p r e s e n c e  o f  s m a l l  

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

s u g g e s t i n g  t h a t  some d e g r e e  o f  c a v i t a t i o n  had o c c u r r e d  even  

u n d e r  s u c h  c o n d i t i o n s  o f  p a r a l y s i s .

M u r r a y  and Dr ac hma n  ( 1 9 6 9 )  w h i l e  s t u d y i n g  t h e  

d e v e l o p m e n t  o f  head and n ec k  j o i n t s  i n  p a r a l y s e d  c h i c k  

e m b r y o s ,  f o u n d  t h a t ,  i n  a f e w  c a s e s ,  j o i n t  c a v i t i e s  

u n d e r w e n t  c o m p l e t e  d e v e l o p m e n t .  T h i s  was s u p p o r t e d  by  

M i t r o v i c  ( 1 9 8 2 )  who p r o d u c e d  p a r a l y s i s  o f  c h i c k  e mb r y o s  by 

a d m i n i s t r a t i o n  o f  d e c a m e t h o n i u m  b r o m i d e ,  and t h e n  c u l t u r e d  

t h e  l i m b  b ud s  on t h e  c h o r i o a l l a n t o i c  me mb r a ne .  I n

g e n e r a l ,  he f o u n d  t h a t  i n  e m b r y o s  p a r a l y s e d  p r i o r  t o  

d i f f e r e n t i a t i o n  o f  t h e  j o i n t  c a v i t y ,  t h e  f i r s t  s t a g e s  o f  

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

i n i t i a l  c a v i t i e s  d i d  n o t  p r o g r e s s  f u r t h e r ,  and we r e  r a p i d l y  

i n v a d e d  by  b l o o d  v e s s e l s  and l o o s e  c o n n e c t i v e  t i s s u e ,  and 

f i n a l l y  d i s a p p e a r e d .  F u s i o n s  a c r o s s  t h e  j o i n t  d e v e l o p e d  

a f t e r  a f e w  d a y s  by a p r o c e s s  o f  f i b r o s i s  and 

c h o n d r i f i c a t i o n .  He s u g g e s t e d  t h a t  i n t r i n s i c  f a c t o r s  wer e  

i m p o r t a n t  f o r  d i f f e r e n t i a t i o n  o f  t h e  e a r l y  s t a g e s  o f  j o i n t  

c a v i t a t i o n ,  and t h a t  movement  a p p e a r e d  t o  be t h e  n e c e s s a r y  

c o n d i t i o n  f o r  f u l l  d i f f e r e n t i a t i o n  and m a i n t e n a n c e  o f  t h e
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j o i n t  c a v i t y .

b .  Ma mma l i a n  s y n o v i a l  i o i n t

Y a s u d a s  C1973)  c u l t u r e d  human l i m b  buds  i n  n u t r i e n t  

a g a r  med i um f o r  f o u r  t o  e i g h t e e n  d a y s ,  and f o u n d  t h a t  t h e  

d i f f e r e n t i a t i o n  o f  mesenchyme i n t o  c a r t i l a g e s  o r  bone  

p r i m o r d i a  and o t h e r  s u p p o r t i n g  t i s s u e s  t o o k  p l a c e ,  i n  a 

s i m i l a r  ma n ne r  t o  t h a t  seen  i_n v i v o .  He n o t e d  some 

d e v e l o p m e n t a l  r e t a r d a t i o n ,  t o  a l e s s e r  d e g r e e  i n  t h e  l o w e r  

l i m b s  t h a n  i n  t h e  u p p e r  l i m b s .

Ra j  an and M e r k e r  ( 1 9 7 5 )  o b s e r v e d  t h e  d e v e l o p m e n t  o f

n o r m a l  c a v i t i e s  i n  c u l t u r e d  human e m b r y o n i c  d i g i t s .  A f t e r

10 d a y s  i n  c u l t u r e ,  t h e  j o i n t  c a v i t y  a p p e a r e d  and t h i s  was 

i n  t h e  a b s e n c e  o f  m o v e me n t .  Th e y  a l s o  f o u n d  t h a t  t h e  j o i n t  

c a v i t y  c o n t a i n e d  some a c i d  m u c o p o l y s a c c h a r i d e  m a t e r i a l ,  

w i t h  o c c a s i o n a l  c e l l s  h a v i n g  p y k n o t i c  n u c l e i ,  and t h o u g h t  

t h a t  t h i s  c e l l  d e a t h  m i g h t  be i m p l i c a t e d  i n  c a v i t y  

f o r m a t i o n .  They  c o n c l u d e d  t h a t ,  as t h e  o r g a n  c u l t u r e s  a r e  

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

f a c t o r s  we r e  n o t  e s s e n t i a l  t o  t h e  f o r m a t i o n  and

d i f f e r e n t i a t i o n  o f  t h e  j o i n t  c a v i t y .

3 .  WHERE DOES CAVI TATI ON BEGIN?

A.  Ma mma l i a n  s y n o v i a l  i o i n t s

S e v e r a l  w o r k e r s  f o u n d  t h a t  c a v i t a t i o n  was seen  f i r s t  

i n  t h e  p e r i p h e r a l  r e g i o n  o f  t h e  j o i n t  e . g .  H a i n e s  ( 1 9 4 7 ) ;  

G a r d n e r  and Gr a y  ( 1 9 5 0 ,  1 9 5 3 ) ;  G r a y  and G a r d n e r  ( 1 9 5 0 )  and

Sc h ne c k  ( 1 9 6 5 )  .
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H a i n e s  ( 1 9 4 7 ) ,  i n  v a r i o u s  human s y n o v i a l  j o i n t s ,  f o u n d  

t h a t ,  a t  29 mm, j u s t  b e f o r e  t h e  j o i n t  c a v i t i e s  a p p e a r e d ,  

t h e  t h r e e  l a y e r e d  i n t e r z o n e  became s h a r p l y  d i s t o r t e d .  I n  

t h e  i n t e r m e d i a t e  l a y e r  t h e  c e l l s  became f l a t t e n e d  and a t  

t h e  same t i m e  t h e  m a t r i x  o f  t h i s  t i s s u e  p r e p a r e d  f o r  

" l i q u e f a c t i o n " .  At  30 mm, t h e  t i s s u e  m a t r i x  o f  t h e  

p e r i p h e r a l  r e g i o n s  o f  t h e  i n t e r z o n e  b r o k e  down and s m a l l  

c a v i t i e s  we r e  f o r m e d .  I n  g e n e r a l ,  he c o n c l u d e d  t h a t  t h e  

c a v i t i e s  o f  t h e  l a r g e r  j o i n t s  a p p e a r e d  a t ,  o r  soon  a f t e r ,  

t h e  o n s e t  o f  p e r i o s t e a l  o s s i f i c a t i o n  i n  t h e  l o n g  b o n e s ,  and 

t h a t ,  i n  t h e  s m a l l e r  j o i n t s ,  t h e  c a v i t i e s  a p p e a r e d  i n  l a t e r  

s t a g e s  t h a n  t h e  l a r g e r  j o i n t s .

G r a y  and G a r d n e r  ( 1 9 5 0 )  who s t u d i e d  t h e  d e v e l o p m e n t  o f  

t h e  human k n e e  j o i n t ,  f o u n d  t h a t  i n  one  o f  t h r e e  f e t u s e s  o f  

8 w e e k s ,  a s m a l l  s p a c e  was p r e s e n t  b e t w e e n  t h e  m e d i a l  head 

o f  t h e  g a s t r o c n e m i u s  m u s c l e  and t h e  f e m u r ,  and a n o t h e r  i n  

t h e  i n f r a p a t e l l a r  r e g i o n .  At  9 w e e k s ,  d e f i n i t e  and

e x t e n s i v e  c a v i t i e s  we r e  p r e s e n t ,  m a i n l y  f e m o r o - p a t e l l a r  

and f e m o r o - m e n i s c a l  i n  l o c a t i o n .  Th ey  a l s o  r e p o r t e d  t h a t  

t h e  f i r s t  c a v i t i e s  we r e  i r r e g u l a r  i n  o u t l i n e ,  and t h a t  t h e y  

f r e q u e n t l y  c o n t a i n e d  s t r a n d s  o f  t i s s u e  and s c a t t e r e d  c e l l s .  

T h e y  c o n c l u d e d  t h a t  c a v i t a t i o n  s t a r t e d  i n  t h e  s y n o v i a l  

mes enc h y me  b e f o r e  i t  a p p e a r e d  i n  t h e  i n t e r z o n e .  Th ey  d i d  

n o t  e x p l a i n  how t h e  c a v i t y  was f o r m e d .

G a r d n e r  and Gr ay  ( 1 9 5 3 )  who s t u d i e d  t h e  d e v e l o p m e n t  o f  

t h e  human s h o u l d e r  and a c r o m i o c l a v i c u l a r  j o i n t s ,  f o u n d  

t h a t ,  i n  t h e  s h o u l d e r  j o i n t ,  c a v i t i e s  we r e  f i r s t  seen  a t  25 

mm, l o c a t e d  i n  b o t h  t h e  a n t e r i o r  and p o s t e r i o r  p a r t s  o f  t h e
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j o i n t .  Th ey  a l s o  r e p o r t e d  t h a t  c a v i t a t i o n  was p r e c e d e d  by 

t h e  L o o s e n i n g  o f  t h e  m i d d l e  L a y e r  o f  t h e  i n t e r z o n e  i n  i t s  

p e r i p h e r a l  p a r t .  I n  t h e  c a s e  o f  a c r o m i o c l a v i c u l a r  j o i n t ,  

t h e y  f o u n d  t h a t  a j o i n t  c a v i t y  f i r s t  a p p e a r e d  a t  49 mm, 

and i t  was u n i l a t e r a l  and l o c a t e d  much c l o s e r  t o  t h e  

a c r o m i o n  t h a n  t o  t h e  c l a v i c l e .  Th e y  a l s o  r e p o r t e d  t h a t  t h e  

a c r o m i o c l a v i c u l a r  j o i n t  d i f f e r e d  s i g n i f i c a n t l y  f r o m  t h e  

t y p i c a l  p a t t e r n  e x e m p l i f i e d  by  t h e  s h o u l d e r  j o i n t ,  i n  i t s  

r a t e  and ma n ne r  o f  d e v e l o p m e n t .  A t h r e e - l a y e r e d  i n t e r z o n e  

was n o t  s een  a t  any  s t a g e .

S c h n e c k  ( 1 9 6 5 )  who s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e  

r a b b i t  k n e e  j o i n t ,  a l s o  f o u n d  t h a t  c a v i t a t i o n  f i r s t  

a p p e a r e d  i n  t h e  p e r i p h e r a l  p a r t s  o f  t h e  k n ee  j o i n t ,  t h r o u g h  

a l o o s e n i n g  o f  t h e  t i s s u e ,  b o t h  a b o v e  and b e l o w  t h e  

m e n i s c i ,  w h i l e  t h e  c e n t r a l  p a r t s  o f  t h e  j o i n t ,  wh e r e  t h e  

f e m u r  and t i b i a  we r e  i n  t i g h t  c o n t a c t ,  showed no 

c a v i t a t i o n .

O t h e r  w o r k e r s  h o w e v e r ,  h a v e  f o u n d  t h a t  c a v i t a t i o n  

s t a r t e d  c e n t r a l l y  i n  t h e  i n t e r z o n e  ( e . g .  M c D e r m o t t  ( 1 9 4 3 ) ,  

A n d e r s e n  ( 1 9 6 1 ,  1 9 6 2 ,  1 9 6 3 ,  1 9 6 4 )  and A n d e r s e n  and B r o -

Ras mus s en  ( 1 9 6 1 ) ) .

A n d e r s e n  ( 1 9 6 1 )  f o u n d  t h a t  i n  t h e  human k n e e  j o i n t  a t  

34 mm, t h e  i n t e r m e d i a t e  l a y e r  o f  t h e  i n t e r z o n e  c o n s i s t e d  o f  

o n l y  one  l a y e r  o f  c e l l s  c e n t r a l l y ,  w h i l e  p e r i p h e r a l l y ,  

b e t w e e n  t h e  m e n i s c i  and t h e  f e m u r ,  as w e l l  as b e t w e e n  t h e  

m e n i s c i  and t h e  t i b i a ,  i t  c o n s i s t e d  o f  2 - 3  l a y e r s .  At  3 5 -  

41 mm, t h e  i n t e r m e d i a t e  l a y e r  o f  t h e  i n t e r z o n e  d i s a p p e a r e d

31



c e n t r a l l y  and a c a v i t y  was f i r s t  s een  i n  t h e  c e n t r a l  a r e a  

o f  t h e  j o i n t ,  and t h e n  s p r e a d  t o w a r d s  t h e  p e r i p h e r y .  

C a v i t y  f o r m a t i o n  was p r e c e d e d  by  t h e  f o r m a t i o n  o f  l a r g e  

q u a n t i t i e s  o f  c h o n d r o i t i n  s u l p h a t e  i n  t h e  t h r e e  l a y e r s  o f  

t h e  i n t e r z o n e  and i n  t h e  l o o s e  i n f r a p a t e l l a r  t i s s u e .  He 

f o u n d  no s i g n  o f  c e l l  d e g e n e r a t i o n  o r  o f  " l i q u e f a c t i o n ”  i n  

t h e  i n t e r z o n e .  I n  s u b s e q u e n t  s t u d i e s  o f  t h e  d e v e l o p m e n t  o f  

t h e  human e l b o w  j o i n t  ( 1 9 6 2 )  and s h o u l d e r  and 

a c r o m i o c l a v i c u l a r  j o i n t s  ( 1 9 6 3 )  he a g a i n  f o u n d  t h a t  

c a v i t a t i o n  b e g a n  i n  t h e  c e n t r a l  p a r t  o f  each  o f  t h e s e  

j o i n t s .  I n  t h e  c a s e  o f  t h e  e l b o w  j o i n t ,  a s m a l l  c a v i t y  was 

o b s e r v e d  c e n t r a l l y  i n  t h e  h u m e r o - r a d i a l  j o i n t  a t  28 mm, 

t h e r e a f t e r  e x t e n d i n g  t o  t h e  r a d i o - u l n a r  and h u m e r o - u l n a r  

j o i n t s .  I n  t h e  c a s e  o f  t h e  s h o u l d e r  j o i n t ,  a s m a l l  c e n t r a l  

c a v i t y  a p p e a r e d  a t  28 mm, and t h e  c a v i t y  s u b s e q u e n t l y  

e x t e n d e d  t o  t h e  p e r i p h e r a l  p a r t s  o f  t h e  j o i n t .  I n  t h e  

a c r o m i o c l a v i c u l a r  j o i n t ,  a s m a l l  c a v i t y  was f i r s t  seen

b e t w e e n  t h e  a r t i c u l a r  d i s c  and t h e  a c r o m i o n  a t  45 mm, w h i l e  

t h e  c a v i t y  b e t w e e n  t h e  d i s c  and t h e  c l a v i c l e  d i d  n o t  a p p e a r  

u n t i l  68  mm. He a l s o  r e p o r t e d  t h a t  i n  t h e  a c r o m i o ­

c l a v i c u l a r  j o i n t  a d i s t i n c t  t h r e e - l a y e r e d  i n t e r z o n e  c o u l d  

n o t  be s e e n ,  t h e  a r t i c u l a r  d i s c  b e i n g  f o r m e d  as a f i b r o u s ,  

v a s c u l a r  s t r a n d  e x t e n d i n g  t h r o u g h  t h e  j o i n t  and d i v i d i n g  i t  

i n t o  t w o  p a r t s .  I n  a l l  t h e  j o i n t s  w h i c h  he s t u d i e d ,  he 

f o u n d  t h a t  c a v i t y  f o r m a t i o n  was p r e c e d e d  by  t h e  

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

and t h a t  t h e r e  was no s i g n  o f  c e l l  d e g e n e r a t i o n  o r

l i q u e f a c t i o n  a p p e a r i n g  i n  t h e  j o i n t s .  The same c o n c l u s i o n
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was r e a c h e d  by A n d e r s o n  and B r o - R a s m u s s e n  ( 1 9 6 1 )  who 

s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e  hand  and f o o t  j o i n t s  i n  

human emb r y o s .

O t h e r s  s uc h  as M i t r o v i c  ( 1 9 7 8 )  r e p o r t e d  a c o m p r o m i s e  

v i e w -  I n  t h e  r a t  e m b r y o ,  he f o u n d  t h a t  t h e  f i r s t  c a v i t y  was 

s e en  as a s m a l l  and n a r r o w  c l e f t .  I n  s i n g l e  j o i n t s ,  such  

as t h e  s h o u l d e r  o r  i n t e r p h a l a n g e a l  j o i n t s ,  t h e  c a v i t i e s  

w e r e  f i r s t  seen  i n  t h e  p e r i p h e r y  o f  t h e  me s e n c h y me ,  w h i l e  

i n  t h e  mor e  c o m p l e x  j o i n t s  s u c h  as h i p ,  e l b o w ,  k n e e  and 

t a r s a l  j o i n t s ,  t h e y  we r e  seen  s i m u l t a n e o u s l y  i n  t h e  

p e r i p h e r y  and i n  t h e  c e n t r e  o f  t h e  j o i n t ,  as t w o  o r  even 

t h r e e  s e p a r a t e  c l e f t s -  He a l s o  f o u n d  t h a t ,  a t  any 

p a r t i c u l a r  s t a g e  o f  d e v e l o p m e n t ,  t h e  l a r g e r  j o i n t s  wer e  

mor e  a d v a n c e d  t h a n  t h e  s m a l l e r  o n e s .  He c l a i m e d  t h a t  

c a v i t y  f o r m a t i o n  was p r e c e d e d  by c e l l  d e g e n e r a t i o n  i n  t h e  

i n t e r z o n e s  and he t h o u g h t  t h a t  c e l l  d e a t h  m i g h t  be 

i m p l i c a t e d  i n  t h e  c a v i t y  f o r m a t  i o n .

B . Av i .an s y n o v i a l  j o i n t s

O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 )  who s t u d i e d  t h e  

d e v e l o p m e n t  o f  t h e  c h i c k  k n ee  j o i n t ,  f o u n d  t h e  f i r s t  c a v i t y  

i n  t h e  f e m o r o - m e n i s c a l  r e g i o n  a t  s t a g e  3 3 ,  b u t  g a v e  no 

e x p l a n a t i o n  o f  t h e  me c h a n i s m o f  f o r m a t i o n .

G a r d n e r  and O ' R a h i l l y  ( 1 9 6 2 )  f o u n d  t h a t  i n  t h e  c h i c k  

e l b o w  j o i n t  t h e  c a v i t y  was f i r s t  s een  i n  t h e  h u m e r o r a d i a l  

r e g i o n  a t  s t a g e  3 5 ,  b u t  a g a i n  o f f e r e d  no e x p l a n a t i o n  o f  

t h e  me c h a n i s m o f  c a v i t y  f o r m a t i o n .
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H e n r i k s o n  and Cohen ( 1 9 6 5 )  f o u n d ,  i n  t h e  c h i c k  

i n t e r p h a l a n g e a l  j o i n t ,  t h a t  t h e  f i r s t  c a v i t y  was s een  i n  

t h e  i n t e r z o n e  as a n a r r o w  c l e f t  e i t h e r  b e t w e e n  o r  l a t e r a l  

t o  t h e  p h a l a n g e s  a t  s t a g e s  3 7 - 4 1 .  T h i s  e a r l y  c l e f t  

c o n t a i n e d  s m a l l  a mo u n t s  o f  c o l l a g e n ,  t h i n  c y t o p l a s m i c  

p r o c e s s e s  w h i c h  e x t e n d e d  f r o m  t h e  l i n i n g  c e l l s  and f r e e  

c e l l s  w i t h o u t  any  c o n n e c t i o n  w i t h  t h e  w a l l s  o f  t h e  c a v i t y .  

Th e y  a l s o  f o u n d  b l o o d  v e s s e l s  i n  t h e  i n t e r m e d i a t e  l a y e r  o f  

t h e  i n t e r z o n e  and t h o u g h t  t h a t  t h e y  m i g h t  p l a y  a r o l e  i n  

c a v i t y  f o r m a t i o n .  L i k e  A n d e r s e n  ( 1 9 6 1 ,  1 9 6 2 ,  1 9 6 4 )  and

A n d e r s e n  and B r o - R a s m u s s e n  ( 1 9 6 1 ) ,  t h e y  f o u n d  no s i g n  o f  

c e l l  d e g e n e r a t i o n  o r  l i q u e f a c t i o n  p r e c e d i n g  c a v i t y  

f o r m a t i o n .
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I HE PHENOMENON OF CELL DEATH

I .  GENERAL

I t  i s  now w e l l  e s t a b l i s h e d  t h a t  c e l l s  may d i e  M b y 

a c c i d e n t  o r  by  d e s i g n " ,  ( W y l l i e  e t  a j . ,  1 9 8 0 ,  1 9 8 5 ) .  When t h e y  

d i e  " b y  a c c i d e n t "  e . g .  as a c o n s e q u e n c e  o f  e n v i r o n m e n t a l  

t r a u m a  o r  d i s e a s e ,  t h e  p r o c e s s  i s  c a l l e d  n e c r o s i s .  When a 

c e l l  d i e s  " b y  d e s i g n "  as t h e  r e s u l t  o f  e v e n t s  o c c u r r i n g  

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

p r o g r a m m e ,  t h e  p r o c e s s  i s  known v a r i o u s l y  as E h y s i o j . o g i c a l  o r  

p r o g r a m m e d  c e l l  d e a t h  o r  as a g o g t o s j s .

A l t h o u g h  t h e  d i s t i n c t i o n  b e t w e e n  n e c r o s i s  and a p o p t o s i s  

i s  a r e a l  o n e ,  and has p r o v e d  v a l u a b l e  i n  o u r  u n d e r s t a n d i n g  

o f  e v e n t s  b o t h  i n  n o r m a l  d e v e l o p m e n t  and i n  p a t h o l o g y ,  i t  i s  

n o t  an a b s o l u t e  d i s t i n c t i o n ,  b e c a u s e ,  f o r  e x a m p l e :

( 1 )  a l t h o u g h  t h e  i m m e d i a t e  c a u s e  o f  a p o p t o s i s  seems t o  be 

e n d o g e n o u s  ( i . e .  g e n e t i c a l l y  d e t e r m i n e d ) ,  i n  many s i t u a t i o n s ,  

d e s c r i b e d  l a t e r ,  an e x t e r n a l  s t i m u l u s  i s  i n v o l v e d .

( 2 )  b o t h  p r o c e s s e s  show some c h a n g e s  i n  common e . g .  t h e  

p h a g o c y t o s i s  o f  dead  o r  d y i n g  c e l l s ,  and t h e i r  d i g e s t i o n  by 

l y s o s o m a l  e n z y m e s .

A-  N e c r o s i s

W y l l i e  e t  a l  ( 1 9 8 0 ,  1 98 5 )  i n  t h e i r  c o m p r e h e n s i v e  r e v i e w

o f  c e l l  d e a t h ,  d e s c r i b e d  t h e  m o r p h o l o g y  and me c h a n i s m o f  c e l l  

n e c r o s i s .  The e a r l y  c h a n g e s  w h i c h  o c c u r  i n  c e l l  n e c r o s i s  

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

d i s p e r s a l  o f  r i b o s o m e s .  The s u b s e q u e n t  e v o l u t i o n  i s  

a c c o m p a n i e d  by  r u p t u r e  o f  n u c l e a r ,  o r g a n e l l e ,  and p l a s m a  

m e m b r a n e s ,  t h e  a p p e a r a n c e  o f  f l o c c u l e n t  and s o m e t i m e s  a l s o  

g r a n u l a r  m a t r i x  d e n s i t i e s  i n  m i t o c h o n d r i a ,  and t h e  

d i s s o l u t i o n  o f  r i b o s o m e s  and l y s o s o m e s ;  as t h e  n u c l e u s  

s w e l l s ,  t h e  masses  o f  c l u m p e d  c h r o m a t i n  may become s l i g h t l y  

d i s p e r s e d ,  b u t  t h e y  s oon  d i s a p p e a r  a l t o g e t h e r .  The c h r o m a t i n  

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

s w e l l i n g  o f  t h e  n u c l e u s  and r u p t u r e  o f  i t s  me mb r a n e ,  t h e  

m a r g i n a t e d  c h r o m a t i n  masses  may become e v i d e n t  as s m a l l  

d i s c r e t e  m a s s e s .  A l l  b a s o p h i l i a  i s  t h e n  l o s t ,  l e a v i n g  a 

f a i n t l y  s t a i n e d  n u c l e u s  ( k a r y o  l y s i s )  . The s w o l l e n  c y t o p l a s m  

a l s o  l o s e s  i t s  b a s o p h i l i a ,  and c e l l  b o u n d a r i e s  become 

i n d i s t i n c t .  T y p i c a l l y  a n umbe r  o f  c o n t i g u o u s  c e l l s  a r e  

a f f e c t e d ,  and e x u d a t i v e  i n f l a m m a t i o n  d e v e l o p s  i n  t h e  

a d j o i n i n g  v i a b l e  t i s s u e .  The r e m a i n d e r  i s  e v e n t u a l  I y 

p h a g o c y t o s e d  and d i g e s t e d  by  s p e c i a l i z e d  p h a g o c y t i c  c e l l s .

N e c r o t i c  c e l l s  h av e  l e a k y  membr anes  t h r o u g h  w h i c h  

i n t r a c e l l u l a r  c o n s t i t u e n t s  e s c a p e ,  and n o r m a l l y  e x c l u d e d  

e x t  r a c e  I l u  l a r  m o l e c u l e s  e n t e r .  At  an e a r l y  s t a g e  o f  d y i n g ,  

t h e r e  i s  p o t a s s i u m  l o s s  and s o d i u m  e n t r y ,  due t o  f a i l u r e  o f  

t h e  p l a s m a  membr ane A T P - d e p e n d e n t  s o d i u m - p o t a s s i u m  pump.  The 

c a l c i u m  e n t r y  i s  t h e  mor e s i g n i f i c a n t ,  as i t  i s  known t o  

i n h i b i t  t h e  membr ane s o d i u m - p o t a s s i u m  AT P a s e ,  and t h u s  

c a l c i u m  i n  a b n o r m a l l y  h i g h  c o n c e n t r a t i o n  m i g h t  a b r u p t l y  

a m p l i f y  t h e  i n t r a c e l l u l a r  s o d i u m  g a i n  and p o t a s s i u m  l o s s .  I t  

a p p e a r s  mor e  l i k e l y  h o w e v e r  t h a t  t h e  p r i m a r y  s i t e  o f  a c t i o n
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o f  t h e  i n c o m i n g  c a l c i u m  i s  on membr ane l i p i d s ,  a c t i v a t i n g  

p h o s p h o l i p a s e  and t h u s  i n i t i a t i n g  t h e  d i s s o l u t i o n  o f  

memb r a ne s  w h i c h  i s  o b s e r v e d  m o r p h o l o g i c a l l y .

T h e s e  c h a n g e s  can be p r o d u c e d  by  s e v e r a l  c o n d i t i o n s ,  

s u c h  as s e v e r e  h y p o x i a  and i s c h e m i a .  K e r r  ( 1 9 7 1 )  who s t u d i e d  

t h e  e f f e c t  o f  h y p o x i a  on t h e  r a t  l i v e r ,  f o u n d  t h a t  l i g a t i o n  

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

h e p a t i c  n e c r o s i s .  O t h e r  a g e n t s ,  s u c h  as r a i s e d  t e m p e r a t u r e ,  

h a v e  b ee n  shown t o  c a u s e  n e c r o s i s  o f  l y m p h o c y t e s  ( S h r e k  e t  

a l ,  1 9 8 0 ) .  M c D o w e l l  ( 1 9 7 2 )  f o u n d  t h a t  a d m i n i s t r a t i o n  o f  

s o d i u m  f l u o r o - a c e t a t e  i n  t h e  r a t  c a u s e d  n e c r o s i s  o f  t h e  

p r o x i m a l  c o n v o l u t e d  t u b u l e  o f  t h e  k i d n e y .

B . Aj DOgtosi s

The p he nomenon  o f  p r o g r a mme d  c e l l  d e a t h  has l o n g  b een  a 

s u b j e c t  o f  s p e c u l a t i o n  among b i o l o g i s t s ,  who f o u n d  i t  

d i f f i c u l t  t o  b e l i e v e  t h a t  t h i s  p r o c e s s  was a n o r m a l  

o c c u r r e n c e  i n  l i v i n g  o r g a n s ,  and p a r t i c u l a r l y  i n  c o n n e c t i o n  

w i t h  m o r p h o g e n e s i s .

S i n c e  dead  c e l l s  o f t e n  assume t h e  a p p e a r a n c e  o f  d e n s e  

g r a n u l e s ,  w h i c h  s t a i n  i n t e n s e l y  w i t h  n u c l e a r  d y e s  and o f t e n  

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

i n t e r p r e t e d  by  e a r l i e r  w o r k e r s  e i t h e r  as i n v a d i n g  l e u k o c y t e s  

l i v i n g  i n  s y m b i o s i s  w i t h  h o s t  c e l l s ,  o r  as i n t r a c e l l u l a r  

d e p o s i t s ,  o r  as 11 c o n c e n t r a t e d  p r o t o p l a s m  ,  o r  as m i t o t i c  

m e t a b o l i t e s "  ( i . e .  g r a n u l e s  f o r m e d  as c e l l  b r e a k d o w n  p r o d u c t s  

d u r i n g  m i t o s i s )  ( s e e  r e v i e w  by G l u c k s m a n n ,  1 9 5 5 ) .  Some e a r l y
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w o r k e r s  r e c o g n i z e d  c e l l  d e a t h  i n  v a r i o u s  r e g i o n s  o f  

v e r t e b r a t e  e m b r y o s ,  a l t h o u g h  i t  was n o t  a l w a y s  a p p r e c i a t e d  

t h a t  t h e  d e g e n e r a t i n g  c e l l s  wer e  u s u a l l y  w i t h i n  m a c r o p h a g e s .  

G l u c k  smann ( 1 9 5 1 )  has  r e v i e w e d  t h e  many e x a m p l e s  o f  

m o r p h o g e n e s i s  i n  w h i c h  c e l l  d e a t h  i s  i n v o l v e d .  He r e p o r t e d  

t h a t  c e l l  d e a t h s  o c c u r  r e g u l a r l y  a t  c e r t a i n  d e v e l o p m e n t a l  

s t a g e s  o f  a l l  v e r t e b r a t e  e m b r y o s .  T h e y  c a n n o t  be c o n s i d e r e d  

as a r t i f a c t s ,  due  t o  f i x a t i o n  o r  o t h e r  c o n d i t i o n s  o f  

h a n d l i n g ,  s i n c e  t h e y  o c c u r  i n  t h e  b e s t  f i x e d  s p e c i m e n s  and 

can a l s o  be d e t e c t e d  i n  t h e  l i v i n g  e m b r y o .  He s u g g e s t e d  a 

c l a s s i f i c a t i o n  o f  n o r m a l  c e l l  d e a t h  as f o l l o w s :

i )  m o r g h o g e n e t i c  d e g e n e r a t i o n s  a r e  r e l a t e d  t o  t h e  s h a p i n g  o f  

o r g a n s ,  e . g .  d u r i n g  t h e  i n v a g i n a t i o n  o f  t h e  o p t i c  c u p ,  t h e  

f o r m a t i o n  o f  t h e  c r y s t a l l i n e  L e n s ,  t h e  o l f a c t o r y  p i t ,  t h e  

n e u r a l  t u b e ,  e t c .

i i )  h i s t o g e n e t i c  d e g e n e r a t i o n s  a r e  r e l a t e d  t o  t h e  

d i f f e r e n t i a t i o n  o f  t i s s u e s  and o r g a n s ,  e . g .  sex 

d i f f e r e n t i a t i o n  o f  t h e  i n d i v i d u a l  i n v o l v e s  t h e  p a r t i a l  

d e g e n e r a t i o n  o f  t h e  M u l l e r i a n  o r  o f  t h e  W o l f f i a n  d u c t s .

i i i )  £ h x i 2 2 £ G £ i l £  d e g e n e r a t i o n s  a r e  o f  t wo  t y p e s :  t h o s e  

w h i c h  o c c u r  i n  v e s t i g i a l  o r g a n s  and t h o s e  i n v o l v e d  i n  t h e  

r e g r e s s i o n  o f  l a r v a l  o r g a n s .  The d i f f e r e n c e  b e t w e e n  t hem i s  

m e r e l y  t h e  s t a g e  w h i c h  a p a r t i c u l a r  s t r u c t u r e  has  a c h i e v e d  

b e f o r e  i t  r e g r e s s e s .  The b e s t  e x a m p l e s  f o r  t h e  f i r s t  g r o u p  

i s  t h e  d e g e n e r a t i o n  o f  t h e  p a r a p h y s i s  i n  h i g h e r  v e r t e b r a t e s .  

E x a m p l e s  i n  t h e  s e c o n d  g r o u p  a r e  t h e  d e g e n e r a t i o n s  i n  t h e  

p r o n e p h r o s  and m e s o n e p h r o s  i n  h i g h e r  v e r t e b r a t e s ,  o f  g a n g l i o n  

c e l l s  i n  t h e  b r a n c h i a l  r e g i o n ,  and o f  t h e  c o n j u n c t i v a l
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p a p i l l a .

He s a i d  t h a t  t h e  p r o c e s s  o f  d y i n g  i n  an i n d i v i d u a l  c e l l  

m i g h t  t a k e  f r o m  l e s s  t h a n  1 h o u r  t o  a b o u t  7 h o u r s ,  when o n l y  

a s m a l l  p r o p o r t i o n  o f  a l i v i n g  t i s s u e  d i e s ,  b u t  may be 

p r o l o n g e d  t o  d a y s  when n u me r o u s  c e l l s  d i e  s i m u l t a n e o u s l y  and 

t h e i r  r e s o r p t i o n  i s  d e l a y e d ,  and t h e  n u mb e r  o f  dead  c e l l s  

v a r i e s  i n  i n d i v i d u a l s  o f  a p p r o x i m a t e l y  t h e  same s t a g e .

I n  a d d i t i o n  t o  o c c u r r e n c e  o f  a p o p t o s i s  d u r i n g  n o r m a l  

d e v e l o p m e n t ,  many w o r k e r s  f o u n d  t h a t  a p o p t o s i s  can be 

p r o d u c e d  by  an e x t e r n a l  m i n o r  s t i m u l i .

K e r r  ( 1 9 7 1 )  f o u n d  t h a t  c a r e f u l  l i g a t i o n  o f  t h e  h e p a t i c

a r t e r y  c o u l d  p r o d u c e  s t r i k i n g  a t r o p h y  o f  t h e  l i v e r ,  w i t h  much

a p o p t o s i s ,  w h i l e  r a p i d  o c c l u s i o n  o f  t h e  b l o o d  s u p p l y  p r o d u c e d

h e p a t i c  c e l l  n e c r o s i s .  Sh r ek  ( 1 9 8 0 )  a l s o  f o u n d  t h a t  e x p o s u r e
o o

t o  t e m p e r a t u r e s  b e t w e e n  37 C and 43 C p r o d u c e d  a p o p t o t i c  

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

p r o d u c e d  n e c r o t i c  d e g e n e r a t i o n .

R e c e n t l y  W y l l i e  e t  a l  ( 1 9 8 0 ,  1 9 8 5 )  d e s c r i b e d  t h e

m o r p h o l o g y ,  m e c h a n i s m ,  and c a u s e s  o f  a p o p t o s i s ,  i n  t h e i r  

c o m p r e h e n s i v e  r e v i e w  a b o u t  c e l l  d e a t h .

The ma i n  d i f f e r e n c e s  b e t w e e n  n e c r o s i s  and a p o p t o s i s  a r e  

g i v e n  i n  t h e  f o l l o w i n g  T a b l e  ( 1 ) ,  f r o m  W y l l i e  e t  a l ,  1 9 8 0 .

39



Table  1 : D i f f e r e n c e s  between Necros is and Apop tos is .

le c ro s is

-  Causes

-  Mechanisms

H is to lo g ic a l
appearance

U l t r a s t r u c t -  
u r a l  changes 
Chrom atin

N u c le o lus

N u c le a r
membrane

Cytoplasm

E nv ironm en ta l traum a, 
d is e a s e , to x in s

I r r e v e r s ib le  f a i lu r e  o f 
membrane s e le c t i v i t y ,  
u n c o n tro l le d  e n try  o f 
c a lc iu m , in f lu x  o f w a te r, 
a c t iv a t io n  o f  phospho lipase  
and secondary lysosom al 
d e g ra d a tio n .

U s u a lly  a f fe c ts  t r a c ts  o f 
co n tig u ou s  c e l ls .  Eosino­
p h i l i c  "g h o s tin g "  o f 
e n t i r e  c e l ls .

E xud a tive  in fla m m a tio n  
u s u a lly  p re s e n t.

M a rg ina te  in  s m a ll,  lo o s e ly  
te x tu re d  agg rega tes ; d is ­
appears e v e n tu a lly ,  when 
n u c le a r membrane des tro ye d .

E v id e n t as compact body 
u n t i l  cy to p la sm ic  deg ra d a tio n  
advanced.

R e ta ins  pore s tru c tu re s  u n t i l  
c y to p la s m ic  deg rada tion  
advanced; e v e n tu a lly  destroyed  
w ith  o th e r o rg a n e lle s .

Swelling of all compartments 
followed by rupture of 
membranes and destruction of 
organelles. Mitochondrial 
matrix densities character­
istic .

A pop tos is

In  norm al developm ent -  
p h y s io lo g ic a l and homeo- 
s t a t i c a l l y  re g u la te d . Can a lso  
be t r ig g e re d  by r e la t iv e ly  
m inor e x te rn a l s t im u l i .

I n i t i a t e  th rough  new gene 
e x p re s s io n . N uc lear ch rom a tin  
i s  d ig e s te d  by an endogenous 
nuc lea se , and the  c e l l  s u rfa c e  
undergoes b io ch e m ica l m o d if ic ­
a t io n  which p e rm its  re c o g n it io n  
by phagocytes.

C h a r a c te r is t ic a l ly  a f fe c ts  
s c a tte re d  in d iv id u a l  c e l ls .  
A ffe c te d  c e l l  rep re sen ted  by 
one o r more ro u g h ly  s p h e r ic a l 
c y to p la sm ic  masses, some a lso  
c o n ta in in g  b a s o p h ilic  p a r t ic le s  
o f condensed ch ro m a tin . They 
l i e  bo th  in  the  in t e r c e l l u la r  
space and w ith in  t is s u e  c e l ls .  
E xuda tive  in fla m m a tio n  absen t.

M arg ina tes  in  condensed, c o a rs e ly  
g ra n u la r  agg rega tes ; c o n f lu e n t 
ove r e n t ir e  nuc leus o r lo c a l ­
iz e d  to  la rg e  c re s c e n t ic  caps.

D isperses to  shower g ranu les  
w h ile  cytop lasm  s t r u c tu r a l ly  
in t a c t .

Pores re ta in e d  a d ja c e n t to  
euch rom atin , b u t lo s t  next 
condensed ch ro m a tin . E v e n tu a lly  
becomes d is c o n tin u o u s , so th a t  
dense ch rom a tin  masses l i e  
among cy to p la sm ic  o rg a n e lle s .

Endoplasm ic re t ic u lu m  may 
d i la t e  f o c a l l y .  S t r u c tu r a l ly  
in t a c t  m ito c h o n d ria  and o th e r 
o rg a n e lle s  compacted to g e th e r ;  
p ro tuberances from  c e l l  s u rfa c e  
sepa ra te  to  form  a p o p to t ic  
b o d ie s .
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I I .  CELL DEATH I N  EMBRYONIC DEVELOPMENT

C e l l  d e a t h  o c c u r s  b e f o r e  and d u r i n g  t h e  g a s t r u l a t i o n  

p r o c e s s  i n  t h e  c h i c k  e m b r y o ,  when some y o l k  e n d o d e r m a l  c e l l s  

d e g e n e r a t e .  Dead c e l l s  a r e  a l s o  f o u n d  d u r i n g  t h e  

t r a n s f o r m a t i o n  o f  t h e  n e u r a l  t u b e ,  f i r s t  i n t o  a g r o o v e  and 

t h e n  i n t o  t u b e ,  and i n  t h e  c o u r s e  o f  d i f f e r e n t i a t i o n  o f  t h e  

r e t i n a  and t h e  l e n s  ( G l u c k s m a n n ,  1 9 6 5 ) ;  t h e s e  a r e  a l l  c a s e s  

w h e r e  e v a g i n a t i o n  o r  i n v a g i n a t i o n  t a k e  p l a c e .  A n o t h e r  

s i t u a t i o n  i s  w h e r e  o p e n i n g s  a r e  t e m p o r a r i l y  c l o s e d  by  a s o l i d  

mass o f  e p i t h e l i a l  c e l l s ,  e . g .  i n  t h e  f o r m a t i o n  o f  o l f a c t o r y  

o r g a n s ,  o r  by  membr anes  i n  t h e  c a s e  o f  t h e  p h a r y n x  and

c l o a c a .  H e r e ,  t h e  c e l l s  b l o c k i n g  t h e s e  o p e n i n g s  b r e a k  down 

by  d e g e n e r a t i o n .  Ha mb u r g e r  and M o n t a l e  i n i  ( 1 9 4 9 )  have

s t u d i e d  c e l l  d e a t h  d u r i n g  t h e  d i f f e r e n t i a t i o n  o f  t h e  c e r v i c a l  

and t h o r a c i c  s p i n a l  g a n g l i a  i n  c h i c k  e m b r y o s .  T h i s  p r o c e s s

i s  a t  i t s  peak  a t  5 and 6 d a y s  o f  i n c u b a t i o n  and i s

a c c o m p a n i e d  by  m a c r o p h a g e s .  No s u c h  d e g e n e r a t i o n  o c c u r s  i n  

t h o s e  g a n g l i a  w h i c h  i n n e r v a t e  t h e  L i m b s .  The same c o n c l u s i o n  

was r e a c h e d  by  O ' C o n n o r  and W y t t e n b a c h  ( 1 9 7 4 )  who s t u d i e d  

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

o f  t h e  c h i c k  e m b r y o ' s  s p i n a l  c o r d .

Dead c e l l s  hav e  been  f o u n d  i n  t h e  b r a n c h i a l  a r c h e s  o f  

h u ma n ,  r a t ,  and c h i c k  e mb r y o s  ( Men k es  e t  a l ,  1 9 6 5 ) .  By 

u s i n g  v i t a l  s t a i n i n g  w i t h  N i l e  b l u e ,  t h e y  i d e n t i f i e d  dead  

c e l l s  u n d e r g o i n g  p h a g o c y t o s i s  i n  t h e s e  r e g i o n s .  They
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c o n c l u d e d  t h a t  t h e s e  a r e a s  o f  p h y s i o l o g i c a l  n e c r o s i s  wer e  

l i k e l y  t o  p l a y  an i m p o r t a n t  p a r t  i n  t h e  n o r m a l  m o r p h o g e n e s i s  

o f  t h e  c e r v i c a l  and c e p h a l i c  r eg  i o n s .

G a r c i a - P o r r e r o  and O j e d a  ( 1 9 7 8 )  f o u n d  p h y s i o l o g i c a l  c e l l  

d e a t h  d u r i n g  t h e  e a r l y  d e v e l o p m e n t  o f  t h e  r e t i n a  i n  t h e  

c h i c k  e m b r y o ,  and t h e y  o b s e r v e d  t h a t  t h e s e  c e l l s  wer e  

e l i m i n a t e d  by  p h a g o c y t o s i s .

P e x i e d e r  ( 1 9 7 5 )  a l s o  f o u n d  p h y s i o l o g i c a l  c e l l  d e a t h  i n  

t h e  b u l b a r  c u s h i o n s  o f  t h e  n o r m a l  c h i c k  e m b r y o n i c  h e a r t .

T h e s e  d e a d  c e l l s  we r e  c h a r a c t e r i z e d  by t h e  p r e s e n c e  o f  

n u m e r o u s  p r e n e c r o t i c  c e l l s  w i t h  c y t o s e g r e s o m e s .  L a t e r  on 

many m a c r o p h a g e s  a p p e a r e d .
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B e c a u s e  c e l l  d e a t h  i n  t h e  d e v e l o p i n g  k n e e  j o i n t  i s  t h e  

p r i n c i p a l  t h e me  o f  t h i s  t h e s i s ,  t h e  g e n e r a l  p he n omeno n  o f

c e l l  d e a t h  i n  l i m b  m o r p h o g e n e s i s  i s  d e a l t  w i t h  s e p a r a t e l y  and

i n  d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n .

I I I .  CELL DEATH I N LIM B MORPHOGENESIS

A t  an e a r l y  s t a g e  o f  d e v e l o p m e n t  t h e  l i m b  b ud s  c o n s i s t  

o f  t w o  c o m p o n e n t s ,  a n # i n n e r  c o r e  o f  me s e n c h y ma l  t i s s u e ,  

c o v e r e d  by  a t h i n  l a y e r  o f  e c t o d e r m .  At  t h e  end o f  t h e  b u d ,  

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

p s e u d o - s t r a t i f i e d  e p i t h e l i u m  ( t h e  a p i c a l  e c t o d e r m a l  r i d g e ,  

AER) .

The i m p o r t a n c e  o f  c e l l  d e a t h  i n  l i m b  d e v e l o p m e n t  has 

b e e n  r e c o g n i z e d  i n  s e v e r a l  s t u d i e s :  i n  t h e  c h i c k  emb r y o

C S a u n d e r s ,  G a s s e l i n g  and S a u n d e r s  ( 1 9 6 2 ) ;  S a u n d e r s  ( 1 9 6 6 ) ;  

S a u n d e r s  and F a l l o n  ( 1 9 6 6 ) ;  Dawd a n d H i n c h  I i f f e  ( 1 9 7 1 ) ;  and

H i n c h l i f f e ,  1 9 7 4 ; i n  t h e  r a t  e mb r y o  C B a l l a r d  & H o l t ,  1 9 6 8 : ,

and i n  t h e  human embr y o  C K e l l e y  ( 1 9 7 0 )  and H i n c h l i f f e  

( 1 9 8 2 ) : .

C e l l  d e a t h  o c c u r s  i n  t h e  f o l l o w i n g  a r e a s :

i )  i n  t h e  a p i c a l  e c t o d e r m a l  r i d g e  -  AER.

i i )  i n  t h e  l i m b  m e s e n c h y m e : -

a) I n t e r d i g i t a l  a r e a s .

b)  The a n t e r i o r  and p o s t e r i o r  n e c r o t i c  z o ne s  (ANZ and PNZ)

c)  A l o n g  t h e  c e n t r a l  a x i s  o f  t h e  me s o d e r m.
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i ) C e l l  d e a t h  i n  t h e  AER

C e l l  d e a t h  has been  o b s e r v e d  i n  t h e  c h i c k  AER,  e i t h e r  by 

v i t a l  s t a i n i n g  ( H i n c h l i f f e  and Ede ,  1 96 7 )  o r  by  h i s t o l o g i c a l  

o r  e l e c t r o n  m i c r o s c o p e  s t u d i e s  ( S a u n d e r s ,  1 9 4 8 ;  Z w i l l i n g ,  

1 9 6 1 '  J u r a n d ,  1 9 6 5 ) ,  Z w i l l i n g  ( 1 9 6 6 )  c l a i m e d  t h a t  c e l l  d e a t h  

was f o u n d  i n  t h e  r e g r e s s i n g  AER,  b u t  i n  f a c t  dead  c e l l s  seem 

t o  be f o u n d  d u r i n g  t h e  p e r i o d  o f  i t s  maxi mum a c t i v i t y -  C e l l  

d e a t h  a l s o  o c c u r s  i n  t h e  AER o f  o t h e r  s p e c i e s .  Dead c e l l s  

have  b e e n  f o u n d  i n  t h e  mouse AER CChang ( 1 9 3 9 ) ;  F o r s t h o e f e l  

( 1 9 5 9 ) ;  J u r a n d  ( 1 9 6 5 )  and M i l a i r e  ( 1 9 6 2 ,  1 9 6 7 a ) : .

Mi  l a  i r e  ( 1 9 6 7 a )  f o u n d  t h a t  dead  c e l l s  we r e  mor e  n u me r o u s  i n  

t h e  AER o f  t h e  s y n d a c t y l o u s  m u t a n t  t h a n  i n  t h e  n o r m a l .  Chang 

and H w e i - Y a n  ( 1 9 6 4 )  r e p o r t e d  t h e  p r e s e n c e  o f  d e n s e  b o d i e s ,  

w h i c h  we r e  p r o b a b l y  dead  c e l l s ,  i n  t h e  AER o f  t h e  mous e .  The 

a u t h o r s  c o n s i d e r e d  t h e s e  d en s e  b o d i e s ,  w h i c h  we r e  p o s i t i v e l y  

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

b u t ,  as we s h a l l  see l a t e r ,  i t  i s  mor e  p r o b a b l e  t h a t  t h e y  

we r e  d i g e s t i v e  v a c u o l e s  c o n t a i n i n g  dea d  c e l l s  p h a g o c y t o s e d  by 

n e i g h b o u r i n g  e c t o d e r m a l  c e l l s .  J u r a n d  ( 1 9 6 5 )  r e p o r t e d

s i m i l a r  e v e n t s  i n  t h e  c h i c k  AER.  Dead c e l l s  we r e  a l s o  f o u n d  

i n  t h e  AER i n  t h e  r a t  and t h e  mo l e  ( M i l a i r e ,  1 9 6 2 ) .  

R e c e n t l y ,  dead  c e l l s  have  been o b s e r v e d  i n  AER by  T o d t  and 

F a l l o n  ( 1 9 8 4 ,  1 9 8 6 )  i n  b o t h  l e g  and w i n g  buds  o f  c h i c k

e m b r y o .  Th e y  f o u n d  t h a t  e c t o d e r m a l  c e l l  d e a t h  was n o t

e v i d e n t  u n t i l  s t a g e  20 i n  t h e  l e g  bud  r i d g e ,  b u t  c o u l d  be

seen  a t  l a t e  s t a g e  18 i n  t h e  w i n g  bud a p i c a l  e c t o d e r m .  At  

e a r l i e r  s t a g e s ,  e c t o d e r m a l  c e l l  d e a t h  was n o t  a s s o c i a t e d  w i t h

43



t h e  l o s s  o f  r i d g e  m o r p h o l o g y ,  w h i c h  c o n t i n u e d  t o  d e v e l o p  ev en  

i n  t h e  p r e s e n c e  o f  c e l l  d e a t h .  R e g r e s s i o n  o f  t h e  r i d g e  d i d  

n o t  b e g i n  u n t i l  much l a t e r  i n  d e v e l o p m e n t .  They  s u g g e s t e d  a 

p o s s i b l e  r e l a t i o n s h i p  b e t w e e n  e c t o d e r m a l  c e l l  d e a t h  and t h e  

r e g r e s s i o n  a t  t h e  e x t r e m e  ends  o f  t h e  mamma l i an  a p i c a l  r i d g e ,

i i )  c e l l  d e a t h  i n  t h e  .lim b  mesenchyme

C e l l  d e a t h  has a l s o  been f o u n d  i n  t h e  s u p e r f i c i a l

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

many s p e c i e s  and i n  t h e  p o s t e r i o r  and a n t e r i o r  a r e a s  b e t w e e n  

t h e  l i m b  bud  and t h e  b o d y  w a l l  o f  t h e  c h i c k  e mb r y o  ( p o s t e r i o r  

n e c r o t i c  z o ne  -  PNZ,  a n t e r i o r  n e c r o t i c  zone  -  ANZ ) .

a ) I n t e r d i g i t a l  a r e a s

C e l l  d e a t h  has been  o b s e r v e d  i n  t h e  i n t e r d i g i t a l  a r e a s

o f  c h i c k  l i m b s  a t  a b o u t  7 . 5  d a y s  ( S a u n d e r s  e t  a l  1 9 5 7 ;

S a u n d e r s ,  G a s s e l i n g  and S a u n d e r s ,  1 9 6 2 ;  S a u n d e r s  and F a l l o n ,

1 9 6 6 ;  and Z w i l l i n g ,  1 9 6 0 ) .  M a s s i v e  a r e a s  o f  c e l l  d e a t h  

o c c u r r e d  a l o n g  t h e  a n t e r i o r  b o r d e r  o f  d i g i t  I I ,  b e t w e e n  

d i g i t s  I I  and I I I ,  a t  t h e  p o s t e r i o r  edge o f  t h e  p h a l a n x  o f

d i g i t  I V ,  and l a t e r  b e t w e e n  d i g i t s  I I I  and I V .  By c o n t r a s t

i n  t h e  h i n d  l i m b  b ud s  o f  t h e  d uc k  w h i c h  d e v e l o p s  webbed f e e t ,  

t h e r e  i s  v e r y  l i t t l e  c e l l  d e a t h  i n  t h e  a r e a  b e t w e e n  t h e  

d i g i t s .

Z w i l l i n g  ( 1 9 6 0 )  s u g g e s t e d  t h a t  t h e  AER p l a y e d  an a c t i v e  

r o l e  i n  d e t e r m i n i n g  me s e n c h y ma l  c e l l  d e a t h ,  e i t h e r  by  

w i t h h o l d i n g  some v i t a l  m e t a b o l i t e  o r  by  p r o v i d i n g  some 

i n h i b i t o r y  s u b s t a n c e  i n  t h e  l o c a l i z e d  r e g i o n s  b e t w e e n  t h e  

d i g i t s .  I n  t h e  d e v e l o p i n g  l i m b s  o f  o t h e r  s p e c i e s ,  t h e  

i n t e r d i g i t a l  z o n e s  show a b u n d a n t  c e l l  d e a t h  p r i o r  t o  and
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d u r i n g  t h e  e m e r g e n c e  o f  t h e  d i g i t s ,  e . g .  i n  t h e  mouse ( C h a n g ,  

1 9 3 9 ;  F o r s t h o e f e l ,  1 9 5 9 ;  M i l l a i r e ,  1 9 6 2 ,  1 9 6 7 a ,  M e n k e s ,  

D e l e a n u  and I l i e s ,  1 9 6 5 ;  S a u n d e r s ,  1966  and B a l l a r d  and H o l t ,  

1 9 6 8 ) ,  i n  t h e  r a t  and mo l e  ( M i l a i r e ,  1 9 6 2 ) ,  and i n  man 

( Me n k e s  e t  a l ,  1965 and K e l l e y ,  1 9 7 0 ) .  I n  a l l  c a s e s ,  t h e  

d e a d  c e l l s  seem t o  be e n g u l f e d  and d i g e s t e d  by  p h a g o c y t e s .

M i l a i r e  ( 1 9 6 2 )  has s u g g e s t e d  t h a t  c e l l  d e a t h  i n  t h e s e

i n t e r d i g i t a l  r e g i o n s  i s  due t o  t h e  r e g r e s s i o n  o f  t h e

o v e r l y i n g  AER.  M i l a i r e  ( 1 9 6 5 ,  1 9 6 7 a )  has a l s o  n o t e d  t h e

a b s e n c e  o f  c e l l  d e a t h  i n  t h e  i n t e r d i g i t a l  a r e a s  o f

o l i g o s y n d a c t y l o u s  and s y n d a c t y l o u s  m u t a n t  m i c e .  C e l l  d e a t h  

i s  t h o u g h t  t o  p l a y  an a c t i v e  r o l e  i n  c a r v i n g  t h e  c o n t o u r s  o f

t h e  l i m b  and s e p a r a t i n g  t h e  d i g i t s ,  t h r o u g h  t h e  r e m o v a l  o f

t h e  mes enchyme l y i n g  b e t w e e n  t h e m .  The f a i l u r e  o f  

i n t e r d i g i t a l  c e l l  d e a t h  t o  o c c u r  r e s u l t s  i n  a d e g r e e  o f  s o f t -  

t i s s u e  s y n d a c t y l y ,  and i n  t h o s e  s p e c i e s ,  such  as t h e  d u c k ,  

w i t h  webbed f e e t ,  t h e r e  i s  r e d u c t i o n  o r  a b s e n c e  o f

i n t e r d i g i t a l  c e l l  d e a t h .  F u r t h e r  e v i d e n c e  f o r  t h i s  l a s t  

p o i n t  comes f r o m  t h e  o b s e r v a t i o n s  o f  D e l e a n u  ( 1 9 6 5 ) ,  and o f  

S a u n d e r s  and F a l l o n  ( 1 9 6 6 )  who f o u n d  t h a t  a b s e n c e  o f  c e l l  

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

a r e a  o f  c e l l  d e a t h  o c c u r s  i n  t h e  a r e a  b e t w e e n  d i g i t s  w h i c h  

a r e  f r e e  o f  w e b b i n g  ( d i g i t s  I  and I I ) ,  w h i l e  b e t w e e n  d i g i t s  

c o n n e c t e d  by  w e b b i n g  o n l y  s h a l l o w  z o nes  o f  n e c r o s i s  a r e

f o u n d .

Some s u p p o r t  f o r  t h i s  s u g g e s t i o n  comes f r o m  t h e  

o b s e r v a t i o n s  o f  Menkes  and D e l e a n u  ( 1 9 6 4 ) ,  D e l e a n u  ( 1 9 6 5 ) ,  

and S a u n d e r s  and F a l l o n  ( 1 9 6 6 ) .  T h e y  i n j e c t e d  c h i c k  e mb r y o s
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w i t h  J a n u s  g r e e n .  S y n d a c t y l i s m  was i n d u c e d  b e g i n n i n g  w i t h  a t o t a  

d o s e  o f  3 - 3 . 5  u g ;  i t  a p p e a r e d  i n  88% o f  t r e a t e d  e mb r y o s  by  

u s i n g  a d o s e  o f  4 - 5  ug and i n  100% f o l l o w i n g  a d m i n i s t r a t i o n  

o f  5 - 6  u g .  S u r v i v o r s  showed a h i g h  f r e q u e n c y  o f  s o f t - t i s s u e  

s y n d a c t y l y  i n  t h e  h i n d  l i m b  w i t h  t h i n  webs r e m a i n i n g  b e t w e e n  

d i g i t s ,  and an e x a m i n a t i o n  by  u s i n g  v i t a l  d y e s  a t  s u i t a b l e  

s t a g e s  showed  t h e  a b s e n c e  o f  m a c r o p h a g e s  i n t e r d i g i t a l l y .  The 

f a i l u r e  o f  d i g i t a l  s e p a r a t i o n  was c l e a r l y  o b s e r v e d .  A c c o r d i n g  

t o  t h e  a u t h o r s ,  t h i s  was due  t o  a t o x i c  e f f e c t  on t h e  

i n t e r d i g i t a l  me s e n c h y me ,  " i n h i b i t i n g  t h e  ma c r o p h a g e  r e a c t i o n  

and d i s t u r b i n g  e c t o - m e s o d e r m a l  r e l a t i o n s " .  I t  has t o  be s a i d  

t h a t  s i n c e  t h i s  s u g g e s t e d  me c h a n i s m o f  a c t i o n  was i t s e l f

s p e c u l a t i v e ,  i t  i s  u n c e r t a i n  wha t  w e i g h t  t o  a t t a c h  t o  t h e

e x p e r i m e n t .

The i n t e r a c t i o n  o f  mesenchyme and e c t o d e r m  was 

i l l u s t r a t e d  by  Z w i l l i n g ' s  ( 1 9 6 0 )  e x p e r i m e n t a l  c o m b i n a t i o n  o f  

d u c k  mes o de r m and c h i c k  e c t o d e r m ;  t h e r e  was l i t t l e  

i n t e r d i g i t a l  n e c r o s i s  and d u c k - l i k e  webbed f e e t  d e v e l o p e d ,  

w h i l e  t h e  r e v e r s e  c o m b i n a t i o n  o f  c h i c k  mesoder m and d uc k  

e c t o d e r m ,  r e s u l t e d  i n  some s u p p r e s s i o n  o f  i n t e r d i g i t a l  

n e c r o s i s .  B o t h  Z w i l l i n g  ( 1 9 6 0 )  and S a u n d e r s  and F a l l o n

( 1 9 6 6 )  c o n c l u d e d  t h a t  duck  e c t o d e r m  i n h i b i t s  t h e  n e c r o s e s  o f

t h e  c h i c k  i n t e r d i g i t a l  mesoder m and t h a t  t r e a t m e n t  o f  c h i c k  

e m b r y o s  w i t h  J a n u s  g r e e n  p r o d u c e s  a r a t h e r  s i m i l a r  e f f e c t ,  

t h u s  p r o d u c i n g  a webbed f o o t ,

b)  The a n t e r i o r  and qo s t  e r i_2r Q 2££2£ .l2  22Q2§

O t h e r  a r e a s  o f  s u p e r f i c i a l  m e s e n c h y ma l  n e c r o s i s  i n  c h i c k
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e m b r y o s  h a v e  been  f o u n d ,  by v i t a l  s t a i n i n g ,  t o  be l o c a t e d  i n  

t h e  a n t e r i o r  and p o s t e r i o r  z o n e s ,  i n  t h e  a r e a  o f  a t t a c h m e n t  

o f  t h e  l i m b - b u d s  t o  t h e  b o d y  w a l l .

S a u n d e r s  e t  a l  ( 1 9 6 2 )  o r i g i n a l l y  s u g g e s t e d  t h a t  t h e s e  

a r e a s  p l a y  an a c t i v e  r o l e  i n  t h e  s h a p i n g  o f  t h e  u p p e r  arm and 

f o r e a r m  i n  t h e  w i n g .  I n  s u b s e q u e n t  w o r k ,  h o w e v e r ,  S a u n d e r s  

( 1 9 6 6 )  was a b l e  t o  p r e v e n t  t h e  o c c u r r e n c e  o f  n e c r o s i s  i n  PNZ,  

by  g r a f t i n g  d o r s a l  w i n g  t i s s u e s  b e t w e e n  t h e  mesoder m o f  t h e  

PNZ and t h e  e c t o d e r m  o v e r l y i n g  i t  p o s t e r i o r l y .  T h i s  d i d  n o t  

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

T h u s  S a u n d e r s  c o n c l u d e d  t h a t  c e l l  d e a t h  i n  t h e  PNZ was n o t  

e s s e n t i a l  f o r  t h e  s h a p i n g  o f  t h e  l i m b .

A n o t h e r  s u g g e s t i o n  a b o u t  t h e  ANZ and PNZ was t h a t  t h e y  

may p l a y  a r o l e  i n  t h e  m e s o d e r m a l - e c t o d e r m a l  i n d u c t i v e  

i n t e r a c t i o n s  c l a i m e d  t o  be r e s p o n s i b l e  f o r  l i m b  m o r p h o g e n e s i s  

( Z w i l l i n g ,  1 9 6 1 ) .  Z w i l l i n g  c l a i m e d  t h a t  t h e  AER had an 

i n d u c t i v e  e f f e c t  on t h e  u n d e r l y i n g  mesenchyme c a u s i n g  i t  t o  

p r o l i f e r a t e ,  b u t  t h a t  t h e  AER was s t i l l  d e p e n d e n t  on a 

m a i n t e n a n c e  f a c t o r  (AEMF)  f r o m  t h e  me s o d e r m.  G a s s e l i n g  and 

S a u n d e r s  ( 1 9 6 4 )  s u g g e s t e d  t h a t  t h e  PNZ was n o t  a s o u r c e  o f  

AEMF on t h e  b a s i s  o f  t h e i r  e x p e r i m e n t a l  g r a f t i n g  o f  PNZ u n d e r  

t h e  AER,  w h i c h  t h e n  f l a t t e n e d .  T h i s  s u g g e s t  i o n  was 

s u p p o r t e d  by  H i n c h l i f f e  and Ede ( 1 9 6 7 ) ,  who o b s e r v e d  t h a t  i n  

t h e  n o r m a l  c h i c k  h i n d  l i m b  bud a t  s t a g e  2 4 ,  t h e  AER was a 

s e r i e s  o f  i r r e g u l a r  waves  o v e r  t h e  PNZ,  and c o u l d  be seen  t o  

be b r e a k i n g  d o w n ,  s u b s e q u e n t l y  d i s a p p e a r i n g  a t  s t a g e  2 6 .  

H i n c h l i f f e  and Ede ( 1 9 6 7 )  a l s o  s u g g e s t e d  t h a t  t h e  t a l p i d  

m u t a n t  p r o v i d e d  e v i d e n c e  f o r  t h e  i d e a  t h a t  PNZ i s  n o t  a
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3
s o u r c e  o f  AEMF.  I n  t h e  t a l p i d  m u t a n t ,  ANZ and PNZ a r e

a b s e n t ,  and t h e  AER showed p r o g r e s s i v e  e n l a r g e m e n t  a t  5 - 6

d a y s .  I t  was s u g g e s t e d  t h a t  t h i s  p r o g r e s s i v e  e x t e n s i o n  was
3

due  t o  an a b n o r m a l  i n c r e a s e  i n  t h e  a r e a  o f  t a l p i d  mesoder m 

c o n c e r n e d  i n  AEMF p r o d u c t i o n  o r  d i s t r i b u t i o n  as a r e s u l t  o f  

t h e  f a i l u r e  o f  c e l l  d e a t h  t o  o c c u r  i n  t h e  a r e a  o f  mesoder m 

w h i c h  u n d e r l i e s  t h e  t e r m i n a t i o n  o f  t h e  AER a n t e r i o r l y  and

p o s t e r i o r l y  i n  n o r m a l  e m b r y o s .

I t  has  a l s o  been  s u g g e s t e d  t h a t  t h e  f o r e  l i m b  PNZ may 

h a v e  some r e s p o n s i b i l i t y  f o r  t h e  p a t t e r n  o f  l i m b  s y m m e t r y  

( G a s s e l i n g  and S a u n d e r s ,  1 9 6 4 ) .  T h i s  s u g g e s t i o n  was b a s e d  on 

e x p e r i m e n t s  i n  w h i c h  t h e  PNZ was g r a f t e d  p r e a x  i  a l l y  i n  t h e

w i n g - b u d  r i m ,  r e s u l t i n g  i n  t h e  a p p e a r a n c e ,  i m m e d i a t e l y  

p o s t e r i o r  t o  t h e  g r a f t ,  o f  a s u p e r n u m e r a r y  w i n g  t i p  o f  l e f t -  

hand  a s y m m e t r y ,  m i r r o r  i m a g i n g  t h e  n o r m a l  r i g h t - h a n d .  

H i n c h l i f f e  ( 1 9 7 4 ,  1 9 8 2 )  i n  r e v i e w s  o f  t h e  p a t t e r n s  o f  c e l l

d e a t h  i n  c h i c k  and v e r t e b r a t e s  l i m b  m o r p h o g e n e s i s ,  c o n c l u d e d  

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

i n  l i m b  d e v e l o p m e n t  i s  a f f e c t e d ,  makes i t  c l e a r  t h a t  f o c i  o f  

c e l l  d e a t h  a r e  u n d e r  g e n e t i c  c o n t r o l  and t h a t  t h e y  can be 

e i t h e r  e x t e n d e d  o r  r e s t r i c t e d ,  t h u s  c a u s i n g  m a j o r  a l t e r a t i o n s  

i n  l i m b  f o r m .

c)  C e l l  d e a t h  a .lo n g  t h e  c e n t r a l  a x i s  o f  t h e  mesoder m

F e l l  and C a n t i  ( 1 9 3 4 )  d e s c r i b e d  an a r e a  o f  d e g e n e r a t i o n  

i n  t h e  r e g i o n  o f  t h e  p r o s p e c t i v e  k n e e  j o i n t  o f  t h e  c h i c k  

e m b r y o .  T h e y  b r i e f l y  m e n t i o n e d  a s i m i l a r  zone  i n  t h e  e l b o w  

j o i n t  s u b s e q u e n t l y  d e s c r i b e d  i n  more d e t a i l  by  S a u n d e r s  e t  a l
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( 1 9 6 2 )  and Dawd 8 H i n c h l i f f e  ( 1 9 7 1 ) .  Thes e  a r e a s  a r e  known 

as t h e  2 E 2 S y 2 E 3 £ £ 2 2 b e c a u s e  o f  t h e i r  o p a c i t y  t o  

t r a n s m i t t e d  l i g h t  i n  t h e  l i v i n g  e m b r y o .  F e l l  and C a n t i  

( 1 9 3 4 )  d e s c r i b e d  t h e  m o r p h o l o g y  o f  t h e  opa q ue  p a t c h  and i t s  

a p p e a r a n c e  i n  r e l a t i o n  t o  t h e  me s e n c h y ma l  c o n d e n s a t i o n  i n  t h e  

c h i c k  e mb r y o  h i n d  l i m b  b u d .  Th ey  r e p o r t e d  t h a t  t h e  

s i g n i f i c a n c e  o f  t h e  o pa q ue  p a t c h  i n  k nee  j o i n t  d e v e l o p m e n t  

was n o t  k n o w n .

S a u n d e r s  e t  a ( 1 9 6 2 )  c l a i m e d  t h a t  t h e  c o r r e s p o n d i n g  

o p a q u e  p a t c h  i n  t h e  f o r e  l i m b  i s  o f  i m p o r t a n c e  i n  t h e  

d i f f e r e n t i a t i o n  o f  t h e  e l b o w  j o i n t ,  b u t  g a v e  no c r i t i c a l  

e v i d e n c e  t o  s u p p o r t  t h i s  v i e w -  A l s o  Dawd and H i n c h l i f f e  

( 1 9 7 1 )  s u g g e s t e d  t h a t  t h e  o p a q u e  p a t c h  may p l a y  a r o l e  i n  t h e  

i n i t i a l  s e p a r a t i o n  o f  me s e n c h y ma l  c o n d e n s a t i o n s  f o r  r a d i u s  

and u l n a ,  and i n  s u p p r e s s i o n  o f  c h o n d r o g e n e s i s  i n  t h e  

me s e nc h y me  b e t w e e n  t h e  t wo  b o n e s .

T h o r o g o o d  ( 1 9 7 1 )  and H i n c h l i f f e  and T h o r o g o o d  ( 1 9 7 4 )  

e x a m i n e d  t h e  s i t u a t i o n  i n  t h e  t a l p i d  l i m b  b u d ,  w h i c h  l a c k s  

t h e  o p a q u e  p a t c h  o f  c e l l  d e a t h ,  and i n  w h i c h ,  i n  s u b s e q u e n t  

d e v e l o p m e n t ,  t h e  r a d i u s  and u l n a  a r e  f u s e d -  A l t h o u g h  t h i s  

a r e a  o f  d e g e n e r a t i o n  has n o t  been  d e s c r i b e d  i n  l i m b  

d e v e l o p m e n t  o f  mos t  o t h e r  t e t r a p o d s ,  i t  seems t o  be p r e s e n t  

i n  t h e  mouse and t h e  r a t -  M i l a i r e  ( 1 9 6 7 b )  d e m o n s t r a t e d  an 

a r e a  o f  n e c r o s i s  a t  t h e  end o f  t h e  1 1 t h  day  o f  d e v e l o p m e n t  i n  

t h e  c e n t r a l  me s o de r m-  At  12 d a y s ,  he s t a t e d  t h a t  i m p o r t a n t  

d e g e n e r a t i n g  a r e a s  may be d e m o n s t r a t e d  i n  t h e  c e n t r a l  

mes o de r m o f  t h e  z e u g o p o d i u m  b e t w e e n  t h e  p r e s u m p t i v e  t i b i a  and 

f i b u l a -
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A l s o  M i t r o v i c  ( 1 9 7 7 ,  1 9 7 8 ,  198 2 )  d e s c r i b e d  t w o  waves  o f  dead

c e l l s  i n  t h e  c e n t r a l  a x i s  o f  l i m b  buds  o f  r a t  and c h i c k .

I V .  CYTOLOGY OF CELL DEATH

S e v e r a l  w o r k e r s  have  s t u d i e d  t h e  m o r p h o l o g y  o f  c e l l  

d e a t h  i n  v e r t e b r a t e  e mb r y o s  by  l i g h t ,  t r a n s m i s s i o n  and 

s c a n n i n g  e l e c t r o n  m i c r o s c o p y .

G l u c k s m a n n  ( 1 9 5 1 )  made t h e  f i r s t  a d e q u a t e

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

s t a g e s  i n  t h e  c y t o l o g y  o f  e m b r y o n i c  d e g e n e r a t i v e  p r o c e s s e s .

He d i s t i n g u i s h e d  t h r e e  s t a g e s : -

1 -  The  i n i t i a l  s t a g e ,  w h i c h  he c a l l e d  c h r o m a t o p y k n o s i s ,  

c o n s i s t e d  i n  t h e  c o n d e n s a t i o n  o f  n u c l e a r  c h r o m a t i n  i n t o  

l a r g e r  g r a n u l e s  and f i n a l l y  i n t o  a s i n g l e  ma s s .  The n o n -  

c h r o m a t i c  m a t e r i a l  seemed t o  l i q u e f y  and t o  f o r m  c o n f l u e n t  

v a c u o l e s .

2 -  T h e s e  n u c l e a r  c h a n g e s  r e s u l t e d  i n  t h e  a p p e a r a n c e  o f  a 

s i n g l e  c h r o m a t i c  mass s i t t i n g  as a cap on t h e  v a c u o l e  f o r m e d ,  

by  t h e  n o n - c h r o m a t i c  m a t e r i a l .  T h i s  s t a g e  was d e s c r i b e d  as 

h y p e r c h r o m a t o s i s  o f  t h e  n u c l e a r  me mbr ane .  B o t h  t h e  n u c l e u s  

and t h e  c y t o p l a s m  s h r a n k  by  t h e  l o s s  o f  f l u i d .

3 -  A f t e r  g r a d u a l  s h r i n k a g e  a more c h r o m a t i c  g r a n u l e

p e r s i s t e d ,  w h i c h  l o s t  i t s  a f f i n i t y  f o r  n u c l e a r  s t a i n s ,  became 

F e u I g e n  —neg a t i v e ,  b r o k e  up and d i s a p p e a r e d ;  t h i s  was

c h r o m a t o l y s i s .  G l u c k s ma n n  s t a t e d  t h a t  t h e  c h a n g e s  c o u l d  t a k e  

p l a c e  i n  an i s o l a t e d  c e l l /  o r  i n  a d e g e n e r a t i n g  c e l l

p h a g o c y t o s e d  by  a n e i g h b o u r i n g  c e l l -
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O b s e r v a t i o n s  o f  c e l l  d e a t h  by  u s i n g  b o t h  L i g h t  and 

e l e c t r o n  m i c r o s c o p e  hav e  been  p u b l i s h e d  by  B e l l a i r s  ( 1 9 6 1 ) ,  

F r a n c h i  and Ma n d l  ( 1 9 6 2 ,  1 9 6 4 ) ,  We b e r ,  ( 1 9 6 4 ) ,  J u r a n d  ( 1 9 6 5 ) ,  

B a l l a r d  ( 1 9 6 5 ) ,  S a u n d e r s  and F a l l o n  ( 1 9 6 6 ) ,  Dawd and 

H i n c h l i f f e  ( 1 9 7 1 ) ,  Hammer and M o t t e t  ( 1 9 7 1 ) ,  M i t r o v i c  ( 1 9 7 7 ,  

1 9 7 8 ) ,  a n d ,  mor e  r e c e n t l y ,  by W y l l i e  e t  a l  ( 1 9 8 1 ,  1 9 8 4 ) .

B e l l a i r s  ( 1 9 6 1 )  s t u d y i n g  c e l l  d e a t h  and p h a g o c y t o s i s  i n  t h e  

e a r l y  b l a s t o d e r m  o f  t h e  c h i c k  by e l e c t r o n  m i c r o s c o p y ,  f o u n d  

s i m i l a r  n u c l e a r  c h a n g e s  and n o t i c e d  s e v e r a l  c h a n g e s  i n  t h e  

c y t o p l a s m  w h i c h  g e n e r a l l y  seemed d e n s e r  t h a n  t h a t  o f  n o r m a l  

c e l l s .  The m i t o c h o n d r i a  seemed mor e e l e c t r o n - o p a q u e  t h a n  

t h o s e  i n  n o r m a l  c e l l s .  The c e l l  membr ane o f  t h e s e  

d e g e n e r a t i n g  c e l l s  was f o u n d  t o  be i n t a c t ,  d e s p i t e  t h e  

d e g e n e r a t i v e  c h a n g e s  w h i c h  had t a k e n  p l a c e  i n s i d e  t h e  c e l l .

The d e a d  c e l l  a p p e a r e d  t o  be s u r r o u n d e d  by  a s i n g l e  membr ane 

( i . e .  i t s  own membr ane )  b e f o r e  b e c o m i n g  e n g u l f e d ,  b u t  when i t  

was i n  t h e  p r o c e s s  o f  b e i n g  p h a g o c y t o s e d ,  i t  a p p e a r e d  t o  be 

s u r r o u n d e d  by  t w o  me mb r a n e s .  One was t h e  i n v a g i n a t e d  c e l l  . ^ 

me mbr ane  o f  t h e  h o s t ,  w h i l e  t h e  o t h e r  was t h e  c e l l  membr ane 

o f  t h e  d e g e n e r a t i n g  c e l l .

F r a n c h i  and Ma n d l  ( 1 9 6 2 )  s t u d i e d  ger m c e l l s  o f  f o e t a l  

and n e o n a t a l  f e m a l e  r a t s ,  u s i n g  e l e c t r o n  m i c r o s c o p y ,  and 

f o u n d  s e v e r a l  s t a g e s  o f  c e l l  d e a t h .  C e l l s  p r e s u me d  t o  be a t  

m i t o t i c  p r o p h a s e  a t  an e a r l y  s t a g e  o f  d e g e n e r a t i o n  showed 

c o n d e n s a t i o n  o f  t h e  n u c l e a r  m a t e r i a l  and c o n t a i n e d  i n  t h e  

c y t o p l a s m  l a r g e  r o u n d e d  o r  i r r e g u l a r l y  s h a p e d  v e s i c l e s  

s u r r o u n d e d  by  a d o u b l e  membr ane .  C e l l s  p r e s u me d  t o  be i n  a
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mor e  a d v a n c e d  s t a g e  o f  d e g e n e r a t i o n  showed s w o l l e n  v e s i c l e s  

o f  e n d o p l a s m i c  r e t i c u l u m ,  d i s r u p t e d  m i t o c h o n d r i a  and 

g r a n u l a t e d  c y t o p l a s m .  The f i r s t  s i g n  o f  p h a g o c y t o s i s  was 

i n d i c a t e d  by  p a r t i a l  o r  t o t a l  e n g u l f i n g  o f  a d e g e n e r a t i n g  

ge r m c e l l  by  a n e i g h b o u r i n g  s o m a t i c  c e l l .  The s o m a t i c  c e l l  

seemed t o  c h a n g e  t o  a p h a g o c y t e  and t h e  n u c l e u s  f r e q u e n t l y  

became i r r e g u l a r  i n  s h a p e .  The c y t o p l a s m  o f  t h e  p h a g o c y t i c  

c e l l  c o n t r a s t e d  s h a r p l y  w i t h  t h e  a b n o r m a l  c y t o p l a s m  o f  t h e  

d e g e n e r a t i n g  g e r m c e l l ;  t h e  t wo  we r e  f r e q u e n t l y  c o n t i n u o u s  

due  t o  t h e  f r a g m e n t a t i o n  o f  t h e  c e l l  membr ane .  The e n g u l f e d  

ge r m c e l l  was f o u n d  t o  be d i m i n i s h e d  i n  s i z e  u n t i l  o n l y  a 

s m a l l  mass o f  e l e c t r o n  d e n s e  n u c l e a r  m a t e r i a l  p e r s i s t e d ,  

w h i c h . a p p e a r e d  t o  be t h e  f i n a l  s t a g e  o f  d i g e s t i o n .

Weber  ( 1 9 6 4 ) ,  w o r k i n g  on t h e  t a i l s  o f  Xen o pu s  t a d p o l e s ,  

r e p o r t e d  t h a t  t h e  f i r s t  r e g r e s s i v e  c h a n g e s  wer e  i n  t h e  t a i l  

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

m i t o c h o n d r i a  we r e  e r o d e d  and t h e  s a r c o p l a s m  d i s i n t e g r a t e d  and 

was s h e d  i n t o  t h e  i n t e r c e l l u l a r  s p a c e .  L a t e r ,  p h a g o c y t e s ,  

p r e s u m a b l y  d i f f e r e n t i a t e d  f r o m  me s e n c h y ma l  c e l l s ,  we r e  

r e s p o n s i b l e  f o r  t h e  d i g e s t i o n  o f  d e b r i s  f r o m  t h e  m u s c l e  c e l l s  

i n  " p h a g o s o m e s "  r i c h  i n  a c i d  p h o s p h a t a s e .

J u r a n d  ( 1 9 6 5 )  s t u d y i n g  t h e  a p i c a l  e c t o d e r m a l  r i d g e  o f  

c h i c k  and mouse l i m b  b u d s ,  c l a i m e d  t h a t  t h e  f i r s t  s i g n s  o f  

c e l l  d e a t h  o c c u r r e d  i n  t h e  c y t o p l a s m  and n o t  t h e  n u c l e u s .  

T h e s e  c h a n g e s  c o n s i s t e d  o f  t h e  s u c c e s s i v e  d e v e l o p m e n t  o f  

l y s o s o m e s ,  G o l g i  g r o u p s ,  and t h e n  c y t o l y s o s o m e s ,  a l l  o f  w h i c h  

we r e  p o s i t i v e  f o r  a c i d  p h o s p h a t a s e .  The c y t o l y s o m e s  

c o n t a i n e d  m i t o c h o n d r i a  and e n d o p l a s m i c  r e t i c u l u m ,  w h i c h
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s u g g e s t e d  t h a t  t h e  c e l l s  we r e  u n d e r g o i n g  a u t o l y s i s .

B a l l a r d  ( 1 9 6 5 )  s t u d i e d  t h e  c o u r s e  o f  c e l l  d e a t h  and 

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

f o e t u s ,  u s i n g  b o t h  l i g h t  and e l e c t r o n  m i c r o s c o p y  and

s u g g e s t e d  t h e  f o l l o w i n g  s e q u e n c e  o f  e v e n t s : -

1 .  C e l l s  d i e d  and i n i t i a l l y  r e m a i n e d  s p a c e d  o u t  i n  t h e  t i s s u e  

as i n  L i f e  and t h e n  s h r a n k  by  t h e  l o s s  o f  f l u i d  w h i c h  

c o l l e c t e d  i n  v a c u o l e s .  Th ese  seemed e i t h e r  t o  e mp t y  t h e i r  

c o n t e n t s  i n t o  t h e  i n t e r c e l l u l a r  s p a c e  o r  t o  be e x t r u d e d  w h o l e  

i n t o  i t .

2 .  The  d ea d  c e l l s  we r e  t h e n  e n g u l f e d  by s i m i l a r ,  b u t  v i a b l e ,  

n e i g h b o u r i n g  me s e n c h y ma l  c e l l s ,  t h a t  r e s e m b l e d  t h e  o t h e r  n o n -  

p h a g o c y t i c  m e s e n c h y m a l  b o t h  i n  t h e i r  a c i d  h y d r o l a s e  a c t i v i t y  

and i n  t h e i r  m o r p h o l o g y  and u l t r a s t r u c t u r e .

3 .  T h e s e  p h a g o c y t i c  c e l l s  d i f f e r e n t i a t e d  and became t y p i c a l  

m a c r o p h a g e s .  T h i s  p r o c e s s  was r e f l e c t e d  i n  t h e  a l t e r e d

a p p e a r a n c e  o f  t h e i r  n u c l e i  w h i c h  became d e n s e r  and more 

i n d e n t e d ,  and i n  an i n c r e a s e  i n  c y t o p l a s m  and c y t o p l a s m i c  

o r g a n e l l e s  ( m i t o c h o n d r i a  and e n d o p l a s m i c  r e t i c u l u m ) ,  and i n  

i n c r e a s e d  a c i d  h y d r o l a s e  a c t i v i t y .  A d d i t i o n a l  dead  c e l l s  

m i g h t  be i n g e s t e d  a t  any  s t a g e  i n  t h i s  p r o c e s s .

4 .  The  d e a d  c e l l s  we r e  d i g e s t e d  w i t h i n  p h a g o c y t i c  v a c u o l e s  by 

t h e  a c i d  h y d r o l a s e s  o f  t h e  m a c r o p h a g e s  u n t i l  no v i s i b l e

s t r u c t u r e s  r e m a i n e d ,  a p a r t  f r o m  m y e l i n  f i g u r e s .  These

a p p e a r e d  t o  be e x t r u d e d  f r o m  t h e  ma c r o p h a g e s  i n t o  t h e  

i n t e r c e l l u l a r  s p a c e .  The same s u g g e s t i o n s  we r e  r e p o r t e d  by 

Dawd and H i n c h l i f f e  ( 1 9 7 1 )  i n  t h e i r  s t u d y  o f  t h e  o p a q u e  p a t c h
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i n  t h e  c e n t r a l  mesenchyme o f  t h e  d e v e l o p i n g  c h i c k  l i m b .

S a u n d e r s  and F a l l o n  ( 1 9 6 6 )  s t u d i e d ,  by  EM, t h e  

c y t o l o g i c a l  d e t a i l s  o f  t h e  p o s t e r i o r  n e c r o t i c  z o n e s  ( PNZs )  o f  

l i m b  b u d s  o f  c h i c k  e m b r y o s .  They  i d e n t i f i e d  d e a d  c e l l s ,  a t  

f i r s t ,  i s o l a t e d ,  and l a t e r  b e i n g  e n g u l f e d  by  m a c r o p h a g e s .  

M a c r o p h a g e s  we r e  f o u n d  c o n t a i n i n g  f r a g m e n t a r y  r e m a i n s  o f  dead 

c e l l s ,  w h i c h  a p p e a r e d  t o  be i n  v a r i o u s  s t a g e s  o f  d i g e s t i o n .

Hammer  and M o t t e t  ( 1 9 7 1 )  a l s o  o b s e r v e d  d e g e n e r a t i n g  

c e l l s  i n  t h e  i n t e r d i g i t a l  a r e a s  o f  t h e  d e v e l o p i n g  c h i c k  l i m b ,  

t h a t  a p p e a r e d  mos t  o f t e n  i n  t h e  s t a g e  o f  h y p e r c h r o m a t o s i s  o f  

t h e  n u c l e a r  me mb r a n e .  Dead c e l l s ,  l o c a t e d  w i t h i n  m a c r o p h a g e s ,  

w e r e  q u i t e  e v i d e n t  u n d e r  l i g h t  m i c r o s c o p y .  M i t r o v i c  ( 1 9 7 7 ,  

1 9 7 8 )  a l s o  d e s c r i b e d  some c h a n g e s  w h i c h  o c c u r  i n  dead  c e l l s  

i n  m e t a t a r s o p h a l a n g e a l  s y n o v i a l  j o i n t s ,  i n  b o t h  c h i c k  and r a t  

e m b r y o s .  He r e p o r t e d  t h a t  t h e s e  d e g e n e r a t i n g  c e l l s  e x h i b i t e d  

m a r k e d  p y k n o s i s ,  b a s o p h i l i a  and v a c u o l i z a t i o n ,  u n d e r  t h e  

l i g h t  m i c r o s c o p e .  On t h e  e l e c t r o n  m i c r o g r a p h s  t h e s e  c e l l s  

s howed  c o n s i d e r a b l y  i n c r e a s e d  o p a c i t y  and a p p e a r e d  t o  be 

p r o f o u n d l y  a l t e r e d ,  w i t h  mar ked  c y t o p l a s m i c  and n u c l e a r  

r e t r a c t i o n s .  T h e y  r a p i d l y  d i s i n t e g r a t e d  and wer e

p h a g o c y t o s e d  by  t h e  s u r r o u n d i n g  c e l l s .

R e c e n t l y ,  W y l l i e  e t  a l  ( 1 9 8 1 ,  198 4 )  i n  t h e i r  s t u d y  o f  t h e  

n u c l e a r  c h a n g e s  i n  a p o p t o s i s  i n  m u r i n e  l ymph c e l l  l i n e s  and 

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

a p o p t o s i s .  The c e l l  n u c l e u s  n o r m a l l y  p o s s e s s e d  a l a r g e  

n u c l e o l u s  and c o n t a i n e d  l i t t l e  p e r i p h e r a l  h e t e r o c h r o m a t i n .  

The e a r l i e s t  r e c o g n i z e d  c ha n g e  was d i s p e r s i o n  o f  t h e  

n u c l e o l u s  i n t o  a s h o w e r  o f  o s m i o p h i l i c  f r a g m e n t s ,  and t h e
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a p p e a r a n c e  o f  a g g r e g a t e s  o f  g r a n u l a r ,  c o n d e n s e d  c h r o m a t i n  

i m m e d i a t e l y  s u b j a c e n t  t o  t h e  n u c l e a r  me mbr a ne .  S o me t i me s  

t h e s e  a g g r e g a t e s  a p p e a r e d  t o  f i l l  b l i s t e r - l i k e  p r o t r u s i o n s  o f  

t h e  n u c l e a r  me mb r a n e .  N u c l e a r  p o r e s  we r e  a b s e n t  f r o m  t h e  

n u c l e a r  membr ane  o v e r l y i n g  t h e  c o n d e n s e d  c h r o m a t i n .  A d j a c e n t  

t o  t h e  c r e s c e n t i c  p e r i p h e r a l  masses  o f  c o n d e n s e d  c h r o m a t i n ,  

b u t  a p p a r e n t l y  d i s t i n c t  f r o m  t h e m ,  r o u g h l y  s p h e r i c a l  masses  

o f  f i n e l y  g r a n u l a r  o s m i o p h i l i c  m a t e r i a l  we r e  f r e q u e n t l y  

o b s e r v e d .  The a u t h o r s  wer e  u n c e r t a i n  a b o u t  t h e  n a t u r e  o f  

t h i s  m a t e r i a l ,  b u t  t h e y  t h o u g h t  i t  m i g h t  hav e  d e r i v e d  f r o m  

t h e  n u c l e o l u s .  C e l l s  a t  what  wer e  p r e s u m a b l y  l a t e r  s t a g e s  

showed  d e e p l y  c o n v o l u t e d  n u c l e a r  p r o f i l e s .  E v e n t u a l l y  t h e  

n u c l e u s  was r e p r e s e n t e d  by s e v e r a l  d i s c r e t e  masses  o f  

c o n d e n s e d  c h r o m a t i n ,  i n i t i a l l y  membr ane b o u n d e d ,  b u t  l a t e r  

w i t h  i n c o m p l e t e  o r  a b s e n t  n u c l e a r  me mb r a n e s .  C e l l s  a t  t h i s  

s t a g e  f r e q u e n t l y  showed d e g e n e r a t i v e  c h a n g e s  i n  t h e  

c y t o p l a s m i c  o r g a n e l l e s  such  as m i t o c h o n d r i a l  s w e l l i n g  and 

r u p t u r e  o f  t h e  c r i s t a e ,  b u t  t h e  e a r l i e r  n u c l e a r  c h a n g e s  

t e n d e d  t o  o c c u r  i n  c e l l s  w i t h  c o mp a c t e d  b u t  s t r u c t u r a l l y  

i n t a c t  c y t o p l a s m i c  o r g a n e l l e s .

T h e s e  s t u d i e s  on t h e  c y t o l o g y  o f  c e l l  d e a t h  s u g g e s t  t h a t  

t h e r e  i s  a common p a t t e r n  o f  d e g e n e r a t i v e  c h a n g e s  i n  

c y t o p l a s m  and n u c l e u s .  A f t e r  t h e  c e l l  has d i e d  i t  i s  

p h a g o c y t o s e d  and l a t e r  d i g e s t e d  by a m a c r o p h a g e ,  w h i c h  may 

have  d i f f e r e n t i a t e d  f r o m  a n e i g h b o u r i n g  c e l l  o f  t h e  same t y p e  

as t h e  d e a d  c e l l .
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S e v e r a l  w o r k e r s  s t u d i e d  dead c e l l s  by s c a n n i n g  e l e c t r o n  

m i c r o s c o p y .  H u r l e  and H i n c h l i f f e  ( 1 9 7 8 )  p r e s e n t e d  a g e n e r a l  

s u r v e y  o f  t h e  PNZ u n d e r  t h e  SEM. W i t h i n  t h e  a r e a ,  h e a l t h y  

m e s e n c h y m a l  c e l l s ,  r o u n d e d  dead c e l l s  and c e l l  f r a g m e n t s  and

l a r g e  m a c r o p h a g e s  c o u l d  be e a s i l y  i d e n t i f i e d .  H e a l t h y

m e s e n c h y m a l  c e l l s  had a t y p i c a l  s t e l l a t e  a p p e a r a n c e ,  w i t h

n u m e r o u s  c e l l  p r o c e s s e s .  I n  t h e  PNZ t h e y  f o r m e d  a l o o s e  

m e s h - w o r k  w i t h i n  w h i c h  wer e  l o c a t e d  t h e  d i f f e r e n t  t y p e s  o f  

d e g e n e r a t i v e  c e l l s .  C e l l s  i n  t h e  i n i t i a l  s t a g e s  o f  

d e g e n e r a t i o n  t e n d e d  t o  l o s e  t h e i r  s t e l l a t e  p r o f i l e ,  became 

r o u n d e d  and showed  c o n s t r i c t i o n s  w h i c h  s u g g e s t e d  t h a t  t h e y  

we r e  i n  i n i t i a l  s t a g e s  o f  f r a g m e n t a t i o n .  C e l l s  i n  a more

a d v a n c e d  s t a g e  o f  d e g e n e r a t i o n  wer e  c l e a r l y  r e c o g n i z e d  as 

f r a g m e n t i n g  c e l l s  and a p p e a r e d  t o  c o n s i s t  o f  f o u r  o r  f i v e  o r  

mor e  r o u n d e d  b o d i e s  d e t a c h i n g  f r o m  each  o t h e r .  I n  a d d i t i o n  

t o  t h e s e  c h a n g e s  i n  c e l l  s u r f a c e  s t r u c t u r e ,  t h e  s u r f a c e  was 

f r e q u e n t l y  p i t t e d  w i t h  s m a l l  h o l e s .  M a c r o p h a g e s  wer e  c l e a r l y  

d i f f e r e n t i a t e d  f r o m  me s e n c h y ma l  c e l l s  by  t h e i r  r o u n d  s h a p e ,  

l a c k  o f  c e l l  p r o c e s s e s  and l a r g e  s i z e ;  t h e y  had o v o i d

p r o t r u s i o n s ,  " p r o b a b l y  r e p r e s e n t i n g  r e c e n t l y  i n g e s t e d  dead 

c e l l s " .  S i m i l a r  r e s u l t s  s h o w i n g  b u d d i n g  and f r a g m e n t i n g

c e l l s  h av e  been  o b t a i n e d  by P e x i e d e r  ( 1 9 7 5 ) ,  G a r c i a - P o r r e r o  

and O j e d a  ( 1 9 7 9 )  and K a p l a n  e t  a l  ( 1 9 7 5 ) .
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V.  GENETIC CONTROL OF CELL DEATH

I t  i s  c l e a r  f r o m  t h e  e x a m p l e s  c i t e d  t h a t  c e l l  d e a t h  i s  a

n o r m a l  p a r t  o f  many m o r p h o g e n e t i c  p r o c e s s e s ,  and t h a t  i t  may 

be r e g a r d e d  i n  some o r g a n s  as an end p o i n t  o f  c e l l u l a r

d i f f e r e n t i a t i o n .  One e x p e c t s ,  t h e r e f o r e ,  t o  f i n d  e v i d e n c e

t h a t  c e l l  d e a t h  i s  u n d e r  g e n e t i c  c o n t r o l ,  and t h i s  i s  

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

u s u a l l y  i n c r e a s i n g  n o r m a l l y  o c c u r r i n g  c e l l  d e a t h ,  b u t  more 

r a r e l y  s u p p r e s s i n g  i t .

Z w i l l i n g  C1949)  s t u d i e d  t h e  w i n g l e s s  m u t a n t  i n  c h i c k

e m b r y o s ,  and f o u n d  t h a t  t h e  number  o f  dead  c e l l s  was g r e a t e r

t h a n  n o r m a l  s e en  i n  t h e  a p i c a l  e c t o d e r m a l  r i d g e  ( A E R ) .  T h i s  

a u g m e n t e d  c e l l  d e a t h  l e d  t o  d e g e n e r a t i o n  o f  t h e  AER d u r i n g  

t h e  t h i r d  d a y  o f  e m b r y o n i c  d e v e l o p m e n t ,  and t h e r e f o r e  t o  

f a i l u r e  o f  w i n g  d e v e l o p m e n t ,  s i n c e  t h e  AER p l a y s  an i m p o r t a n t  

r o l e  i n  i n d u c t i o n  o f  l i m b  d e v e l o p m e n t .  A g r o u p  o f  m u t a t i o n s  

i n  t h e  mouse c a u s e  s h o r t e n i n g  o r  c o m p l e t e  d i s a p p e a r a n c e  o f  

t h e  t a i l ,  and s o m e t i m e s  o f  p a r t  o f  t h e  p o s t e r i o r  b o d y .  Thes e  

m u t a t i o n s  a r e  mor e  s e v e r e  i n  t h e  c a s e  o f  t h e  h o m o z y g o t e  t h a n  

i n  t h e  h e t e r o z y g o t e .  I n  a l l  o f  t h e  a b o v e  m u t a t i o n s  t h e  gene  

a c t s  e i t h e r  by  d i r e c t l y  c a u s i n g  n e c r o s i s  i n  t h e  n o t o c h o r d ,  

and s i m u l t a n e o u s ,  o r  c o n s e q u e n t ,  n e c r o s i s  o f  t h e  s o m i t e s  and

n e u r a l  t u b e  ( r e v i e w e d  by  G r u n e b e r g ,  1 9 6 3 ) .

I n  t h e  c a s e  o f  a n o t h e r  m u t a t i o n  o f  t h e  f o w l ,  c e l l  d e a t h

i s  s u p p r e s s e d  r a t h e r  t h a n  i n c r e a s e d .  I n  t h e  p o l y d a c t y l o u s  
3

t a l p i d  m u t a t i o n ,  t h e  PNZ and ANZ,  w h i c h  a r e  p r e s e n t  i n  t h e  

s u p e r f i c i a l  mesenchyme o f  n o r m a l  l i m b  b uds  o f  c h i c k  e mb r y o s
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a t  s t a g e s  21 t o  29 ( 3 . 5  — 6 d a y s ) ,  a r e  a b s e n t  i n  t h e  c a s e  o f  

t a l p i d  e m b r y o s  a t  t h i s  t i m e  o f  d e v e l o p m e n t .  I n  a d d i t i o n  t h e  

" o p a q u e  p a t c h "  o f  n e c r o s i s  o f  t h e  d e e p e r  mesenchyme o f  t h e  

l i m b  ( F e l l  and C a n t i ,  1 9 3 4 )  i s  e i t h e r  s u p p r e s s e d  o r  v e r y  much 

s m a l l e r  i n  t a l p i d  e mb r y o s  CHi nche  I i f f e ,  1 9 6 7 ) .
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V I .  MECHANISMS OF CELL DEATH:  THE ROLES OF LYSOSOMES AND OF

MACROPHAGES

E m b r y o l o g i s t s  hav e  f r e q u e n t l y  a t t e m p t e d  t o  a c c o u n t  f o r  

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

G l u c k s m a n n  ( 1 9 5 1 )  s u g g e s t e d  t h a t  c e r t a i n  s t i m u l i  f o r  t h e  

c e l l  p r o l i f e r a t i o n  and f o r  t h e  d i f f e r e n t i a t i o n  o f  o r g a n s  wer e  

a c t i v e  f o r  l i m i t e d  p e r i o d s  o n l y ,  and t h a t ,  when t h e s e  s t i m u l i  

c e a s e ,  c e l l s  f a i l  t o  d i v i d e  and c o m p l e t e  t h e i r  

s p e c i a l i s a t i o n ,  and t h u s  age and s u b s e q u e n t l y  d i e .  T h e r e  i s ,  

h o w e v e r ,  no c r i t i c a l  e v i d e n c e  f o r  t h i s  t h e o r y .

Mo r e  r e c e n t l y ,  t h e  d i s c o v e r y  o f  l y s o s o m e s  has l e d  t o  new 

a p p r o a c h e s  t o  t h e  p r o b l e m  o f  t h e  c a u s e  o f  c e l l  d e a t h .  I t  has 

been  s u g g e s t e d  t h a t  l y s o s o me s  may r e l e a s e ,  i n t r a c e  I l u l a r l y ,  

e n z y mes  c a p a b l e  o f  k i l l i n g  and d i g e s t i n g  t h e  n o r m a l  v i a b l e  

cells.

L y s o s o m e s  we r e  f i r s t  d i s c o v e r e d  i n  r a t  l i v e r  by  de Du v e ,  

u s i n g  d i f f e r e n t i a l  c e n t r i f u g a t i o n  t o  d e t e r m i n e  t h e  

d i s t r i b u t i o n  o f  t h e  enzymes  i n v o l v e d  i n  t h e  m e t a b o l i s m  o f  

c a r b o h y d r a t e s .  The  f i r s t  o f  t h e  enzymes  t o  a t t r a c t  a t t e n t i o n
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was a c i d  p h o s p h a t a s e .  At  f i r s t  i t  was b e l i e v e d  t h a t  t h e

p a r t i c l e s  c o n t a i n i n g  a c i d  p h o s p h a t a s e  wer e  m i t o c h o n d r i a ,  b u t

l a t e r  i t  was d i s c o v e r e d  t h a t  t h e y  f o r m e d  a d i s t i n c t  g r o u p  o f

c e l l  p a r t i c l e s  d i f f e r e n t  f r o m  b o t h  m i t o c h o n d r i a  and

m i c r o s o m e s .  By t h e  a i d  o f  e l e c t r o n  m i c r o s c o p y ,  de Duve e t  a l  

( 1 9 5 5 )  i d e n t i f i e d  t h e  d e n s e  p a r t i c l e s  and g av e  t h e  name o f  

' ' l y s o s o m e s " .

L y s o s o m e s  a r e  d e f i n e d  as h a v i n g  t h e  f o l l o w i n g  

c h a r a c t e r  i s t i c s : -

1 -  d i a m e t e r  0 . 4  -  0 . 5  yum.

2 -  c o n t a i n  h y d r o l a s e s  w i t h  an a c i d  pH o p t i m u m .

3 -  p o s s e s s  enzyme l a t e n c y ,  r e l a t e d  t o  t h e  l i m i t i n g  

l i p o p r o t e i n  me mb r a n e ,  w h i c h  r e t a i n s  t h e  enzymes  and r e s i s t s  

t h e  p e n e t r a t i o n  o f  s m a l l  m o l e c u l e s  f r o m  o u t s i d e .

4 -  f u n c t i o n  as t h e  i n t r a c e l l u l a r  d i g e s t i v e  s y s t e m  o f  t h e  

cell.
Rat  l i v e r  f o r  a l o n g  t i m e  was t h e  most  common m a t e r i a l  

u s ed  f o r  s t u d y ,  b o t h  q u a l i t a t i v e  and q u a n t i t a t i v e ,  o f  t h e  

h y d r o l y t i c  e n z y m e s .  Rat  l i v e r  l y s o s o m e s  a r e  now known t o  

c o n t a i n  a t  l e a s t  t w e l v e  a c i d  h y d r o l a s e s ,  w h i c h  t o g e t h e r  a r e  

c a p a b l e  o f  d i g e s t i n g  a l l  t h e  m a j o r  c e l l  c o n s t i t u e n t s .

The  q u e s t i o n  w h i c h  has been f r e q u e n t l y  r a i s e d ,  i s  

w h e t h e r  a l l  t h e s e  enzymes  a r e  p r e s e n t  t o g e t h e r  i n  a l l  

l y s o s o m e s ,  as c l a i m e d  by de Duve ( 1 9 6 3 a ) ,  o r  w h e t h e r  t h e r e  

e x i s t  s e v e r a l  k i n d s  o f  l y s o s o m e s ,  d i f f e r i n g  q u a l i t a t i v e l y  i n

t h e i r  e n z y m i c  e q u i p m e n t .

An i m p o r t a n t  c h a r a c t e r i s t i c  o f  l y s o s o m e s  i s  t h e  s i n g l e
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L i p o p r o t e i n  me mb r a ne ;  enzymes  can be r e l e a s e d  f r o m  Lysosomes  

b o t h  i n  v i t r o  and i n  ¥ l v o ,  by  t r e a t i n g  t hem w i t h  c e r t a i n  

a g e n t s  w h i c h  a p p e a r  t o  a c t  by  d e c r e a s i n g  t h e  s t a b i l i t y  o f  t h e  

L y s o s o m a l  me mb r a n e .  Amongs t  t h e  f a c t o r s  h a v i n g  t h i s  e f f e c t  

a r e  r e p e a t e d  f r e e z i n g ,  d e t e r g e n t s  ( W a t t i a u x  e t  a l ,  1 9 6 3 ) ;  UV-  

i r r a d i a t i o n ,  s t r e p t o l y s i n s ,  some s t e r o i d s  Cde D u v e ,  1963 and 

We i s s man  e t  a_l ,  1 9 6 4 )  and e x c e s s  v i t a m i n  A i n  v i t r o  o r  

I n  v i v o  ( D i n g l e ,  1 9 6 1 ;  F e l l  and D i n g l e ,  1 9 6 3 ;  Wei ssman e t  a l  

1 96 4 )  .

By c o n t r a s t ,  some o t h e r  s u b s t a n c e s  have  been  f o u n d  t o  

i n c r e a s e  t h e  s t a b i l i t y  o f  t h e  l i p o p r o t e i n  membr ane o f

l y s o s o m e s ,  t h u s  s l o w i n g  down t h e  r a t e  o f  r e l e a s e  o f  e n z y m e s .  

Such s u b s t a n c e s  i n c l u d e  c h l o r o q u i n o n e ,  c o r t i s o n e ,  c o r t i s o l  

( We i s s m a n  e t  a l ,  1 9 6 4 ) ,  c h o l e s t e r o l  ( d e  Duve e t  a l ,  1 9 6 2 ) .  

L y s o s o me s  and c e l l  d e a t h

The r o l e  o f  a c i d  h y d r o l a s e s  r e l e a s e d  f r o m  l y s o s o m e s ,  i n  

e m b r y o n i c  c e l l u l a r  d e g e n e r a t i o n ,  i s  c o n t r o v e r s i a l .  I t  has

been  s u g g e s t e d  t h a t  i f  t h e  l y s o s o m a l  enzymes  a r e  r e l e a s e d  

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

o r  e v e n  t h e  d e a t h  o f  t h e  c e l l .  T h i s  i s  t h e  s o - c a l l e d

" s u i c i d e  b a g "  h y p o t h e s i s  ( de  Du v e ,  1 9 5 9 ;  1 9 6 3 ,  and de Duve

and B e a u f a y ,  1 9 5 9 ) .

Z w i l l i n g  ( 1 9 6 4 )  s u p p o r t e d  t h i s  v i e w .  J u r a n d  ( 1 9 6 4 )  a l s o  

i m p l i e d  t h a t  t h e  a c i d  p h o s p h a t a s e  a c t i v i t y  was c l o s e l y  

a s s o c i a t e d  w i t h  t h e  c e l l u l a r  d e g e n e r a t i o n  i n  t h e  a p i c a l  

e c t o d e r m a l  r i d g e  c e l l s  o f  t h e  c h i c k  e m b r y o .

H o w e v e r ,  mor e  r e c e n t  wor k  has n o t  s u p p o r t e d  t h i s  v i e w .  

For e x a mp l e ,  B a l l a r d  and H o l t  ( 1968 )  s t u d y i n g  t h e  dead  c e l l s
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w i t h i n  t h e  i n t e r d i g i t a l  zones  o f  t h e  f o e t a l  r a t  f o o t ,  f o u n d  

no i n c r e a s e  i n  a c i d  p h o s p h a t a s e  a c t i v i t y  o f  t h e  d e g e n e r a t i n g  

c e l l s  p r i o r  t o  t h e  o n s e t  o f  p h a g o c y t o s i s ,  Dawd and

H i n c h l i f f e  ( 1 9 7 1 )  r e p o r t e d  t h a t  i s o l a t e d  dead  c e l l s ,  and dead  

c e l l s  r e c e n t l y  i n g e s t e d  by m a c r o p h a g e s ,  c o n t a i n e d  no mor e 

a c i d  p h o s p h a t a s e  a c t i v i t y ,  e i t h e r  d i s c r e t e  o r  d i f f u s e ,  t h a n  

e i t h e r  n e i g h b o u r i n g  l i v i n g  me s e n c h y ma l  c e l l s ,  o r  m e s e n c h y ma l  

c e l l s  w h i c h  had i n g e s t e d  1 - 3  dead  c e l l s .  I n c r e a s e d  a c i d

p h o s p h a t a s e  a c t i v i t y  was f o u n d ,  h o w e v e r ,  w i t h i n  t h e .

m a c r o p h a g e s ,  wh e r e  a c t i v i t y  was l o c a l i z e d  w i t h i n  t h e  

d i g e s t i v e  v a c u o l e s  c o n t a i n i n g  t h e  dead  c e l l s ,  and w i t h i n  t h e  

G o l g i  a p p a r a t u s  and G o l g i  v e s i c l e s .

Hammar  and M o t t e t  ( 1 9 7 1 )  a l s o  f o u n d  no l y s o s o m a l  

a c t i v i t y  i n  t h e  i n t e r d i g i t a l  c e l l s  p r i o r  t o  p h a g o c y t o s i s  o f  

t h e  d e a d  c e l l s .  Once p h a g o c y t o s i s  o c c u r r e d ,  h o w e v e r ,  

i n t r a c e l l u l a r  d i g e s t i o n  a p p e a r e d  v e r y  a c t i v e .

P a n n e s e  e t  a l  ( 1 9 7 6 ) ,  i n  t h e i r  s t u d y  o f  t h e  l y s o s o m e s  i n  

n o r m a l  and d e g e n e r a t i n g  n e u r o b l a s t s  o f  t h e  c h i c k  e mb r y o  

s p i n a l  g a n g l i a ,  r e p o r t e d  t h a t  a d i f f u s e  d i s t r i b u t i o n  o f  a c i d  

p h o s p h a t a s e  a c t i v i t y  was o n l y  f o u n d  i n  a l i m i t e d  numbe r  o f  

c a s e s  d u r i n g  t h e  t e r m i n a l  s t a g e  o f  t h e  p r o c e s s .  T h e i r  

r e s u l t s  i n d i c a t e d  t h a t  l y s o s o me s  do n o t  p l a y  a £ £ i. E 3 1 r o l e

i n  t h e  d e g e n e r a t i v e  p r o c e s s .

Mo s t  r e c e n t l y ,  Umansky ( 1 9 8 2 ) ,  i n  h i s  s t u d y  o f  t h e  

g e n e t i c  p r o g r a m m e  o f  c e l l  d e a t h ,  s a i d  i t  had been  shown f o r  

many c a s e s  t h a t  d e g r a d a t i o n  o f  t h e  g e n e t i c  m a t e r i a l  o c c u r r e d  

i n  m o r p h o l o g i c a l l y  i n t a c t  c e l l s  and was n o t  t h e  c o n s e q u e n c e
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o f  a c t i v a t i o n  o f  h y d r o l y t i c  enzymes  i n  d y i n g  c e l l s .

R o l e  o f  Q h a g o c y t e s  i n  c e l l  d e a t h

W h a t e v e r  i n i t i a t e s  c e l l  d e a t h ,  t h e  d i g e s t i o n  o f  n e c r o t i c  

t i s s u e  i s  a p p a r e n t l y  c o m p l e t e d  by  l y s o s o m a l  e n z y m e s ,  by  one 

o f  t w o  m e t h o d s .  The f i r s t  i s  an a u t o p h a g i c  p r o c e s s ,  i n  w h i c h  

c e l l  c o m p o n e n t s  a r e  d i g e s t e d  by  t h e  enzymes  o f  t h e  same c e l l  

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

f r o m  t h e  r e s t  o f  t h e  c e l l  and f r o m  n e i g h b o u r i n g  c e l l s .  The 

s e c o n d  me t h o d  i s  by  a p h a g o c y t i c  p r o c e s s  i n  w h i c h  t h e

d e g e n e r a t i n g  c e l l  o r  c e l l s  a r e  i n g e s t e d  by  a p h a g o c y t e  w i t h i n  

w h i c h  t h e  d i g e s t i o n  o f  dead  c e l l s  i s  c a r r i e d  o u t  by  t h e  

n u m e r o u s  l y s o s o m e s  o f  t h e  p h a g o c y t e .  The dead c e l l s ,  w h i c h  

a r e  i n  d i g e s t i v e  v a c u o l e s  w i t h  a h i g h  h y d r o l y t i c  enzyme

a c t i v i t y ,  a r e  f o u n d  a t  d i f f e r e n t  s t a g e s  o f  d i g e s t i o n .

B a l l a r d  ( 1 9 6 5 ) ,  B a l l a r d  and H o l t  ( 1 9 6 8 ) ,  and Dawd and

H i n c h l i f f e  ( 1 9 7 1 ) ,  u s i n g  b o t h  l i g h t  and e l e c t r o n  m i c r o s c o p y ,  

i d e n t i f i e d  i s o l a t e d  dead  c e l l s  w h i c h  showed t h e  same numbe r  

o f  l y s o s o m e s  and t h e  same d i s t r i b u t i o n  o f  enzyme a c t i v i t y  as 

n o r m a l  v i a b l e  me s e n c h y ma l  c e l l s .  Then t h e  i s o l a t e d  dead  c e l l  

was e n g u l f e d  w i t h i n  t h e  p s e u d o p o d i a - l i k e  p r o j e c t i o n s  o f  a 

n e i g h b o u r i n g  v i a b l e  me s e nc h y ma l  c e l l .  At  t h i s  s t a g e  t h e

e n g u l f i n g  me s e n c h y ma l  c e l l  d i d  n o t  show any  c h a n g e s ,  b u t  soon

a f t e r  i n g e s t i n g  t h e  dead  c e l l ,  t h e  l i v i n g  me s e n c h y ma l  c e l l  

bec ame  e n l a r g e d ,  i t s  n u c l e u s  and c y t o p l a s m  mor e i n t e n s i v e l y  

s t a i n e d  and i t s  n u c l e u s  s o me t i me s  d i s t o r t e d  by t h e  i n g e s t e d  

d e ad  c e l l s .  An i n c r e a s e  i n  t h e  numbe r  o f  l y s o s o m e s  and t h e  

a s s o c i a t i o n  o f  h y d r o l y t i c  enzymes  w i t h  t h e  i n g e s t e d  dead  c e l l  

o r  c e l l s  was o b s e r v e d  a t  t h i s  s t a g e  w i t h i n  t h e  me s e n c h y ma l
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c e l l ,  w h i c h  was now r e g a r d e d  as s h o w i n g  a l l  t h e

m o r p h o l o g i c a l  f e a t u r e s  o f  a m a c r o p h a g e .

A c c o r d i n g  t o  t h e  d i f f e r e n c e s  i n  h y d r o l y t i c  enzyme 

a c t i v i t y  and d i s t r i b u t i o n  and t h e  s t a g e s  o f  d i g e s t i o n ,  

B a l l a r d  ( 1 9 6 8 )  s t u d i e d  c e l l  d e a t h  and d i g e s t i o n  i n  f o e t a l  r a t  

f o o t ,  and  he c l a s s i f i e d  t h e  p h a g o c y t e s  i n t o  t h r e e  s t a g e s :

1 : p h a g o c y t e  w i t h  l e a s t  enzyme a c t i v i t y  c o n t a i n i n g

l a r g e  p y k n o t i c  n u c l e i  s h o w i n g  l i t t l e  s i g n  o f  d i g e s t i o n .

1 : p h a g o c y t e  s h o w i n g  i n t e r m e d i a t e  enzyme a c t i v i t y  and

c o n t a i n i n g  m i x e d  t y p e s  o f  dead  c e l l s ,  some i n  e a r l y  ,  and 

o t h e r s  i n  l a t e r  s t a g e s  o f  d i g e s t i o n .

S t a g e  3 :  p h a g o c y t e  w i t h  most  enzyme a c t i v i t y  c o n t a i n i n g  dead

c e l l s  s h o w i n g  t h e  mos t  p r o n o u n c e d  s i g n s  o f  d i g e s t i o n .

The  d i g e s t i o n  o f  dead  c e l l s  by  m a c r o p h a g e s  w h i c h  have  

d i f f e r e n t i a t e d  d i r e c t l y  i n  s i t u  f r o m  me s e n c h y ma l  c e l l s ,  has 

a l s o  b e e n  d e s c r i b e d  by  Hammar and M o t t e t  ( 1 9 7 1 ) .  H i n c h l i f f e  

and Ede ( 1 9 7 3 )  and M i t r o v i c  ( 1 9 7 7 ;  1978 )  a l l  w o r k i n g  on

v a r i o u s  a s p e c t s  o f  l i m b  d e v e l o p m e n t .

T h i s  p h e n o m e n o n ,  t h e  p h a g o c y t o s i s  o f  d y i n g  c e l l s  by  

n e i g h b o u r i n g  c e l l s ,  w h i c h  a r e  n o t  ma c r o p h a g e s  i n  t h e  s t r i c t  

s e n s e ,  has  a l s o  been  d e s c r i b e d  i n  o t h e r  s i t u a t i o n s : -

( i )  S c h l u t e r  ( 1 9 7 3 )  f o u n d  e n g u l f m e n t  o f  dead c e l l s ,  i n  t h e  

c l o s i n g  n e u r a l  t u b e ,  by  n e i g h b o u r i n g  n e u r o e p i t h e l i a l  c e l l s .

( i i )  G a r c i a - P o r r e r o  e t  a l  ( 1 9 7 9 )  d e s c r i b e d  p h a g o c y t o s i s  o f  

dea d  e c t o d e r m a l  e p i t h e l i a l  c e l l s  by  t h e i r  n e i g h b o u r s ,  i n  t h e  

p r o c e s s  o f  i n v a g i n a t i o n  w h i c h  l e a d s  t o  l e n s  v e s i c l e

f o r m a t i o n .
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C i i i )  H u r l e  e t  a_l ( 1 9 7 7 )  f o u n d  t h a t ,  i n  t h e  d e v e l o p i n g  

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

h e a l t h y  m y o c a r d i a l  c e l l  n e i g h b o u r s .

( i v )  i n  i n v o l u t i o n  o f  hor mone  d e p e n d e n t  e p i t h e l i a  e . g .  b r e a s t  

and p r o s t a t e ,  d y i n g  c e l l s  a r e  i n g e s t e d  by t h e i r  n o r m a l  

n e i g h b o u r s .

S a u n d e r s  ( 1 9 6 6 )  and S a u n d e r s  and F a l l o n  ( 1 9 6 6 )  r e p o r t e d  

t h a t  d ea d  c e l l s  o f  t h e  PNZ u n d e r g o  d i g e s t i o n  i n  m a c r o p h a g e s ,  

b u t  t h e y  p r o v i d e d  no e v i d e n c e  t o  show w h e t h e r  t h e s e  

m a c r o p h a g e s  had d i f f e r e n t i a t e d  i n  s i t u ,  f r o m  me s e n c h y ma l  

c e l l s ,  o r  had m i g r a t e d  i n t o  t h e  t i s s u e .
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V I I -  SUMMARY

What  g e n e r a l  c o n c l u s i o n s  emer ge  f r o m  t h i s  s u r v e y  o f  c e l l  

d e a t h ?

1) T h a t  p h y s i o l o g i c a l  o r  p r o g r ammed  c e l l  d e a t h  C a p o p t o s i s )  

can be d i s t i n g u i s h e d  f r o m  n e c r o s i s  ( c a u s e d  by  e x t e r n a l  

e n v i r o n m e n t a l  c h a n g e ) _

2)  T h a t  a p o p t o s i s  i s  w i d e s p r e a d  i n  e m b r y o n i c  d e v e l o p m e n t ,  and 

p l a y s  an e s s e n t i a l  p a r t  i n  t h e  s h a p i n g  o f  o r g a n s  and i n  t h e  

r e m o v a l  o f  r e d u n d a n t ,  t r a n s i e n t ,  s t r u c t u r e s .

3)  T h a t  a p o p t o s i s  a l s o  o c c u r s  p o s t n a t a l l y ,  c o n t r i b u t i n g  t o  

t h e  c o n t i n u e d  r e m o d e l l i n g  o f  s t r u c t u r e  d u r i n g  g r o w t h ,  and t o  

p r o c e s s e s  o f  t i s s u e  a t r o p h y  ( e . g .  o f  m u s c l e  a f t e r  

d e n e r v a t i o n )  and o f  i n v o l u t i o n  ( e . g .  o f  e n d o c r i n e  d e p e n d e n t  

e p i t h e l i a .

4)  T h a t  i n  a p o p t o s i s ,  t h e  f i r s t  c han g es  t o  be seen  a r e  i n  t h e  

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

d e a t h  i s  n o t  i n i t i a t e d  by  e n d o ge n o u s  l y s o s o m a l  a c t i v i t y  ( t h e  

" s u i c i d e  bag  h y p o t h e s i s " ) .

5) Dead and d y i n g  c e l l s  a r e  i n g e s t e d  by  p h a g o c y t e s ,  w h i c h  a r e  

o f t e n  n o r m a l  n e i g h b o u r i n g  c e l l s ,  and n o t  c o n v e n t i o n a l  

m a c r o p h a g e s .  D i g e s t i o n  o f  c e l l  r e m n a n t s  i s  l y s o s o m a l .

6)  A p o p t o s i s  i s  p r e c e d e d  by e v i d e n c e  o f  n u c l e a r  ( g e n e t i c )  

a c t i v i t y ,  and i t s  i m m e d i a t e  c a us e  seems t o  be g e n e t i c a l l y  

d e t e r m i n e d ,  a l t h o u g h  e x t e r n a l  t r i g g e r s  have  been  i d e n t i f i e d  

i n  some c a s e s ,  and may y e t  be f o u n d  i n  o t h e r s .
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I V .  DEVELOPMENT OF THE PATELLA AND THE FEMOROPATELLAR JOI NT

T h e r e  i s  d i s a g r e e m e n t  i n  some o f  t h e  p u b l i s h e d  p a p e r s  

a b o u t  b o t h  t h e s e  t o p i c s .

1)  The  d e v e l o p m e n t  o f  t h e  p a t e j .  l a

The  ma i n  q u e s t i o n  i s  t h i s :

" I s  t h e  p a t e l l a r  p r i m o r d i u m  i n d e p e n d e n t  o f  t h e  q u a d r i c e p s  

t e n d o n ,  o r  i s  i t  an i n t r a - t e n d i n o u s  s e s a m o i d ? "

A.  MAMMALIAN SYNOVIAL JOINTS

Some a u t h o r s ,  e . g .  A n d e r s e n  ( 1 9 6 1 ) ,  Sc hn e c k  ( 1 9 6 5 ) ,  and 

D o s k o c i l  ( 1 9 8 5 ) ,  c l a i m e d  t h a t  t h e  p a t e l l a r  c o n d e n s a t i o n  was 

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

s e c o n d a r y  i n v a s i o n  o f  t h e  t e n d o n  t o o k  p l a c e  l a t e r .  O t h e r  

w o r k e r s  h a v e  c o n s i d e r e d  t h a t  t h e  p a t e l l a  d e v e l o p s  i n i t i a l l y  

w i t h i n  t h e  t e n d o n ,  e . g .  Ba r d e e n  ( 1 9 0 5 ) ,  W a l m s l e y  ( 1 9 4 0 )  and 

H a i n e s  ( 1 9 4 7 )  .

G r a y  and G a r d n e r  ( 1 9 5 0 )  s t u d i e d  t h e  human k n ee  j o i n t  and 

f o u n d  t h a t  t h e  p a t e l l a r  c o n d e n s a t i o n  a p p e a r e d  i n  f r o n t  o f  t h e  

f e m u r  a t  7 . 5  weeks  and t h a t  i t  was s e p a r a t e d  f r o m  t h e  f e m u r ,  

by  a l o o s e  me s e n c h y ma l  t i s s u e ,  f r o m  t h e  o u t s e t .  The p a t e l l a r  

c o n d e n s a t i o n  became p r e c a r t i l a g i n o u s  a t  8 . 5  weeks  and 

c a r t i l a g i n o u s  a t  10 w e e k s .  They  d i d  n o t  g i v e  any  e x p l a n a t i o n  

a b o u t  t h e  r e l a t i o n  b e t w e e n  t h e  p a t e l l a  and t h e  q u a d r i c e p s  

t e n d o n .

A n d e r s e n  ( 1 9 6 1 )  a l s o  s t u d i e d  t h e  human k nee  j o i n t ,  and 

f o u n d  t h a t  t h e  p a t e l l a r  p r i m o r d i u m  o r i g i n a t e d  i n  t h e  b l a s t e m a  

b e h i n d  t h e  q u a d r i c e p s  t e n d o n  w i t h  a s h a r p  d i s t i n c t i o n  i n  

n u c l e a r  m o r p h o l o g y  b e t w e e n  t h e  p a t e l l a r  c e l l s  and t h e  c e l l s
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o f  t h e  q u a d r i c e p s  t e n d o n ,  w h i c h  we r e  e l o n g a t e d  w i t h  l o n g  

s p i n d l e - s h a p e d  n u c l e i .  He a l s o  f o u n d  t h a t  t h e  p a t e l l a r  

p r i m o r d i u m  was s e p a r a t e d  f r o m  t h e  f e m u r  by  a t y p i c a l  t h r e e -  

l a y e r e d  i n t e r z o n e .  He s u g g e s t e d  t h a t  s e c o n d a r y  i n v a s i o n  o f  

t h e  q u a d r i c e p s  t e n d o n  t o o k  p l a c e  l a t e r .

S c h n e c k  ( 1 9 6 5 )  r e a c h e d  t h e  same c o n c l u s i o n  i n  t h e  

r a b b i t .  He f o u n d  t h a t  t h e  d e v e l o p i n g  p a t e l l a  c o n s i s t e d  a t  

f i r s t  o f  c e l l s  o f  t h e  p r e c h o n d r a l  v a r i e t y ,  w h i c h  e x h i b i t e d  

no d e f i n i t e  e v i d e n c e  o f  l a c u n a e ,  and t h a t  t h e  d e n s e  c e l l u l a r  

c o n d e n s a t i o n  o f  t h e  q u a d r i c e p s  t e n d o n  and p a t e l l a r  l i g a m e n t  

l a y  on i t s  a n t e r i o r  s u r f a c e .  P o s t e r i o r l y  t h e  p a t e l l a  was 

s e p a r a t e d  f r o m  t h e  f e m u r  by a t y p i c a l  l a y e r e d  i n t e r z o n e .

Mo r e  r e c e n t l y ,  D o s k o c i l  ( 1 9 8 5 ) ,  i n  h i s  s t u d y  o f  t h e  

f o r m a t i o n  o f  t h e  f e m o r o p a t e l l a r  p a r t  o f  t h e  human k n ee  j o i n t ,  

f o u n d  t h a t  t h e  a n l a g e  o f  t h e  p a t e l l a  was a s s o c i a t e d  a t  t h e  

v e r y  b e g i n n i n g  o f  i t s  d e v e l o p m e n t  w i t h  t h e  b l a s t e m a  o f  t h e  

l o w e r  end o f  t h e  f e m u r ,  f r o m  w h i c h  i t  s e p a r a t e d  a t  t h e  e a r l y  

p r o c h o n d r a l  b l a s t e m a  s t a g e .  The a n l a g e  o f  t h e  q u a d r i c e p s  

t e n d o n  f o r m e d  i n  f r o n t  o f  t h e  a n l a g e  o f  t h e  p a t e l l a .  The 

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

t e n d o n s  o f  t h e  v a s t u s  m e d i a l i s  and l a t e r a l i s  i n s e r t e d  i n  

c o n n e c t i v e  t i s s u e  d i s c s  on e i t h e r  s i d e  o f  t h e  p a t e l l a ,  t h e  

v a s t u s  i n t e r m e d i u s  i n s e r t e d  i n  t h e  u p p e r  edge o f  t h e  p a t e l l a .  

I n  v i e w  o f  t h e s e  f i n d i n g s ,  he c l a i m e d  t h a t  t h e  p a t e l l a  i s  n o t

a s e s a m o i d  b o n e .

I n  c o n t r a s t  t o  a l l  t h e s e  f i n d i n g s ,  s e v e r a l  w o r k e r s  ( e . g .  

B a r d e e n ,  1 9 0 5 ;  W a l m s l e y ,  1 9 4 0 ;  H a i n e s ,  1947 )  have  c o n s i d e r e d
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t h a t  t h e  p a t e l l a  d e v e l o p s  i n  t h e  q u a d r i c e p s  t e n d o n .

B a r d e e n  ( 1 9 0 5 )  f o u n d  t h a t  t h e  human p a t e l l a  f i r s t  f o r m e d  

i n  t h e  q u a d r i c e p s  t e n d o n ,  i n  embr y os  o f  17 mm. W a l m s l e y

( 1 9 4 0 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e  human p a t e l l a ,  and 

f o u n d  t h a t  a p r e c a r t i l a g i n o u s  p a t e l l a  was p r e s e n t  i n  t h e  

d e e p e r  p a r t  o f  t h e  q u a d r i c e p s  t e n d o n  a t  t h e  l e v e l  o f  t h e  

l o w e r  end o f  t h e  f e m u r ,  a t  20 mm s t a g e .  The q u a d r i c e p s

t e n d o n  was s e p a r a t e d  f r o m  t h e  f e m u r  by  a l a y e r  o f  l o o s e  

t i s s u e  w h i c h  was c o n t i n u o u s  b e l o w  w i t h  l o o s e  me s e n c h y ma l  

t i s s u e .  An a r t i c u l a r  d i s c  was s e c o n d a r i l y  f o r m e d ,  a t  t h e  

3 5 - 4 0  mm s t a g e ,  b e t w e e n  t h e  p a t e l l a  and t h e  f e m o r a l  c o n d y l e s  

by  t h e  f u s i o n  o f  t h e  p a t e l l a r  and f e m o r a l  p e r i c h o n d r i a .

H a i n e s  ( 1 9 4 7 )  a l s o  f o u n d  t h a t  t h e  p a t e l l a  was f o r m e d  i n  

t h e  q u a d r i c e p s  t e n d o n ,  and s e p a r a t e d  f r o m  t h e  f e m u r  by  a 

b r o a d  l a y e r  o f  l o o s e  t i s s u e .

P a t t e r s o n  ( 1 9 4 5 )  m e n t i o n e d  i n  h i s  a b s t r a c t  t h a t  t h e  

ma mma l i a n  d i g i t a l  s e s a m o i d s  d e v e l o p  w i t h i n  t h e  a r t i c u l a r  

c a p s u l e  and t h e i r  a s s o c i a t i o n  w i t h  t h e  t e n d o n  i s  a s e c o n d a r y  

o n e .  G a r d n e r ,  G r a y  and O ' R a h i l l y  ( 1 9 5 9 )  r e a c h e d  a s i m i l a r  

c o n c l u s i o n  a b o u t  t h e  o r i g i n  o f  t h e  d i g i t a l  s e s a m o i d s  i n  human 

emb r y o s .

B.  AVI AN SYNOVI AL JOI NTS

N i v e n  ( 1 9 3 3 )  s t u d i e d  t h e  d e v e l o p m e n t  o f  t h e  a v i a n  

p a t e l l a  i n  v i v o  and i_n y i , t r o ,  and f o u n d  t h a t  t h e  p a t e l l a  was 

f o r m e d  b y  a mesenchyme i n  f r o n t  o f  t h e  f e m u r  i s o l a t e d  f r o m  

t h e  s u r r o u n d i n g  t i s s u e  a t  t h e  b e g i n n i n g  o f  t h e  1 1 t h  d a y .  

P a t e l l a r  c h o n d r o g e n e s i s  began  b e t w e e n  t h e  1 1 t h  and 1 2 t h  d a y ,
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and i t  was s u r r o u n d e d  by a p e r i c h o n d r i u m  a t  t h e  end o f  t h e

1 2 t h  d a y .  I n  c u l t u r e s  o f  t h e  w h o l e  p a t e l l a r  me s e nc h y me ,  t h e

c a r t i l a g e  a p p e a r e d  i n  t h e  e x p l a n t s  i n  a l l  c a s e s ,  and i t

r e s e m b l e d  t h a t  s een  i n  t h e  n o r m a l  d e v e l o p m e n t .  I n  c u l t u r e s

o f  p a r t s  o f  p a t e l l a r  mesenchyme,  c a r t i l a g e  a p p e a r e d ,  b u t  t h e  

s i z e  o f  t h e  c a r t i l a g e  mass was s m a l l e r  and t h e  f o r m  d i d  n o t  

r e s e m b l e  t h a t  w h i c h  d e v e l o p e d  i n  c u l t u r e s  o f  t h e  u n d i v i d e d  

p a t e l l a r  me s e n c h y me .  A r t i c u l a r  s u r f a c e s  d i d  n o t  a p p e a r  i n  

t h e  c u l t u r e s  even  a f t e r  7 weeks c u l t i v a t i o n .

O ' R a h i l l y  and G a r d n e r  C1956)  f o u n d  t h a t  t h e  a n l a g e  o f  

q u a d r i c e p s  t e n d o n  f i r s t  a p p e a r e d  i n  t h e  c h i c k  a t  s t a g e  2 8 ,  

w h i l e  t h e  p a t e l l a r  a n l a g e  a p p e a r e d  l a t e r ,  a t  s t a g e s  2 9 - 3 0 ,  

as a d e n s e l y  c e l l u l a r  c o n d e n s a t i o n  deep t o  t h e  e x p a n d e d  

q u a d r i c e p s  i n s e r t i o n .  They  a l s o  f o u n d  t h a t ,  f r o m  i t s  f i r s t  

a p p e a r a n c e ,  t h e  p a t e l l a  was s e p a r a t e d  f r o m  t h e  f e m u r  by  l o o s e  

v a s c u l a r  t i s s u e .  At  s t a g e  3 6 ,  t h e  p a t e l l a  showed e a r l y  

c a r t i l a g e  and had a p e r i c h o n d r i u m .  They  s u g g e s t e d  t h a t  t h e  

p a t e l l a  i s  a p e r i " a r t i c u l a r  r a t h e r  t h a n  an i n t r a t e n d i n o u s  

s e s a m o i d .

2)  The deve_ l o gmen t  o f  t h e  f emor oga t e j . _ l . a r  c a v i t y

A.  MAMMALIAN SYNOVIAL JOINTS

A c c o r d i n g  t o  some a u t h o r s ,  t h e  p a t e l l a  was s e p a r a t e d  

f r o m  t h e  f e m u r  a t  t h e  o u t s e t  by  much l o o s e  t i s s u e  ( e . g .  

H a i n e s ,  1 9 4 7 ;  and Gr ay  and G a r d n e r ,  1 9 5 0 ) .

O t h e r s  h av e  f o u n d  t h a t  t h e  p a t e l l a  and f e m u r  wer e  

s e p a r a t e d  by  a t y p i c a l  i n t e r z o n e  ( e . g .  W a l m s l e y ,  1 9 4 0 ;
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A n d e r s e n ,  1 9 6 1 ;  S c h n e c k ,  1 9 6 5 ) .

H a i n e s  ( 1 9 4 7 )  f o u n d  t h a t  d e v e l o p m e n t  o f  t h e  f e m o r o -  

p a t e t l a r  j o i n t  d i f f e r e d  f r o m  t h a t  o f  more t y p i c a l  j o i n t s  i n  

t h a t  no d e n s e  i n t e r z o n e  was f o r m e d  a t  any  s t a g e ,  so t h a t  t h e  

l o o s e  t i s s u e  w h i c h  s e p a r a t e d  t h e  p a t e l l a  f r o m  f e m u r  p e r s i s t e d  

as s u c h  f r o m  an e a r l y  s t a g e  o f  d e v e l o p m e n t .  The same 

c o n c l u s i o n  was r e a c h e d  by  Gr ay  and G a r d n e r  ( 1 9 5 0 ) ,  who f o u n d  

t h a t  t h e  p a t e l l a  was s e p a r a t e d  f r o m  t h e  f e m u r  by  l o o s e  

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

b e g a n ,  and t h e  j o i n t  d i d  n o t  f o r m  i n  b l a s t e m a l  t i s s u e  n o r  d i d  

a t y p i c a l  i n t e r z o n e  a r i s e .  The c a v i t y  was f i r s t  seen  i n  t h e  

10 weeks  e m b r y o ,  e x t e n d i n g  f o r  a s h o r t  d i s t a n c e  p r o x i m a l  t o  

t h e  p a t e l l a ,  and a t  14 weeks  t h e  s u p r a p a t e l l a r  r e c e s s  r e a c h e d  

t h e  l e v e l  o f  t h e  t r a n s i t i o n  o f  t h e  f e m o r a l  p e r i c h o n d r i u m  t o  

p e r i o s t e u m .

D o s k o c i l  ( 1 9 8 5 )  a l s o  f o u n d  t h a t  t h e  p a t e l l a  was

s e p a r a t e d  f r o m  t h e  f e m u r  by  l o o s e  c o n n e c t i v e  t i s s u e ,  and t h a t  

e x p a n s i o n  o f  t h e  e x t r a c e l l u l a r  s p a c e s  and d e s t r u c t i o n  o f  t h e  

c e l l s  b e t w e e n  t h e  p a t e l l a  and f e m u r  g a v e  r i s e  t o  s p a c e s  w h i c h  

wer e  t h e  a n l a g e  o f  t h e  f u t u r e  j o i n t  c a v i t y  o f  t h e

f e m o r o p a t e l l a r  a r t i c u l a t i o n .  The f e m o r o p a t e l l a r  c a v i t y  was 

t h e  f i r s t  c a v i t y  t o  d e v e l o p  i n  t h e  k nee  j o i n t ,  and f r o m  t h e  

o u t s e t  i t  f o r m e d  a s i n g l e  e n t i t y  w i t h  t h e  s u p r a p a t e l l a r  

b u r s a e .

Wa I ms l e y  ( 1 9 4 0 )  r e c o g n i z e d  a t y p i c a l  a r t i c u l a r  d i s c

( i n t e r z o n e ) ,  w h i c h  f o r m e d  s e c o n d a r i l y  b e t w e e n  t h e  p a t e l l a r  

and f e m o r a l  p e r i c h o n d r i a .  The p a t e  I l o - f e m o r a  I s y n o v i a l  

c a v i t y  d e v e l o p e d  i n  t h e  a r t i c u l a r  d i s c  by  " l i q u e f a c t i o n  i n  a
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ma n n e r  w h i c h  he r e g a r d e d  as t y p i c a l  o f  t h e  d i a r t h r o s e s .  

H a i n e s  ( 1 9 4 7 )  d i s a g r e e d  w i t h  W a l m s l e y  and r e g a r d e d  such  

f u s i o n  o f  t h e  t wo  c a r t i l a g e s  as an a r t i f a c t .

A n d e r s e n  ( 1 9 6 1 )  f o u n d  t h a t  t h e  f e m o r o - p a t e l l a r  c a v i t y  

f o r m e d  i n  t h e  b l a s t e m a l  i n t e r z o n e  b e t w e e n  t h e  f e m u r  and 

p a t e l l a  and p a s s e d  t h r o u g h  a t h r e e - I  a y e r e d  s t a g e .  He f o u n d  

t h a t  c a v i t y  f o r m a t i o n  was p r e c e d e d  by  t h e  f o r m a t i o n  o f  l a r g e  

q u a n t i t i e s  o f  c h o n d r o i t i n  s u l p h a t e s  A and C i n  t h e  t h r e e  

l a y e r s  o f  t h e  i n t e r z o n e .  Sc hn e c k  ( 1 9 6 5 )  a l s o  f o u n d  t h a t  t h e  

p a t e l l a  was s e p a r a t e d  f r o m  t h e  f e m u r  by  a t y p i c a l  l a y e r e d  

i n t e r z o n e ,  and t h a t  t h e  c a v i t y  was f o r m e d  by  l o o s e n i n g  o f  t h e  

i n t e r z o n e  c e l l s .

B.  AVI AN SYNOVIAL JOINTS

N i v e n  ( 1 9 3 3 )  f o u n d  t h a t  i n  t h e  e a r l y  s t a g e s  o f  

d e v e l o p m e n t .  t h e  a n t e r i o r  and p o s t e r i o r  s u r f a c e s  o f  t h e  

p a t e l l a r  r u d i m e n t  we r e  c o n v e x  b u t  d u r i n g  t h e  1 6 t h  d a y  o f  

i n c u b a t i o n  t wo  c o n c a v i t i e s  d e v e l o p e d  on t h e  p o s t e r i o r  s u r f a c e  

f o r  a r t i c u l a t i o n  w i t h  t h e  c o n d y l e s  o f  t h e  f e m u r .  He d i d  n o t  

e x p l a i n  how t h e  c a v i t y  was f o r m e d .

O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 )  f o u n d  t h a t  t h e  p a t e l l a  was 

s e p a r a t e d  f r o m  t h e  f e m u r  by  a v e r y  l o o s e  and v a s c u l a r  t i s s u e  

f r o m  t h e  o u t s e t .  The c a v i t y  was f o r m e d  as an e x t e n s i o n  o f  

t h e  k n e e  j o i n t  c a v i t y  a t  s t a g e  3 6 .
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V.  THE CHICK AND HUMAN KNEE JOI NTS COMPARED

The c h i c k  k n e e  j o i n t  shows t wo  ma i n  d i f f e r e n c e s  f r o m  t h e  

human k n e e  j o i n t :

i .  I n  t h e  c h i c k ,  t h e  f i b u l a  a r t i c u l a t e s  w i t h  a g r o o v e  on t h e  

l a t e r a l  c o n d y l e ,  and t h e  l a t e r a l  m e n i s c u s  s h a r e s  i n  p a r t  o f  

t h i s  a r t i c u l a t i o n .

i  i . t h e  t i b i a l i s  a n t e r i o r  t e n d o n  i s  i n t r a - a r t i c u l a r  and 

a r i s e s  f r o m  t h e  l a t e r a l  f e m o r a l  c o n d y l e .

T a b l e  (J2.) ,  a d a p t e d  f r o m  G a r d n e r  and O ' R a h i l l y  ( 1 9 6 8 )  and 

O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 ) ,  s u m m a r i s e s  t h e  s e q u e n c e  o f  

e v e n t s  i n  d e v e l o p m e n t  o f  t h e  human k n e e  j o i n t ,  u s i n g  t h e  

c r i t e r i a  f o r  s t a g i n g  d e v i s e d  by  S t r e e t e r  ( 1 9 5 1 )  and c o mp a r e s  

t h e  s e q u e n c e  w i t h  t h a t  f o r  t h e  c h i c k ,  a c c o r d i n g  t o  c r i t e r i a  

f o r  s t a g i n g  d e v i s e d  by  Ha mb u r g e r  and H a m i l t o n  ( 1 9 5 1 ) .

I n  i n t e r p r e t i n g  t h i s  T a b l e ,  i t  mus t  be s t r e s s e d  t h a t  i t  

i s  t h e  s e g u e n c e  o f  d e v e l o p m e n t a l  e v e n t s  w h i c h  i s  b e i n g  

c o m p a r e d :  t h e  s t a g e  n umbe r s  have  no a b s o l u t e  v a l u e  f o r

i n t e r s p e c i f i c  c o m p a r i s o n s ,  s i n c e  t h e y  a r e  b a s e d  on t h e  

e x t e r n a l  f e a t u r e s  and a r e  p a r t i c u l a r  t o  each  s p e c i e s .  

A t t e n t i o n  i s  d i r e c t e d  t o  t h e  f o l l o w i n g  p o i n t s ,  mar k ed  by 

a s t e r i s k s  on t h e  T a b l e : -

*  E m b r y o n i c  m o v e m e n t s ,  i n  b o t h  s p e c i e s ,  b e g i n  a f t e r  t h e  

ma i n  o u t l i n e s  o f  t h e  j o i n t  have  been  s k e t c h e d  o u t ,  b u t  b e f o r e  

t h e  f i r s t  a p p e a r a n c e  o f  c a v i t a t i o n .

* *  G a r d n e r  and O ' R a h i l l y  ( 1 9 5 6 )  d i d  n o t  f i n d  a t y p i c a l  

t h r e e —I a y e r e d  i n t e r z o n e  i n  t h e  d e v e l o p i n g  c h i c k  k n ee  j o i n t .

*  *  *  I n  t h e  c h i c k ,  c h o n d r i f i c a t i o n  o f  t h e  p a t e l l a  b e g i n s  much
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L a t e r ,  r e l a t i v e  t o  o t h e r  d e v e l o p m e n t a l  e v e n t s ,  t h a n  i t  does  

i n  man;  i t  a p p e a r s  a t  H . H.  s t a g e  3 6 ,  l a t e r  t h a n  t h e  t i m e  o f  

p e r i o s t e a l  o s s i f i c a t i o n  i n  t h e  f e m u r ,  t i b i a  and f i b u l a ,  and 

a f t e r  c a v i t a t i o n  has b e g u n .
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T a b l e  2 . C o m p a r a t i v e  s e q u e n t i a l  d e v e l o p m e n t  o f  human k n e e  
j o i n t  and t h a t  o f  c h i c k  e m b r y o .

( T h e  d a t a  r e l a t i n g  t o  G a l l u s  d o m e s t i c u s  a r e  f r o m  O ' R a h i l l y  

and G a r d n e r ,  1 9 5 6 ) .

( T h e  d a t a  r e l a t i n g  t o  human a r e  f r o m  G a r d n e r  and O ' R a h i l l y ,  

1 9 6 8 ) .

Homo G a l l u s
F e a t u r e  s t a g e  s t a g e

L o w e r  l i m b  bud 13 17
E c t o d e r m a l  t h i c k e n i n g  and r i d g e 1 3 - 1 8 1 8 - 3 0
S k e l e t a l  c h o n d r i f i c a t i o n 18 27
F e m o r o f i b u l a r  p r o x i m i t y 1 8 - 1 9 27
Q u a d r i c e p s  i n s e r t i o n 1 8 - 1 9 27
T i b i a l i s  a n t e r i o r  i n  k n e e - 27
A mb i e n s  i n  k n ee - 29
Homo geneous  i n t e r z o n e 1 9 - 2 0 26
P a t e l l a r  c o n d e n s a t i o n 1 9 - 2 0 2 9 - 3 0
I n t r a c a p s u l a r  l i g a m e n t s .

30c r u c i a t e  and m e n i s c i 1 9 - 2 0
E m b r y o n i c  mo v e me n t s 20 e a r l y  3 0 s *
T h r e e  l a y e r e d  i n t e r z o n e 21 ? * *
C h o n d r i f i c a t i o n  i n  p a t e l l a 2 1 - 2 2 36 * * *
D i a p h y s e a l  b o n e  c o l l a r s 2 2 - 2 3 2 8 - 2 9
C a v i t a t i o n 23 34 +

Homo S t a g e ,  a c c o r d i n g  t o  S t r e e t e r  ( 1 9 5 1 ) .

G a l l u s  S t a g e ,  a c c o r d i n g  t o  Ha mb u r ge r  and H a m i l t o n  ( 1 9 5 1 ) .
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SECTION 2 - MATERIALS AND METHODS



MATERIALS. AND METHODS

C h i c k  e mb r y o s  we r e  o b t a i n e d  by  i n c u b a t i n g  f e r t i l e  eggs

f r o m  a c o m m e r c i a l  s o u r c e  ( Ros s  P o u l t r y ,  A b e r d e e n )  i n  a

" f o r c e d  d r a u g h t "  t y p e  i n c u b a t o r  ( W e s t e r n e t t e )  w h i c h  p r o v i d e d

h o u r l y  r o t a t i o n  o f  t h e  eggs  and m a i n t a i n e d  a humi d  a t m o s p h e r e  
o

a t  3 8 C .

Emb r y o s  we r e  s t a g e d ,  a c c o r d i n g  t o  H a mb u r g e r  and H a m i l t o n  

( 1 9 5 1 ) .  I n  t h i s  s t u d y ,  a t o t a l  o f  117 e mb r y o s  was u s e d ,  

a r r a n g e d  f r o m  s t a g e  27 t o  s t a g e  4 0 .

B o t h  l o w e r  l i m b s  wer e  r e m o v e d .  I n  t h e  y o u n g e r

s p e c i m e n s ,  t h e  e n t i r e  l i m b  was p r o c e s s e d ,  w h i l e  i n  t h e  o l d e r

o n e s ,  t h e  k n ee  j o i n t s  wer e  i s o l a t e d  by  c u t t i n g  t h r o u g h  t h e

t h i g h  a t  a l e v e l  b e t w e e n  t h e  u p p e r  2 / 3  and l o w e r  1 / 3  o f  t h e

f e m u r ,  and t h r o u g h  t h e  l eg  b e t w e e n  t h e  u p p e r  1 / 3  and l o w e r  

2 / 3  o f  t h e  t i b i a  and f i b u l a .

I n  mos t  c a s e s  one k nee  j o i n t  f r o m  each  emb r y o  was

s t u d i e d ,  b u t  i n  some ,  b o t h  wer e  e x a m i n e d .

The f o l l o w i n g  me t h o d s  wer e  u s e d : -

1 .  PARAFFI N WAX HISTOLOGY

A t o t a l  o f  68 k nee  j o i n t s  was s t u d i e d  by  s e r i a l  wax

h i s t o l o g y .  P r o c e d u r e s : -  A.  H & E* PAS*  and s e l e c t i v e  s t a i n  f o r

m i t o t i c  f i g u r e s .
1 .  F i x a t i o n : -  e mb r y o s  wer e  f i x e d  d i r e c t l y  i n  B o u i n ' s

f i x a t i v e ,  ( f o r  H & E and PAS s t a i n s ) ,  o r  m o d i f i e d  B o u i n ' s  

f i x a t i v e  ( f o r  m i t o t i c  f i g u r e  s t a i n ) ,  f o r  2 4 - 4 8  h o u r s .

2 .  Th e y  we r e  t h e n  p l a c e d  i n  70% e t h a n o l  f o r  1 - 2  h o u r s .
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3 - S t a g e d ,  u s i n g  a d i s s e c t i n g  m i c r o s c o p e .

4 .  B o t h  Lower  L i mbs  wer e  r e mo v e d .  I n  y o u n g e r  s p e c i m e n s ,  t h e  

e n t i r e  L i mb was p r o c e s s e d ,  w h i L e  i n  o L d e r  o n e s ,  t h e  k nee  

j o i n t s  w e r e  i s o L a t e d  by  c u t t i n g  t h r o u g h  t h e  t h i g h  and t h e  

Leg .

5 .  The L i m b s ,  o r  t h e  knee  j o i n t s  we r e  d e h y d r a t e d  t h r o u g h  an 

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

u s i n g  an a u t o m a t i c  t i s s u e  p r o c e s s o r  and embedded i n  p a r a f f i n  

wa x ,  L a t e r a L  s i d e  d o w n w a r d s .

6 .  S e r i a L  s a g i t t a L  s e c t i o n s  wer e  c u t  on a Jung m i c r o t o m e  a t  a

t h i c k n e s s  o f  5 - 7  jUm, s t r e t c h e d  i n  a w a t e r  b a t h  and mo u n t e d  on

a L b u m i n i s e d  g L a s s  s L i d e s  C s e r i a L L y  f o r  H S E,  i n t e r r u p t e d

s e r i e s  f o r  PAS s t a i n  and f o r  m i t o t i c  f i g u r e s ) ,  d r i e d  f o r  24
o

h r s ,  i n  an o v en  a t  37 C.

7 . S L i d e s  we r e  d ewax e d  i n  x y L e n e ,  h y d r a t e d ,  and t h e n  s t a i n e d  

w i t h  one  o f  t h e  f o L L o w i n g  s t a i n s : -

a -  H a e m a t o x y L i n  and e o s i n : -  a t o t a L  o f  42 k ne e  j o i n t s  

was s t a i n e d .

b -  PAS,  u s i n g  H & E as a c o u n t e r s t a i n : -  a t o t a L  o f  10 

k n e e  j o i n t s  was s t a i n e d ,  

c -  A s e L e c t i v e  s t a i n  f o r  m i t o t i c  f i g u r e s  ( F r a z e r ,  

1 9 8 2 ) : -  a t o t a L  o f  5 k n e e  j o i n t s  was s t a i n e d .

8 .  S L i d e s  we r e  d e h y d r a t e d ,  c L e a r e d  i n  x y L e n e  and mo u n t e d  i n  

H i s t o m o u n t .  CFor  d e t a i l s  o f  t h e  p r o c e d u r e s ,  see A p p e n d i x  1D.

B.  A c i d  e ! ! ° § e ! !2 £ 2 § ® : "  a t o t a l  o f  11 k n e e  J’ o i n t s  was s t a l n e c l -

1 .  Emb r y o s  we r e  f i x e d  i n  f o r m a l / C a  f i x a t i v e  f o r  2 4 - 4 8  h o u r s ,
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and s t a g e d .

2 .  B o t h  k n e e  j o i n t s  wer e  i s o l a t e d ,  and d e c a l c i f i e d  i n  10%
o

b u f f e r e d  EDTA a t  0 C,  c h anged  each  d a y  f o r  2 - 4  d a y s .

3 .  D e h y d r a t i o n ,  c l e a r i n g  and e m b e d d i n g :

50% a c e t o n e  2 h r s  .

3 c h a n g e s  o f  a b s o l u t e  a c e t o n e  2 h r s .  e a c h ,

a c e t o n e / w a x  2 h r s .

1 s t  wax 2 h r s .

2nd  wax 3 - 4  h r s .

and e mbed ded  i n  wa x ,  l a t e r a l  s i d e  d o w n w a r d s .

4 .  S e r i a l  s a g i t t a l  s e c t i o n s  wer e  c u t  on a Jung  m i c r o t o m e  a t  a

t h i c k n e s s  o f  5 - 7  j jm .  An i n t e r r u p t e d  s e r i e s  was s t r e t c h e d  i n

a w a t e r  b a t h ,  mo u n t e d  on a l b u m i n i s e d  g l a s s  s l i d e s ,  d r i e d  f o r
o

24 h r s ,  i n  an o v en  a t  37 C,  dewaxed  i n  x y l e n e ,  h y d r a t e d  

t h r o u g h  d e c r e a s i n g  c o n c e n t r a t i o n s  o f  a c e t o n e  t o  w a t e r  and 

s t a i n e d  by  t h e  A z o - d y e  met hod ( B a r k a  and A n d e r s o n ,  1 9 6 2 ) .  

C D e t a i l s  o f  t h e  p r o c e d u r e  a r e  g i v e n  i n  A p p e n d i x  1 0 .
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I I .  S E M I - T H I N  HISTOLOGY

A t o t a l  o f  26 k nee  j o i n t s  was e x a m i n e d .

P r o c e d u r e : -

1 .  E mb r y o s  we r e  f i x e d  by  i m m e r s i o n  i n  c o l d  5% g l u t a r a l d e h y d e  

i n  M i l l o n i g ' s  b u f f e r  (pH 7 . 4 )  f o r  2 4 - 4 8  h o u r s .

2 .  T h e y  w e r e  t h e n  p l a c e d  i n  t h e  same b u f f e r  f o r  a f u r t h e r  2 4 -  

48 h o u r s ,  and s t a g e d  u n d e r  a d i s s e c t i n g  m i c r o s c o p e .

3 .  B o t h  l o w e r  l i m b s  wer e  r e mo v e d ,  t h e  knee  j o i n t s  i s o l a t e d ,  

and p o s t  f i x e d  i n  1 % osmi um t e t r o x i d e  f o r  1 . 5 - 2  h o u r s .

4 .  The k n e e  j o i n t  s p e c i m e n s  wer e  d e h y d r a t e d  t h r o u g h  a g r a d e d

s e r i e s  o f  a c e t o n e .  A c e t o n e  was used  r a t h e r  t h a n  t h e  more

u s u a l  e t h a n o l  s e r i e s  b e c a u s e  i t  had been  shown t o  g i v e  b e t t e r  

r e s u l t s  i n  p r e v i o u s  p r o j e c t s  i n v o l v i n g  c h i c k  l i m b s .

5 .  Embedded i n  S p u r r ' s  r e s i n ,  l a t e r a l  s i d e  d o w n w a r d s .

6 .  S e r i a l  s e c t i o n s  wer e  t h e n  c u t  on a R e i c h e r t - J u n g  A u t o c u t  

( Mo d .  1 1 4 0 )  u l t r a m i c r o t o m e  a t  a t h i c k n e s s  o f  1 . 2 - 1 . 5  urn, 

u s i n g  6 mm w i d e  g l a s s  k n i v e s  o f  t h e  L a t t a - H a r t m a n  t y p e .  Most

o f  t h e  k n e e  j o i n t s  we r e  c u t  i n  t h e  s a g i t t a l  p l a n e .

7 .  S e c t i o n s  we r e  mou n t e d  on g l a s s  s l i d e s  and l e f t  t o  d r y .  

Th e y  we r e  t h e n  p l a c e d  i n  a s o l u t i o n  o f  s a t u r a t e d  s o d i u m 

h y d r o x i d e  i n  a b s o l u t e  e t h a n o l  f o r  1 5 - 2 0  m i n u t e s .

8 .  S t a i n i n g : -

S e c t i o n s  f r o m  each  s p e c i me n  wer e  s t a i n e d  by one o r  o t h e r  

o f  t h e  f o l l o w i n g :

a)  H a e m a t o x y l i n  and Eos i n .

b)  P e r i o d i c  a c i d  S c h i f f  ( P A S ) : -

As a c o n t r o l  f o r  t h e  s u c c e s s  o f  t h e  s t a i n i n g  p r o c e d u r e ,
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a p i e c e  o f  r a t  l i v e r  was p r o c e s s e d  i n  i d e n t i c a l  f a s h i o n  t o  

t h e  k n e e  j o i n t ,

c)  A z u r  b l u e  I I  s t a i n .

Some s p e c i m e n s  wer e  s t a i n e d  by A z u r  b l u e  I I  o n l y .  

C D e t a i l s  o f  t h e  s t a i n i n g  p r o c e d u r e s  a r e  shown i n  A p p e n d i x

n n .
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I I I .  TRANSMI SSI ON ELECTRON MICROSCOPY

A t o t a l  o f  21 k nee  j o i n t s  a t  v a r i o u s  s t a g e s  ( 2 7 - 4 0 )  

was e x a m i  n e d .

T h i s  me t ho d  was used p r i n c i p a l l y  t o  s t u d y  t h e  d e t a i l e d  

c y t o l o g i c a l  e v e n t s  w h i c h  o c c u r r e d  d u r i n g  c e l l  d e a t h  i n  t h e  

i n t e r z o n e .

P r o c e d u r e : -

1 .  Emb r y o s  we r e  f i x e d  by i m m e r s i o n  i n  c o l d  5% g l u t a r a  I d e h y d e  

i n  M i l l o n i g ' s  b u f f e r  (pH 7 . 4 )  f o r  2 4 - 4 8  h o u r s .

2 .  T h e y  we r e  t h e n  p l a c e d  i n  t h e  same b u f f e r  f o r  a f u r t h e r  24 

h o u r s ,  and s t a g e d .

3 .  B o t h  l o w e r  l i m b s  wer e  r e mo v e d ,  and t h e  k nee  j o i n t s  

i s o l a t e d .

4 .  The  k n e e  j o i n t  s p e c i me n s  wer e  p o s t - f i x e d  i n  osmi um 

t e t r o x i d e  b u f f e r e d  w i t h  p h o s p h a t e  (pH 7 . 4 )  f o r  1 . 5 - 2  h o u r s ,  

d e h y d r a t e d  t h r o u g h  a g r a d e d  s e r i e s  o f  a c e t o n e ,  and embedded 

i n  S p u r r f s r e s i n ,  l a t e r a l  s i d e  d o w n w a r d s .

5 .  A f t e r  t h e  d e s i r e d  a r e a  f o r  s t u d y  had been d e t e r m i n e d  f r o m  

s e m i - t h i n  s e c t i o n s ,  t h e  b l o c k  was t r i m m e d  w i t h  a r a z o r  b l a d e  

and s e c t i o n s  we r e  c u t  a t  6 0 - 8 0  n a n o m e t e r s ,  u s i n g  a R e i c h e r t -  

J ung  U l t r a - c u t  m i c r o t o m e  and a d i a mo n d  k n i f e .

6 .  S e c t i o n s  we r e  mou n t ed  on t o  u n c o a t e d  200 mesh c o p p e r  g r i d s  

and s t a i n e d  w i t h  u r a n y l  a c e t a t e  and l e a d  c i t r a t e  ( R e y n o l d s ,  

1 9 6 3 ) .  S e c t i o n s  wer e  t h e n  e x a m i n e d  by  TEM on a J e o l  TEM 

1 0 0 S .

CFor  d e t a i l s  o f  t h e  s t a i n i n g  p r o c e d u r e ,  see A p p e n d i x  H I D .
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I V .  SCANNING ELECTRON MICROSCOPY

23 k n e e  j o i n t  s p e c i m e n s  a t  v a r i o u s  s t a g e s  ( 3 0 - 4 0 )  o f  

d e v e l o p m e n t  we r e  s t u d i e d .

P r o c  edu r  e : -

1 .  Emb r y o s  we r e  f i x e d  i n t a c t  i n  5% g l u t a r a l d e h y d e  i n  

M i l l o n i g ' s  b u f f e r  (pH 7 . 4 )  f o r  2 4 - 4 8  h o u r s .

2 .  T h e y  w e r e  t h e n  p l a c e d  i n  t h e  same b u f f e r  f o r  a f u r t h e r  2 4 -

48 h o u r s  and s t a g e d .

3 .  B o t h  l o w e r  l i m b s  wer e  r e mo v e d ,  t h e  k nee  j o i n t s  i s o l a t e d ,  

d e h y d r a t e d  i n  a g r a d e d  s e r i e s  o f  e t h a n o l s  and embedded i n  

p a r a f f i n  wa x ,  l a t e r a l  s i d e  d o w n w a r d s .

4 .  The b l o c k s  we r e  c u t  on a Tung m i c r o t o m e  a t  a t h i c k n e s s  o f  

5 - 7  jum. At  i n t e r v a l s ,  a s e c t i o n  was mou n t e d  on t o  a g l a s s  

s l i d e  and e x a m i n e d  u n s t a i n e d  u n d e r  t h e  l i g h t  m i c r o s c o p e .  The 

p r o c e s s  was r e p e a t e d  u n t i l  t h e  r e q u i r e d  a r e a  was r e a c h e d ,  

when t h e  s e c t i o n  was m o u n t e d ,  l e f t  t o  d r y ,  t h e n  dewaxed  i n  

x y l e n e  and s t a i n e d  w i t h  H & E.

5 .  The r e m a i n d e r  o f  t h e  b l o c k  was t h e n  p l a c e d  i n  an o v en  at
o

60 C t o  m e l t  t h e  s u r r o u n d i n g  wax .  The s p e c i m e n s  wer e  t h e n
o

p l a c e d  i n  x y l e n e  f o r  2 - 3  d a y s ,  i n  a 37 C o v e n .  The s p e c i me n  

was t r a n s f e r r e d  t o  f r e s h  x y l e n e  f r e q u e n t l y  t o  e n s u r e  c o m p l e t e  

r e m o v a l  o f  wax .

6 .  Each s p e c i m e n  was t h e n  t r a n s f e r r e d  t o  a c l e a n  b o t t l e  o f  

a b s o l u t e  e t h a n o l  f o r  4 h o u r s  and c r i t i c a l  p o i n t  d r i e d ,  u s i n g  

e t h a n o l  as a t r a n s i t i o n  f l u i d .  Each s p e c i me n  was p l a c e d  i n  a 

membr ane b a s k e t  t o  m i n i m i s e  damage .

7 .  D r i e d  s p e c i m e n s  wer e  e x a m i n e d  u n d e r  a d i s s e c t i n g
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m i c r o s c o p e  t o  d e t e r m i n e  t h e  c u t  s u r f a c e ,  t h e n  each  s p e c i m e n  

was m o u n t e d  on t o  an a l u m i n i u m  s t u b ,  u s i n g  d o u b l e - s i d e d  

S e l l o t a p e  o r  c o n d u c t i v e - s i l v e r  p a i n t ,  w i t h  t h e  c u t  s u r f a c e  

u p p e r m o s t .

8 .  The s p e c i m e n  was t h e n  s p u t t e r - c o a t e d  w i t h  g o l d ,  u s i n g  a 

P o l a r o n  s p u t t e i — c o a t e r ,  and t h e  s p e c i me n  was t h e n  e x a m i n e d  

u s i n g  a X e o l  T300  s c a n n i n g  m i c r o s c o p e .

CFo r  f u r t h e r  d e t a i l s  see A p p e n d i x  I V 3 .
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SECTION 3 - RESULTS



RESULTS

As a p r e l i m i n a r y  t o  an a c c o u n t  o f  t h e  e m b r y o n i c

d e v e l o p m e n t ,  a d e s c r i p t i o n  o f  t h e  ma i n  f e a t u r e s  o f  t h e

i n t e r n a l  s t r u c t u r e  o f  t h e  j o i n t ,  bas ed  on a number  o f

p e r s o n a l  d i s s e c t i o n s  o f  l a t e  f e t u s e s ,  i s  i n c l u d e d .

As shown i n  F i g u r e  1 ,  t h e r e  a r e  t wo  m a j o r  d i f f e r e n c e s  

b e t w e e n  t h e  c h i c k  and human k nee  j o i n t :

1)  The head  o f  t h e  f i b u l a  a r t i c u l a t e s  w i t h  a g r o o v e  on t h e  

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

p a r t ,  i n  t h e  a r t i c u l a t i o n  b e t we e n  t h e m .

2) The t i b i a l i s  a n t e r i o r  t e n d o n ,  w h i c h  a r i s e s  f r o m  t h e

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

i n t r a - a r t i c u l a r  s t r u c t u r e .

The d e v e l o p m e n t a l  e v e n t s  i n  t h e  n o r m a l  c h i c k  embr y o  knee  

j o i n t  h a v e  been  s t u d i e d  i n  a t o t a l  o f  115 e m b r y o s ,  o f  s t a g e s  

2 7 - 4 0 .

I .  SURVEY OF DEVELOPMENT OF VARIOUS CONSTITUENTS OF THE KNEE 

J O I N T .

I n  t h i s  s e c t i o n ,  d e s c r i p t i o n  i s  d e l i b e r a t e l y  r e s t r i c t e d  

t o  an a c c o u n t  o f  t h e  g e n e r a l  m o r p h o g e n e s i s  0 ^ t h e  j o i n t .

As w i l l  e me r ge  l a t e r ,  a m a j o r  f a c t o r  c o n t r i b u t i n g  t o  t h e

i n t e r n a l  s h a p i n g  o f  t h e  c a v i t y  o f  t h e  j o i n t  and o f  i n t r a

a r t i c u l a r  s t r u c t u r e s  i s  t h e  phenomenon  o f  c e l l  d e a t h .  The 

r o l e  o f  c e l l  d e a t h  i n  t h e  h i s t o g e n e s i s  o f  t h e  j o i n t  i s  d e a l t  

w i t h  s e p a r a t e l y  i n  S e c t i o n  I I -
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At  t h i s  s t a g e ,  t h e  d i s t a l  end o f  t h e  f e m o r a l  b l a s t e m a  

was e x p a n d e d  i n d i c a t i n g  t h e  f u t u r e  f o r m  o f  t h e  f e m o r a l  

c o n d y l e s  ( F i g .  2 ) .  The f e m o r a l  b l a s t e m a  was b o u n d e d  by  a 

l a y e r  o f  c l o s e l y  p a c k e d  c e l l s ,  somewhat  e l o n g a t e d  i n  a 

d i r e c t i o n  t a n g e n t i a l  t o  t h e  b l a s t e m a l  s u r f a c e ,  and w i t h

b a s o p h i l i c  n u c l e i .  The c e l l s  i n  t h e  e n l a r g e d  d i s t a l  end o f  

t h e  b l a s t e m a  showed r e l a t i v e l y  d a r k l y  b a s o p h i l i c  n u c l e i ,  

c o n t a i n e d  s c a n t  c y t o p l a s m  and showed a f a i r  amount  o f  n o n ­

s t a i n i n g  m a t r i x  b e t w e e n  t h e  c e l l s  ( F i g .  3 ) .  By c o n t r a s t ,  t h e  

c e l l s  i n  t h e  s h a f t  p o r t i o n  o f  t h e  b l a s t e m a  showed e a r l y

c h o n d r o g e n e s i s :  t h e  c e l l s  had l a r g e r  p a l e  s t a i n i n g  n u c l e i

w i t h  s o me wha t  l a r g e r  amoun t s  o f  e o s i n o p h i l i c  c y t o p l a s m  and

wer e  mo r e  c l o s e l y  p a c k e d .  The t i b i a  and f i b u l a  showed many

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

w i t h i n  t h e  s h a f t s ,  l a r g e  c e l l s  w i t h  p a l e  n u c l e i  and

e o s i n o p h i l i c  c y t o p l a s m .  The c e l l s  o f  t h e  d i s t a l  end o f  t h e

f e m o r a l  b l a s t e m a  and t h e  p r o x i m a l  ends  o f  t h e  t i b i a l  and

f i b u l a r  b l a s t e m a t a  mer ged  i n s e n s i b l y  i n t o  t h e  i n t e r z o n e  

r e g i o n  w h i c h  a p p e a r e d  as an a r e a  o f  c o n t i n u i t y  b e t w e e n  t h e  

t h r e e  b l a s t e m a t a  ( F i g .  2 ) .  The d e n s e  m a r g i n a l  l a y e r  o f  c e l l s  

( f u t u r e  p e r i c h o n d r i u m )  a r o u n d  t h e  t i b i a l  and f i b u l a r  b l a s t e m a  

was c o n t i n u o u s  a c r o s s  t h e  p e r i p h e r y  o f  t h e  i n t e r z o n e  w i t h  

t h a t  a r o u n d  t h e  f e m u r .  At  t h i s  s t a g e ,  t h e r e f o r e  t h e  s i t e  o f  

t h e  f u t u r e  k n e e  j o i n t  was seen as a d en s e  c e l l u l a r ,  a v a s c u l a r  

i n t e r z o n e ,  whose c e l l s  wer e  u n i f o r m l y  d i s t r i b u t e d ,  w i t h o u t  

any s p e c i a l  o r i e n t a t i o n .  T h e r e  was o c c a s i o n a l  m i t o t i c  

a c t i v i t y  p r e s e n t  t h r o u g h o u t  t h e  i n t e r z o n e  and a t  t h e
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a r t i c u l a r  ends  o f  t h e  p r e - c a r t  i l a g  i  nous  m o d e l s .  The m i t o t i c  

f i g u r e s  s howed  no s p e c i f i c  l o c a l i z a t i o n .  T h e r e  wer e  a l s o  a 

f e w  d a r k l y  s t a i n e d  c e l l s  s c a t t e r e d  i n  t h e  i n t e r z o n e ,  l o c a t e d  

i n  t h e  a r e a  b o u n d e d  by  t h e  f e m o r a l ,  t i b i a l  and f i b u l a r  

b l a s t e m a .  Mos t  o f  t h e s e  " d a r k 1' s t a i n e d  c e l l s  seemed t o  have  

b e e n  e n g u l f e d  by  ma c r o p h a g e s  ( F i g .  3 ) .  T h e r e  was no

i n d i c a t i o n  o f  t h e  d i f f e r e n t i a t i o n  o f  f u t u r e  i n t r a - a r t i c u l a r  

s t r u c t u r e s ,  s u c h  as t h e  m e n i s c i  o r  c r u c i a t e  l i g a m e n t s .  T h e r e  

we r e  e a r l y  s i g n s  o f  t h e  d i f f e r e n t i a t i o n  o f  t h e  m a j o r  m u s c l e  

g r o u p s ,  and t h e  q u a d r i c e p s  f e m o r i s  c o n d e n s a t i o n  was

r e c o g n i z e d  i n  f r o n t  o f  t h e  f e m o r a l  b l a s t e m a ,  and s e p a r a t e d  

f r o m  i t  by  l o o s e  and v a s c u l a r  me s enc hy ma l  t i s s u e  ( F i g .  2)  . 

A n u m b e r  o f  b l o o d  v e s s e l s  e x t e n d e d  b e t w e e n  t h e  t i b i a l  and

f i b u l a r  s h a f t s .

S t a g e  28 ( 5 ^  -  6 days) .

The s h a f t s  o f  t h e  f e m u r ,  t i b i a  and f i b u l a  wer e  

c a r t i l a g i n o u s .  F e m o r a l  and t i b i a l  c o n d y l e s  wer e

r e c o g n i z a b l e ,  b u t  t h e  t i b i a l  t u b e r c l e  was n o t  p r o m i n e n t .  The 

d i s t a l  end o f  t h e  f e m u r ,  and t h e  p r o x i m a l  ends  o f  t h e  t i b i a  

and f i b u l a  showed l a r g e  c e l l s  w i t h  p a l e  n u c l e i  and a m o d e r a t e  

a mo un t  o f  e o s i n o p h i l i c  c y t o p l a s m ,  i n d i c a t i n g  t h e  

d i f f e r e n t i a t i o n  o f  p r e c a r t i l a g e  a t  t h e s e  s i t e s .  T h e r e  was no 

s h a r p  d e m a r c a t i o n  b e t we e n  t h e  c a r t i l a g i n o u s  and 

p r e c a  r t  i l a g  i  nous  p a r t s  o f  t h e  t h r e e  s k e l e t a l  b l a s t e m a s .  Most  

o f  t h e  c e l l s  o f  t h e  i n t e r z o n e  wer e  o r i e n t a t e d  t r a n s v e r s e l y  t o  

t h e  l o n g  a x i s  o f  t h e  l i m b ,  e s p e c i a l l y  a l o n g  t h e  f u t u r e

a r t i c u l a r  s u r f a c e s  o f  t h e  c a r t i l a g e  m o d e l s ,  f o r m i n g  t h e
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c h o n d r o g e n o u s  L a y e r s ,  wh i c h  wer e  c o n t i n u o u s  w i t h  t h e

d i f f e r e n t i a t i n g  p e r i c h o n d r i u m  a t  t h e  p e r i p h e r y  o f  t h e

i n t e r z o n e  ( F i g .  4 ) .  The p e r i c h o n d r i u m  was c l e a r l y  v i s i b l e  

a r o u n d  t h e  s h a f t s ;  i t  s t a i n e d  d e n s e l y  w i t h  A z u r  b l u e  I I ,  and

t h e  c hond r ob  l a s t  i  c and f i b r o b l a s t i c  l a y e r s  wer e

d i s t i n g u i s h a b l e  ( F i g .  5 ) .  O c c a s i o n a l  m i t o t i c  a c t i v i t y  was

n o t i c e d  t h r o u g h o u t  t h e  i n t e r z o n e ,  e s p e c i a l l y  i n  i t s  

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

p r o x i m a l  ends  o f  t i b i a  and f i b u l a .  I n  a f ew s e c t i o n s ,  

o c c a s i o n a l  " d a r k ' 1 c e l l s  wer e  seen s c a t t e r e d  i n  t h e  i n t e r z o n e  

( F i g .  6 ) .  A c o n d e n s a t i o n  o f  c e l l s  e x t e n d i n g  f r o m  t h e

a n t e r i o r  p a r t  o f  t h e  l a t e r a l  f e m o r a l  c o n d y l e  t o  t h e  t i b i a  

p r o b a b l y  r e p r e s e n t e d  t h e  p r i m o r d i u m  o f  one o f  t h e  c r u c i a t e  

l i g a m e n t s  ( F i g .  4 ) .  At  each end o f  t h i s  l i g a m e n t ,  i t s

e l o n g a t e d  c e l l s  p a s s e d  i n t o  c o n t i n u i t y  w i t h  t h o s e  o f  t h e  

c h o n d r o g e n o u s  l a y e r  o f  t h e  i n t e r z o n e .  The c e l l s  o f  t h i s  

c r u c i a t e  l i g a m e n t  p r i m o r d i u m  showed m i t o t i c  a c t i v i t y ,  and 

seemed t o  h av e  d e v e l o p e d  i,n s i _ t u ,  f r o m  t h e  mesenchyme o f  t h e  

i n t e r z o n e .  No d e f i n i t e  c o n d e n s a t i o n s  i n d i c a t i n g  t h e  m e n i s c i  

o r  t h e  t i b i a l i s  a n t e r i o r  t e n d o n  wer e  s e e n .  T h e r e  was a 

c o n d e n s a t i o n  o f  c l o s e l y  p ac k e d  e l o n g a t e d  c e l l s ,  e x t e n d i n g  

b e t w e e n  t h e  q u a d r i c e p s  f e m o r i s  t e n d o n  and t h e  t i b i a ,  w h i c h

i n d i c a t e d  t h e  p o s i t i o n  o f  t h e  f u t u r e  p a t e l l a r  l i g a m e n t  ( F i g .

5)  .

The me s e n c h y ma l  t i s s u e  deep t o  t h e  q u a d r i c e p s  f e m o r i s  

m u s c l e  was l o o s e  and v a s c u l a r ,  and no d e f i n i t e  p a t e l l a r  

a n l a g e  was seen  a t  t h i s  s t a g e .  S m a l l  b l o o d  v e s s e l s  wer e  

p r e s e n t  n e a r  t h e  p e r i p h e r a l  p a r t s . o f  t h e  i n t e r z o n e  ( F i g .  4 ) .
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S t a ^ e  29 ( 6  -  6-J days ) .

A p p e a r a n c e s  w e r e ,  i n  g e n e r a l ,  s i m i l a r  t o  t h o s e  a t  s t a g e  

2 8 ,  w i t h  s l i g h t  p r o g r e s s  i n  d e v e l o p m e n t .  The f o r m  o f  t h e  

f e m o r a l  and t i b i a l  c o n d y l e s  was w e l l  e s t a b l i s h e d ,  b u t  t h e  

t i b i a l  t u b e r c l e  was n o t  p r o m i n e n t .  The s h a f t s  o f  t h e  f e m u r ,  

t i b i a  and f i b u l a  we r e  c a r t i l a g i n o u s  and t h e  c h o n d r o c y t e s  wer e  

b e g i n n i n g  t o  u n d e r g o  h y p e r t r o p h y ,  p r i o r  t o  e n d o c h o n d r a l  

o s s i f i c a t i o n .  The d i s t a l  end o f  t h e  f e m u r  and t h e  p r o x i m a l  

e nd s  o f  t h e  t i b i a  and f i b u l a  wer e  s t i l l  p r e c a r t i l a g i n o u s .  

T o w a r d s  t h e i r  f r e e  s u r f a c e ,  t h e i r  c e l l s  became i n c r e a s i n g l y  

e l o n g a t e d  i n  a d i r e c t i o n  t a n g e n t i a l  t o  t h e  s u r f a c e ,  and 

g r a d u a l l y  me r ged  w i t h  t h e  c h o n d r o g e n o u s  l a y e r  o f  t h e  

i n t e r z o n e ,  wh e r e  t h e  c e l l s  wer e  s t i l l  more c l o s e l y  p a c k e d  and 

e l o n g a t e d .  T h e r e  was no s h a r p  d i v i d i n g  l i n e  b e t w e e n  t h e  p r e ­

c a r t i l a g i n o u s  end o f  t h e  c a r t i l a g e  mode l  and t h e  

c h o n d r o g e n o u s  l a y e r  o f  t h e  i n t e r z o n e .  O c c a s i o n a l  m i t o t i c  

a c t i v i t y  was n o t i c e d ,  and t h e  m i t o t i c  f i g u r e s  wer e  s c a t t e r e d  

t h r o u g h o u t  t h e  i n t e r z o n e ,  c h o n d r o g e n i c  l a y e r s  and t h e  

a r t i c u l a r  s u r f a c e s  o f  t h e  c a r t i l a g e  m o d e l s .  No d a r k  s t a i n e d  

c e l l s  we r e  seen  i n  t h e  i n t e r z o n e .  The i n t e r z o n e  was d e v o i d  

o f  any  s t a i n a b l e  m a t e r i a l  w i t h  PAS s t a i n ,  w h i l e  i n  t h e  

c a r t i l a g i n o u s  e l e m e n t s  o f  t h e  f e m u r ,  t i b i a  and f i b u l a ,  t h e  

i n t e r c e l l u l a r  m a t e r i a l  was f a i n t l y  s t a i n e d  by  PAS.  A 

m a r g i n a l  c o n d e n s a t i o n  o f  c e l l s  c o n t i n u o u s  abo v e  and b e l o w  

w i t h  t h e  f e m o r a l  and f i b u l a r  p e r i c h o n d r i a ,  i n d i c a t e d  t h e  

p o s t e r i o r  p a r t  o f  t h e  f i b r o u s  c a p s u l e  o f  t h e  k nee  j o i n t  ( F i g .  

7 ) ,  w h i l e  t h e  a n t e r i o r  p a r t  was f o r me d  by t h e  p a t e l l a r
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L i g a m e n t -  T h i s  c a p s u l e  s e p a r a t e d  t h e  me s e n c h y ma l  t i s s u e  a t  

t h e  p e r i p h e r y  o f  t h e  i n t e r z o n e  f r o m t h e  s u r r o u n d i n g  

m e s e n c h y m e .  The f e m o r a l  i n t e r - c o n d y l a r  f o s s a  showed d i s c r e t e  

c o n d e n s a t i o n s  o f  c e l l s  w h i c h  c l e a r l y  i n d i c a t e d  t h e  l o c a t i o n  

and d i r e c t i o n  o f  t h e  c r u c i a t e  L i g a m e n t s -  T h e r e  we r e  no 

d e f i n i t e  c o n d e n s a t i o n s  t o  i n d i c a t e  t h e  m e n i s c i  o r  t h e  

t i b i a l i s  a n t e r i o r  t e n d o n -  The t i s s u e  deep t o  t h e  q u a d r i c e p s  

f e m o r i s  m u s c l e  and t e n d o n  was s t i l l  v a s c u l a r  and l o o s e ,  and 

no d e f i n i t e  p a t e l l a r  a n l a g e  was s e e n -  B l o o d  v e s s e l s  wer e  

s een  i n  t h e  s u r r o u n d i n g  mesenchyme,  a d j a c e n t  t o  t h e  p e r i p h e r y  

o f  t h e  i n t e r z o n e  ( F i g . 8 ) .

S t a g e  30 (6-J d a y s )_

The t i b i a l  t u b e r c l e  was p r o m i n e n t  and i t s  c e l l s  wer e  

a r r a n g e d  i n  e l l i p t i c a l  r ows a t  i t s  j u n c t i o n  w i t h  t h e  s h a f t .  

The f e m o r a l  b l a s t e m a  was s t i l l  n o t  f u l l y  c h o n d r i f i e d .  

C a r t i l a g e  had d i f f e r e n t i a t e d  l e a v i n g  a n a r r o w  t r a n s i t i o n a l  

z one  w h i c h  i n t e r v e n e d  b e t we e n  c a r t i l a g e  i t s e l f  and t h e  

c h o n d r o g e n o u s  l a y e r  o f  t h e  i n t e r z o n e -  I n  t h i s  t r a n s i t i o n a l  

zone  t h e  c e l l s  became i n c r e a s i n g l y  f l a t t e n e d  i n  a d i r e c t i o n  

t a n g e n t i a l  t o  t h e  s u r f a c e ,  and became more c o n d e n s e d -  T h i s  

t r a n s i t i o n  z one  g r a d u a l l y  mer ged w i t h  t h e  c h o n d r o g e n o u s  l a y e r  

o f  t h e  i n t e r z o n e ,  whe r e  t h e  c e l l s  wer e  even  more c l o s e l y  

p a c k e d  and f l a t t e n e d .  The c h o n d r o g e n o u s  zone o f  each o f  t h e  

c a r t i l a g e  mo d e l s  showed o c c a s i o n a l  m i t o s e s  w h i c h  wer e  a l s o  

s een  s c a t t e r e d  t h r o u g h o u t  t h e  i n t e r z o n e -  The i n t e r z o n e  

s howed  no m a t e r i a l  s t a i n a b l e  w i t h  PAS.  I n  t h e  p e r i c h o n d r i u m  

a r o u n d  t h e  m i d - p o r t i o n s  o f  t h e  s h a f t s  o f  t h e  f e m u r ,  t i b i a  and 

f i b u l a ,  t h e  f i r s t  s i g n s  o f  p e r i o s t e a l  o s s i f i c a t i o n  we r e  s e e n .
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The i n t e r z o n e  showed a c o n d e n s a t i o n  f o r  t h e  L a t e r a l  m e n i s c u s  

( F i g .  9 ) .  I n  t h e  c e n t r a l  a r e a  o f  t h e  m e n i s c u s ,  t h e  c e l l s  had 

r o u n d  t o  o v a l  n u c l e i ,  w h i l e  a t  i t s  p e r i p h e r y  t h e y  had 

f l a t t e n e d  n u c l e i  arid wer e  c o n t i n u o u s  w i t h  t h o s e  o f  t h e  

c h o n d r o g e n i c  l a y e r s  o f  t h e  b l a s t e m a t a .  The m e n i s c u s  seemed 

t o  h av e  d e v e l o p e d  2 n s i t u  f r o m t h e  mesenchyme o f  t h e  

i n t e r z o n e .  C o n d e n s a t i o n s  wer e  s e e n ,  f o r  t h e  f i r s t  t i m e ,  

f o r m i n g  t h e  p r i m o r d i a  o f  t h e  p o s t e r i o r  m e n i s c o - f e m o r a I  and 

p o s t e r i o r  m e n i s c o - t i b i a l  l i g a m e n t s .  A b i f u r c a t e d

c o n d e n s a t i o n  was s e e n ,  one l i m b  r e p r e s e n t i n g  t h e  p o s t e r i o r  

m e n i s c o - f e m o r a l  l i g a m e n t ,  t h e  o t h e r  t h e  p o s t e r i o r  m e n i s c o -  

t i b i a l  l i g a m e n t .  The p o s t e r i o r  c r u c i a t e  l i g a m e n t  c r o s s e d  

m e d i a l l y  t o  t h e  a n g l e  o f  d i v e r g e n c e  b e t w e e n  t h e s e  t wo  l i m b s ,  

on i t s  way t o  a t t a c h m e n t  t o  t h e  p o s t e r i o r  i n t e r c o n d y l a r  a r e a  

o f  t h e  t i b i a  ( F i g .  1 0 ) .  A n o t h e r  c o n d e n s a t i o n  o f  c e l l s  

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

f e m u r  d o w n wa r d  and b e t w e e n  t h e  t i b i a  and f i b u l a ,  r e p r e s e n t e d  

t h e  p r i m o r d i u m  o f  t h e  t i b i a l i s  a n t e r i o r  t e n d o n  ( F i g .  1 1 ) .  At  

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

c e l l s  p a s s e d  i n t o  c o n t i n u i t y  w i t h  t h o s e  o f  t h e  c h o n d r o g e n o u s  

l a y e r  o f  t h e  c o n d y l e .  The t e n d o n  o f  t h e  a mb i e n s  m u s c l e  was 

a l s o  s een  i m m e d i a t e l y  i n  f r o n t  o f  t h e  s i t e  o f  o r i g i n  o f  t h e  

t i b i a l i s  a n t e r i o r  t e n d o n  f r o m  t h e  l a t e r a l  c o n d y l e  o f  f e m u r .  

The t e n d o n  o f  a mb i e n s  mu s c l e  c r o s s e d  t h e  f r o n t  o f  t h e  

p a t e l l a r  c o n d e n s a t i o n ,  a n d ,  r u n n i n g  d o w n w a r d s ,  t r a v e r s e d  t h e  

l i g a m e n t u m  p a t e l l a e ,  f r o m  m e d i a l  t o  l a t e r a l .  The me s e nc h y ma l  

t i s s u e  deep  t o  t h e  q u a d r i c e p s  t e n d o n  was s t i l l  v a s c u l a r  and
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L o o s e ,  a p a r t  f r o m  t h e  s i t e  o f  t h e  p a t e l l a r  p r i m o r d i u m ,  wh e r e  

i t  was d e n s e l y  c e l l u l a r  and l e s s  v a s c u l a r  m e d i a l l y  ( F i g .  1 2 ) .  

The i n t e r c o n d y l a r  f o s s a  was w e l l  v a s c u l a r i z e d  and some o f  

t h e s e  p r i m i t i v e  v e s s e l s  wer e  a s s o c i a t e d  w i t h  t h e  a n t e r i o r  

c r u c i a t e  l i g a m e n t  n e a r  i t s  a t t a c h m e n t  t o  t h e  l a t e r a l  f e m o r a l  

c o n d y l e  ( F i g .  1 3 ) .  B l o o d  v e s s e l s  wer e  seen p o s t e r i o r l y ,  

c l o s e l y  r e l a t e d  t o  t h e  i n t e r z o n e .  A v e r y  f ew b l o o d  c e l l s

we r e  s e e n  i n  one s e c t i o n  o n l y ,  w i t h i n  t h e  i n t e r z o n e  i t s e l f  

( F i g .  1 3 ) .  C a r e f u l  s t u d y ,  f o c u s s i n g  up and d own ,  showed t h a t  

t h e s e  w e r e  n o t  i n  b l o o d  v e s s e l s ,  b u t  had p r o b a b l y  been

e x t r a v a s a t e d  f r o m  a d j a c e n t  b l o o d  v e s s e l s .

S t a g e  3 1_ ( 7  d ay s )_

The a r t i c u l a r  ends  o f  t h e  f e m u r ,  t i b i a  and f i b u l a  we r e  

s i m i l a r  t o  t h o s e  f o u n d  a t  s t a g e  3 0 ,  and t h e  c h o n d r o g e n i c  

l a y e r s  o f  t h e  i n t e r z o n e  wer e  s t i l l  f o r me d  by  c l o s e l y  p a c k e d  

c e l l s  e l o n g a t e d  t a n g e n t i a l l y  t o  t h e  s u r f a c e s  o f  t h e  a d j a c e n t  

c a r t i l a g e s .  The i n t e r z o n e  was s t i l l  h o mo g e n e o u s ,  e s p e c i a l l y  

t h a t  b e t w e e n  f e m u r  and f i b u l a .  The c o l l a r  o f  p e r i o s t e a l  bone

was w e l l  e s t a b l i s h e d  a r o u n d  t h e  m i d d l e  o f  t h e  s h a f t s  o f  t h e

f e m u r ,  t i b i a  and f i b u l a  ( F i g .  1 4 ) .  P a r t  o f  t h e  l a t e r a l  

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

f i b u l a .  O c c a s i o n a l  m i t o t i c  f i g u r e s  wer e  seen s c a t t e r e d  

t h r o u g h o u t  t h e  m e n i s c i ,  c r u c i a t e  l i g a m e n t s ,  and t h e

c h o n d r o g e n i c  l a y e r s  o f  t h e  i n t e r z o n e .  A c o n d e n s a t i o n  o f  

c e l l s  e x t e n d i n g  b e t we e n  t h e  head o f  f i b u l a  and t h e  t i b i a ,

r e p r e s e n t e d  t h e  i n t e r o s s e o u s  t i b i o - f i b u  I a r  l i g a m e n t  ( F i g .

1 5 ) .  At  t h e  ends o f  t h i s  t i b i o - f i b u l a r  l i g a m e n t ,  i t s

e l o n g a t e d  c e l l s  p a s s e d  i n t o  c o n t i n u i t y  w i t h  t h o s e  o f  t h e

91



c h o n d r o g e n o u s  L a y e r  o f  t h e  i n t e r z o n e .  One s p e c i m e n  showed

what  m i g h t  be i n t e r p r e t e d  as t h e  f i r s t  s i g n  o f  a s m a l l  c a v i t y  

b e t w e e n  t h e  l a t e r a l  c o n d y l e  o f  t h e  f e m u r  and t h e  l a t e r a l  

m e n i s c u s .  I t  i s  d i f f i c u l t  t o  be a b s o l u t e l y  s u r e  t h a t  t h i s  

was i n d e e d  t h e  f i r s t  s i g n  o f  c a v i t a t i o n  and n o t  an a r t i f a c t .  

Ho we v e r  t h e  edges  o f  t h i s  " c a v i t y "  showed s e v e r a l  " d a r k "

c e l l s ,  w h i c h  a t  l a t e r  s t a g e s  wer e  r e g u l a r l y  f o u n d  w i t h i n ,  and 

a d j a c e n t  t o ,  a r e a s  o f  c a v i t a t i o n  ( F i g .  1 6 ) .  No PAS s t a i n a b l e  

m a t e r i a l  was seen  i n  t h e  i n t e r z o n e ,  w h i l e  t h e  c a r t i l a g i n o u s  

e l e m e n t s  o f  t h e  f e m u r ,  t i b i a  and f i b u l a  showed f a i n t  s t a i n i n g  

o f  t h e  i n t e r c e l l u l a r  m a t e r i a l .

The p a t e l l a r  c o n d e n s a t i o n  had become more d e n s e  and was 

d i f f e r e n t i a t i n g  t o  p r e c a r t i l a g e .  Some m i t o s e s  wer e  seen i n  

t h e  c o n d e n s a t i o n .  On t h e  a n t e r i o r  s u r f a c e  o f  t h e  p a t e l l a r  

c o n d e n s a t i o n  t h e r e  was a den s e  c e l l u l a r  c o n d e n s a t i o n ,  

f o r e r u n n e r  o f  t h e  q u a d r i c e p s  t e n d o n  and p a t e l l a r  l i g a m e n t .  

P o s t e r i o r l y  t h e  p a t e l l a r  p r i m o r d i u m  was s e p a r a t e d  f r o m  t h e  

f e m u r  by  l o o s e  v a s c u l a r  mesenchyme w h i c h ,  l i k e  t h e  f e m o r o -

t i b i o ~ f i b u I  a r  i n t e r z o n e ,  showed no m a t e r i a l  s t a i n a b l e  w i t h  

PAS.

As a t  t h e  p r e v i o u s  s t a g e ,  b l o o d  v e s s e l s  wer e  seen i n  t h e  

i n t e r c o n d y l a r  f o s s a  and a t  t h e  p e r i p h e r y  o f  t h e  i n t e r z o n e

( F i g s .  1 6 ,  1 7 ) .

S t a g e  32 ( 7  d a y s )

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

f e m u r  and  t i b i a  showed  f u r t h e r  s u b p e r i o s t e a l  bone  f o r m a t i o n ,  

w h i l e  t h e  f i b u l a  s t i l l  showed o n l y  a t h i n  c o l l a r  o f
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p e r i o s t e a l  b o n e .

I t  was a t  t h i s  s t a g e  t h a t  t h e  f i r s t  u n e q u i v o c a l  e v i d e n c e  

was s e e n  o f  t h e  a p p e a r a n c e  o f  s m a l l  c a v i t i e s  i n  t h e  

i n t e r z o n e .  L o c a l i z e d  c a v i t a t i o n  was seen b e t w e e n  t h e  l a t e r a l  

c o n d y l e  o f  t h e  f e m u r  and t h e  l a t e r a l  m e n i s c u s  ( F i g .  18)  and 

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

( F i g .  1 9 ) .  E l s e w h e r e  t h e  i n t e r z o n e  was s t i l l  h o mo g e n e o u s ,  

e s p e c i a l l y  t h a t  b e t w e e n  f e m u r  and f i b u l a .  A s s o c i a t e d  w i t h  

b o t h  c a v i t i e s  we r e  s m a l l  number s  o f  " d a r k "  c e l l s ;  n e i t h e r  

c a v i t y  showed  any  PAS p o s i t i v e  m a t e r i a l .  One s p e c i me n  showed 

l o o s e n i n g  o f  t h e  i n t e r z o n a l  t i s s u e  b e t w e e n  t h e  l a t e r a l  

c o n d y l e  o f  f e m u r  and t h e  f i b u l a  ( F i g .  2 0 ) .  I n t r a - a r t i c u l a r  

s t r u c t u r e s  s howed some p r o g r e s s  i n  t h e i r  d e v e l o p m e n t :  t h e

c l o s e l y  p a c k e d  c e l l s  o f  t h e  c r u c i a t e  l i g a m e n t s  wer e  e l o n g a t e d  

i n  t h e  l o n g  a x i s  o f  t h e  l i g a m e n t s .  The m e n i s c u s  had s t a r t e d  

t o  s e p a r a t e  f r o m  t h e  a r t i c u l a r  s u r f a c e  o f  t h e  f e m u r  a t  t h e  

s i t e  w h e r e  c a v i t a t i o n  had b e g u n .  The p a t e l l a r  c o n d e n s a t i o n  

was s t i l l  s e p a r a t e d  f r o m t h e  f e m u r  by l o o s e  and v a s c u l a r  

t i s s u e ,  and b l o o d  v e s s e l s  wer e  s t i l l  c l o s e l y  r e l a t e d  t o  t h e  

Q e r i g h e r a l  p a r t s  o f  t h e  i n t e r z o n e .  One s p e c i me n  showed 

p r o m i n e n t  b l o o d  v e s s e l s  l o c a l i s e d  i n  t h e  i n t e r - c o n d y  I a r  n o t c h  

o f  t h e  f e m u r  p o s t e r i o r l y /  and p e n e t r a t i n g  t h e  s u p e r f i c i a l  

l a y e r  o f  t h e  p e r i c h o n d r i u m  ( F i g .  1 9 ) .  Some b l o o d  v e s s e l s  

we r e  s e e n  on t h e  s u p e r f i c i a l  p o s t e r i o r  s u r f a c e  o f  t h e  m e d i a l  

men i  s c u s  ( F i g .  1 9 ) .

S t a g e  33 < 7 i  i  8 days) .

The f e m u r ,  t i b i a  and f i b u l a  showed f u r t h e r  t h i c k e n i n g  o f
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t h e  p e r i o s t e a l  c o l l a r .  The a r t i c u l a r  s u r f a c e s  o f  t h e  b on es  

we r e  c o v e r e d  by  a l a y e r  o f  d e n s e l y  p a c k e d  c e l l s ,  t a n g e n t i a l l y  

a r r a n g e d .  The i n t e r z o n e  t i s s u e  b e t w e e n  t h e  l a t e r a l  c o n d y l e  

o f  f e m u r  and f i b u l a  showed f u r t h e r  l o o s e n i n g ,  so t h a t  a 

t y p i c a l  t h r e e - l a y e r e d  i n t e r z o n e  became d i s t i n g u i s h a b l e  ( F i g .  

2 1 ) .  L o c a l i z e d  c a v i t y  f o r m a t i o n  was seen a t  a n umbe r  o f

s i t e s  ( s e e  e . g .  F i g .  2 2 ) .  A l l  t h e  v i s i b l e  c a v i t i e s  wer e

l i n e d  by  " d a r k ”  c e l l s  and none c o n t a i n e d  any  PAS s t a i n a b l e

m a t e r i a l .

F i n e  c o l l a g e n o u s  f i b r e s ,  s t a i n e d  d a r k  b l u e  w i t h  A z u r  I I  

and p i n k i s h  w i t h  PAS,  wer e  d e t e c t e d  i n  t h e  t e n d o n  o f  t i b i a l i s  

a n t e r i o r  and i n  t h e  c r u c i a t e  l i g a m e n t s .  The p a t e l l a r  

c o n d e n s a t i o n  was s t i l l  p r e c a r t i I a g i n o u s  and was s e p a r a t e d  

f r o m  t h e  f e m u r  by  v e r y  l o o s e  and v a s c u l a r  t i s s u e .  B l o o d  

v e s s e l s  we r e  s t i l l  c o n f i n e d  t o  t h e  p e r i p h e r a l  p a r t s  o f  t h e  

i n t e r z o n e ,  p e n e t r a t i n g  t h e  p e r i p h e r y  o f  t h e  m e n i s c i  and t h e  

s u p e r f i c i a l  l a y e r s  o f  t h e  c r u c i a t e  l i g a m e n t s  n e a r  t o  t h e i r  

b o n y  a t t a c h m e n t s .  P r o m i n e n t  b l o o d  v e s s e l s  i n  t h e  p o s t e r i o r  

a s p e c t  o f  t h e  f e m o r a l  i n t e r c o n d y l a r  n o t c h  p e n e t r a t e d  t h e  

s u p e r f i c i a l  l a y e r  o f  i t s  p e r i c h o n d r i u m .

S t a g e  34 (_8 days) .

A p p e a r a n c e s  w e r e ,  i n  g e n e r a l ,  s i m i l a r  t o  t h o s e  a t  s t a g e  

3 3 ,  b u t  t h e r e  was f u r t h e r  p r o g r e s s  i n  t h e  d e v e l o p m e n t  o f  t h e  

j o i n t  c a v i t y .  The s u p e r f i c i a l  zone  o f  c e l l s  on t h e  f e m o r a l ,  

t i b i a l  and f i b u l a r  a r t i c u l a r  s u r f a c e s  m a i n t a i n e d  t h e i r  

t a n g e n t i a l  o r i e n t a t i o n .  The me s e n c h y ma l  i n t e r z o n e  l o c a l i z e d  

b e t w e e n  t h e  l a t e r a l  c o n d y l e  o f  f e m u r  and f i b u l a  had become 

v e r y  l o o s e  and one s p e c i me n  showed a v e r y  s m a l l  c a v i t y  i n
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t h i s  s i t u a t i o n  ( F i g .  2 3 ) .  Mos t  o f  t h e  s p e c i m e n s  showed 

c a v i t y  f o r m a t i o n  i n  v a r i o u s  p a r t s  o f  t h e  f e m o r o - m e n i s c  aL and 

t i b i o - m e n i s c a t  r e g i o n s  ( t h e  s i t e s  o f  c a v i t a t i o n  a r e  

s u m m a r i z e d  i n  T a b l e  3 ) .  A l l  t h e  c a v i t i e s  wer e  l i n e d  by 

d a r k  c e l l s ,  and c o n t a i n e d  r e mn a n t s  o f  l o o s e  t i s s u e  ( F i g .  

2 4 ) .  No PAS s t a i n a b l e  m a t e r i a l  had a c c u m u l a t e d  i n s i d e  t h e  

c a v i t y -  ( F i g .  2 5 ) .  Due t o  l o o s e n i n g  o f  t h e  me s e n c h y ma l  

i n t e r z o n e  t i s s u e  and c a v i t y  f o r m a t i o n ,  t h e  m e n i s c i  wer e  now 

c l e a r l y  d e f i n e d  as w e d g e - s h a p e d  s e c t i o n a l  p r o f i l e s .  The 

me s e n c h y m a l  t i s s u e  s u r r o u n d i n g  t h e  c r u c i a t e  l i g a m e n t s  and t h e  

t i b i a l i s  a n t e r i o r  t e n d o n  had become v e r y  l o o s e ,  and i n  one 

s p e c i m e n  a c a v i t y  had a p p e a r e d  a l o n g  t h e  p o s t e r i o r  s u r f a c e  o f  

t h e  t i b i a l i s  a n t e r i o r  t e n d o n .  T h i s  c a v i t y  was b o r d e r e d  by  a 

l a y e r  o f  " d a r k "  c e l l s  ( F i g .  2 6 ) .

The p a t e l l a  was more d e f i n e d  b u t  was s t i l l  n e i t h e r  

s u r r o u n d e d  by  a p e r i c h o n d r i u m  n o r  f u l l y  c h o n d r i f i e d .  The 

t i s s u e  b e t w e e n  t h e  p a t e l l a  and f e m u r  was v e r y  l o o s e  and

v a s c u l a r ,  b u t  t h e r e  was s t i l l  no d e f i n i t e  c a v i t y .  The s i t e

o f  t h e  f u t u r e  s u p r a - p a t e  I l a r  r e c e s s  was i n d i c a t e d  by l o o s e  

v a s c u l a r  me s e n c h y me .  The c r u c i a t e  l i g a m e n t s  showed a 

c a p i l l a r y  p l e x u s  i n  t h e i r  s u p e r f i c i a l  l a y e r s ,  a d j a c e n t  t o

t h e i r  b o n y  a t t a c h m e n t s ,  and t h e  m e n i s c i  a l s o  showed a 

c a p i l l a r y  p l e x u s  i n  t h e i r  p e r i p h e r a l  p a r t s  ( F i g .  2 3 ) .  The

b l o o d  v e s s e l s  i n  t h e  i n t e r c o n d y l a r  n o t c h  o f  t h e  f e m u r  had 

p e n e t r a t e d  mos t  o f  t h e  t h i c k n e s s  o f  t h e  p e r i c h o n d r i u m .

S t a g e  35 (.8 -  9 days ) .

At  t h i s  s t a g e ,  t h e  knee  j o i n t  l o o k e d  i n  most  r e s p e c t
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L i k e  a m i n i a t u r e  r e p l i c a  o f  t h e  a d u l t  j o i n t .  The

c h o n d r o g e n o u s  zone  was f u r t h e r  r e d u c e d  i n  t h i c k n e s s  t o  2 o r  3 

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

o r i e n t a t i o n .  Deep t o  t h e m,  t h e  c e l l s  wer e  a r r a n g e d  more 

r a n d o m l y .  I n  one s p e c i me n  t h e  c e l l s  deep t o  t h e

c h o n d r o g e n o u s  zone  o f  t h e  f e m o r a l  c o n d y l e s  wer e  a r r a n g e d  i n  

c o l u m n s  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  ( F i g .  2 7 ) .

A l m o s t  a l l  e mbr y os  showed c a v i t i e s  a t  a l l  a r t i c u l a r

s i t e s  e x c e p t  a t  t h e  f e m o r o - p a t e l l a r  r e g i o n .  S m a l l  c a v i t i e s  

we r e  p r e s e n t  b e t w e e n  t h e  l a t e r a l  m e n i s c u s  and t h e  l a t e r a l  

c o n d y l e  o f  f e m u r  a b o v e ,  and t h e  f i b u l a  b e l o w  ( F i g .  28)  

b e t w e e n  t h e  a n t e r i o r  c r u c i a t e  l i g a m e n t  and t h e  l a t e r a l  t i b i a l  

c o n d y l e  ( F i g .  30 )  and a l o n g  t h e  p o s t e r i o r  s u r f a c e  o f  t h e  

t i b i a l i s  a n t e r i o r  t e n d o n  ( F i g .  3 1 ) .  A l l  t h e s e  c a v i t i e s  wer e  

b o r d e r e d  by  l i n e s  o f  d a r k  c e l l s .  When t r a c e d  i n  s e r i a l  

s e c t i o n s ,  t h e  l a t e r a l  m e n i s c u s  was seen t o  f o r m  a c o m p l e t e  

d i s c ,  w h i l e  t h e  m e d i a l  me n i s c u s  was a C - s h a p e d  s t r u c t u r e .  

T a n g e n t i a l l y  t o  t h e  p o s t e r i o r ,  s u p e r i o r ,  and a n t e r i o r

s u r f a c e s  o f  t h e  p a t e l l a  was a c e l l u l a r  c o n d e n s a t i o n  

i n d i c a t i n g  t h e  p r i m o r d i u m  o f  i t s  p e r i c h o n d r i u m  ( F i g .  3 2 ) .

The p a t e l l a  was s t i l l  s e p a r a t e d  f r o m  t h e  f e m u r  by a v e r y  

l o o s e  and v a s c u l a r  s t r i p  o f  t i s s u e ,  c o n t i n u o u s  above  w i t h  

s i m i l a r  t i s s u e  o c c u p y i n g  t h e  s i t e  o f  t h e  f u t u r e  s u p r a ­

p a t e l l a r  r e c e s s  ( F i g s .  3 2 ,  3 3 ) .  B l o o d  v e s s e l s  i n  t h e

p o s t e r i o r  a s p e c t  o f  t h e  i n t e r - c o n d y l a r  n o t c h  o f  t h e  f e m u r  had 

now p e n e t r a t e d  t h e  c o n d y l a r  c a r t i l a g e  and l a y  w i t h i n  

c a r t i l a g e  c a n a l s  ( F i g s .  3 0 ,  3 2 ) .  S m a l l  b l o o d  v e s s e l s

p e n e t r a t e d  t h e  p e r i c h o n d r i u m  o f  t h e  p o s t e r i o r  a s p e c t  o f  t h e
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t i b i a l  c o n d y l e .

S t a g e  36 ( 1 0  d ay s )_

A t  t h i s  s t a g e ,  c a v i t a t i o n  was c o m p l e t e d  a t  a l l  a s p e c t s  

o f  t h e  k n e e  j o i n t ,  i n c l u d i n g  t h e  f e m o r o - p a t e l l a r  j o i n t .  The 

a r t i c u l a r  s u r f a c e s  o f  t h e  bones  showed t h r e e  zones  o f  c e l l s :  

a d e e p  z o n e  o f  c e l l s  a r r a n g e d  i n  c o l u mn s  p e r p e n d i c u l a r  t o  t h e  

s u r f a c e ;  an i n t e r m e d i a t e  zone o f  r a n d o m l y  a r r a n g e d  c e l l s  and 

a s u p e r f i c i a l  l a y e r  o f  c e l l s  t a n g e n t i a l l y  a r r a n g e d .  The s m a l l  

c a v i t i e s  w h i c h  had a p p e a r e d  i n  v a r i o u s  s i t e s  i n  t h e  j o i n t  had 

e x t e n d e d ,  and c o a l e s c e d  t o  f o r m  a s i n g l e  more o r  l e s s  

c o n t i n u o u s  c a v i t y .  However  t h e  c a v i t y  b e t we e n  t h e  l a t e r a l  

c o n d y l e  o f  f e m u r  and f i b u l a ,  a l t h o u g h  w e l l  f o r me d  ( F i g .  3 4 ) ,  

a p p e a r e d  i n  mos t  s p e c i me n s  t o  be s t i l l  s e p a r a t e  f r o m  t h e  

g e n e r a l  c a v i t y .  Mos t  p a r t s  o f  t h e  knee  j o i n t  c a v i t y  wer e  

l i n e d  by  " d a r k "  c e l l s ,  and c o n t a i n e d  t i s s u e  r e m n a n t s .  

C a v i t a t i o n  was a l s o  w e l l  a d v a n c ed  b e t we e n  t h e  i n t r a - a r t i c u  I a r  

l i g a m e n t s  w h i c h  wer e  t h e r e f o r e  much more c l e a r l y  d e f i n e d ,  

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

( F i g .  3 5 ) .  The m e n i s c i  showed c h o n d r o g e n i c  c e l l s  i n  t h e i r  

c e n t r a l  p a r t s ,  and f i n e  c o l l a g e n o u s  f i b r e s  a p p e a r e d  i n  t h e i r  

s u p e r f i c i a l  l a y e r s .  The g a s t r o c n e m i u s  mu s c l e  a p p e a r e d  t o  

t a k e  t h e  p l a c e  o f  t h e  c a p s u l e  p o s t e r i o r l y  ( F i g .  3 6 ) .  The 

l o o s e  i n f r a - p a t e l l a r  t i s s u e ,  l o o s e  t i s s u e  p o s t e r i o r  t o  t h e  

c r u c i a t e  l i g a m e n t s ,  t h e  i n t r a - c a p s u l a r  t i s s u e  i n  t h e  

p e r i p h e r a l  p a r t s  o f  t h e  j o i n t ,  and t h e  t i s s u e  s u r r o u n d i n g  t h e  

s u p r a - p a t e  I l a r  r e c e s s  r e g i o n ,  wer e  a l l  c h a r a c t e r ! z e d  by  t h e  

p r e s e n c e  o f  n u m e r o u s  b l o o d  v e s s e l s ,  i n d i c a t i n g  t h e  p r i m i t i v e
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s y n o v i a l  t i s s u e  o r  " s y n o v i a l  me s enc hy me" .  An e a r l y  s y n o v i a l  

l i n i n g  was d e t e c t e d  i n  some p l a c e s  as shown i n  F i g u r e  3 7 .  

The s y n o v i a l  l i n i n g  was f o r me d  f r o m c e l l s  o f  v a r i a b l e  s h a p e ,  

mos t  o f  t h e m wer e  f l a t t e n e d ,  b u t  o t h e r s  o v a l  o r  r o u n d e d  i n  

s h a p e .  A v e r y  s m a l l  amount  o f  m e t a c h r o m a t i c  m a t e r i a l

a p p e a r e d  i n  s e c t i o n s  s t a i n e d  by Az u r  b l u e  I I  i n  t h e  

p e r i p h e r a l  p a r t  o f  t h e  j o i n t  c l o s e l y  r e l a t e d  t o  t h e  s y n o v i a l  

l i n i n g .  T h i s  m a t e r i a l  i s  i n t e r p r e t e d  as p r e c i p i t a t e d

s y n o v i a l  f l u i d .  The p a t e l l a  showed c h o n d r i f i c a t i o n

c e n t r a l l y ;  i t s  a n t e r i o r ,  s u p e r i o r  and p o s t e r i o r  b o u n d a r i e s  

we r e  w e l l  d e f i n e d  by p e r i c h o n d r i u m  w h i l e  i t s  i n f e r i o r  b o r d e r  

was s t i l l  n o t  s h a r p l y  d e m a r c a t e d  f r o m t h e  i n f r a - p a t e l l a r

t i s s u e  ( F i g .  3 6 ) .  An i m p o r t a n t  new d e v e l o p m e n t  was t h e  

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

a bo v e  w i t h  l o o s e  and v a s c u l a r  t i s s u e  o f  t h e  s u p r a - p a t e  11 a r  

a r e a ,  and i n t e r i o r l y  w i t h  t h e  mai n j o i n t  c a v i t y ,  b u t

s e p a r a t e d  f r o m  i t  by  t i s s u e  s t r a n d s  ( F i g .  3 6 ) .  The c a r t i l a g e  

c a n a l s  i n  t h e  d i s t a l  end o f  t h e  f e mu r  had become more

p r o m i n e n t  and p e n e t r a t e d  f u r t h e r  i n t o  t h e  c o n d y l a r  c a r t i l a g e

t h a n  a t  t h e  p r e v i o u s  s t a g e .  B l o o d  v e s s e l s  p e n e t r a t e d  t h e  

p o s t e r i o r  a s p e c t  o f  t h e  m e d i a l  c o n d y l e  o f  t h e  t i b i a  ( F i g s .

3 5 ,  36 )  .

St  a^e  37 -  (11 days) .

At  t h i s  s t a g e ,  t h e  j o i n t  c a v i t y  was a l m o s t  a c o n t i n u o u s

s p a c e .  The a r t i c u l a r  s u r f a c e s  wer e  c o v e r e d  by t wo  l a y e r s  o f

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

t h e  d e e p e r  c e l l s  wer e  a r r a n g e d  i n  c o l u m n s .
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The a r t i c u l a r  s u r f a c e s  app e a r ed  more c o n dens ed  t h a n  a t  t h e  

p r e v i o u s  s t a g e ,  due t o  c o m p a c t i o n  o f  t h e  c e l l s  and t h e  

a p p e a r a n c e  o f  t h e  c o l l a g e n  f i b r e s  b e t ween  t h e m.  The s h a f t s  

o f  t h e  f e m u r  and t i b i a  showed r a d i a t i n g  bony  t r a b e c u l a e ,  

w h i l e  t h e  f i b u l a  s t i l l  showed a p e r i o s t e a l  c o l l a r  b o n e .  One 

s p e c i m e n  showed t h e  c a v i t y  be t ween  t h e  l a t e r a l  c o n d y l e  o f  

f e m u r ,  f i b u l a  and l a t e r a l  m e n i s c u s ,  s t i l l  l i n e d  by d a r k  

s t a i n e d  c e l l s .  The c e n t r a l  p a r t  o f  t h e  m e n i s c i  showed 

c h o n d r o c y t e s  i n  l a c u n a e  ( F i g .  3 8 ) .  The j o i n t  c a v i t y  showed a 

s y n o v i a l  l i n i n g  i n  c e r t a i n  a r e a s ,  and a c a p i l l a r y  n e t w o r k  

l a y  i m m e d i a t e l y  b e n e a t h  t h e  s y n o v i a l  l i n i n g  c e l l s .  Some 

a r e a s  showed s y n o v i a l  f o l d s  p r o j e c t i n g  i n t o  t h e  c a v i t y .  The 

p a t e l l a  was more d e f i n e d ,  and c h o n d r i f i c a t i o n  was a d v a n c e d .  

The f e m o r o - p a t e  I l a r  c a v i t y ,  s t i l l  c r o s s e d  by t i s s u e  s t r a n d s ,  

showed a s l i g h t  e x t e n s i o n  s u p e r i o r l y  t o w a r d  t h e  s u p r a ­

p a t e l l a r  c o n n e c t i v e  t i s s u e  wh i c h  c o n t i n u e d  t o  l o o s e n  ( F i g .  

3 9 ) .  The d i s t a l  end o f  t h e  f emur  showed more f u r t h e r  a dv a n c e  

o f  c a r t i l a g e  c a n a l s  wh i c h  e x t e n d  f r o m t h e  p o s t e r i o r  a s p e c t  o f  

t h e  i n t e r - c o n d y l a r  f o s s a ,  b u t  s t i l l  d i d  n o t  r e a c h  t h e  

a r t i c u l a r  c a r t i l a g e  z o ne .  B l o od  v e s s e l s  p e n e t r a t e d  t h e  

m e d i a l  c o n d y l e  o f  t h e  t i b i a  f r om v a r i o u s  d i r e c t i o n s .

St  a^e  38 £12 days) .

The ma i n  c h anges  wer e :

i .  t h e r e  was an i n c r e a s e d  v a s c u l a r i t y  o f  t h e  s y n o v i u m ,  w i t h
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many v e s s e l s  l y i n g  i m m e d i a t e l y  deep t o  t h e  s y n o v i a l  l i n i n g  

c e l l s  ( F i g .  4 0 ) .

i i .  t h e  f e m o r o - p a t e l l a r  c a v i t y  now e x t e n d e d  s u p e r i o r l y  t o  

f o r m  t h e  s u p r a p a t e 1 1  a r  r e c e s s .

i i i .  c a r t i l a g e  c a n a l s  wer e  more numer ous  i n  t h e  d i s t a l  end 

o f  t h e  f e m u r  ( F i g .  41)  and t h e  p r o x i m a l  end o f  t h e  t i b i a .  

S t a g e  39 £13 days ) .

A p p e a r a n c e s  wer e  s i m i l a r  t o  t h o s e  a t  s t a g e  3 8 .  The 

a r t i c u l a r  c a r t i l a g e  s u r f a c e s  showed more f i n e  c o l l a g e n o u s  

f i b r e s .  The j o i n t  c a v i t y  was w e l l  f o r m e d ,  and t h e  l i n i n g  o f  

s y n o v i a l  t i s s u e  showed more s y n o v i a l  v i l l i  ( F i g .  4 3 ) .  One 

s p e c i m e n  showed o b l i t e r a t i o n  o f  t h e  c a v i t y  i n  some a s p e c t s  

due  t o  c o n t a c t  b e t w e e n  t h e  a r t i c u l a r  s u r f a c e s  ( F i g .  4 2 ) .  

T h i s  c o n t a c t  i s  p o s t - c a v i t a t i o n ,  most  p r o b a b l y  due t o  s t a t i c  

p o s t u r e  o f  t h e  l i m b  o f  t h e  embr yo  a t  t h a t  t i m e .

S t a g e  40 ££4  days ) .

A t  t h i s  s t a g e ,  t h e  knee j o i n t  l o o k e d  l i k e  t h e  a d u l t  one 

( F i g .  4 4 ) .  The a r t i c u l a r  c a r t i l a g e s  became more d e n s e ,  w i t h  

mor e  f i n e  c o l l a g e n o u s  f i b r e s  b e t we e n  t h e  c e l l  c o l u m n s ,  and 

t h e  s u p e r f i c i a l  a r e a  o f  t h e  a r t i c u l a r  s u r f a c e s  was f o r me d  by 

a v e r y  f l a t t e n e d  c e l l  l a y e r  ( F i g .  4 6 ) .  The b ony  c o l l a r  o f  

t h e  s h a f t s  o f  t h e  f e mu r  and t i b i a  e x t e n d e d  a p p r o x i m a t e l y  t o  

t h e  l e v e l  o f  t h e  e p i p h y s i s .  The f i b u l a r  s h a f t  showed bony  

t r a b e c u l a e  i n  i t s  c e n t r e .  The m e n i s c i  showed more 

c o l l a g e n o u s  f i b r e s  and wer e  now f i b r o - c a r t i I a g i n o u s  

s t r u c t u r e s ,  b u t  s t i l l  v e r y  c e l l u l a r .  The i n t r a - a r t i c u  I a r  

l i g a m e n t s  a p p e a r e d  as dense  f i b r o u s  s t r u c t u r e s .  The j o i n t  

c a v i t y  s howed  mor e  s y n o v i a l  v i l l i  and f o l d s .  The f e m o r o
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p a t e l l a r  c a v i t y  and s u p r a - p a t e  11 a r  r e c e s s  wer e  w e l l  f o r m e d  

and c o n t i n u o u s  w i t h  each o t h e r ,  b u t  s t i l l  p a r t l y  s e p a r a t e d  

f r o m  t h e  ma i n  c a v i t y  by  t i s s u e  s t r a n d s .  The p a t e l l a  was w e l l  

f o r m e d ,  and p e n e t r a t e d  by b l o o d  v e s s e l s  f r o m  i t s  a n t e r i o r  and 

s u p e r i o r  s u r f a c e s  ( F i g .  4 5 ) .
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I I .  CELL DEATH I N THE HISTOGENESIS OF THE INTERZONE

P a r t i c u l a r  a t t e n t i o n  was p a i d  t o  t h e  p r e s e n c e  i n  t h e  

i n t e r z o n e  o f  c e l l s  wh i c h  were i n i t i a l l y  i d e n t i f i e d  s i m p l y  as 

" d a r k  c e l l s " .  I n  s e r i a l  wax s e c t i o n s ,  c u t  a t  5 um and 

s t a i n e d  r o u t i n e l y  w i t h  H & E, t h e s e  " d a r k  c e l l s "  wer e  s m a l l ,  

w i t h  d a r k l y  s t a i n e d  n u c l e u s  and c y t o p l a s m .  As t h e  s t u d y  

p r o c e e d e d ,  u s i n g  s e m i t h i n  p l a s t i c  embedded s e c t i o n s  and TEM,  

i t  became e v i d e n t  t h a t  t h e  " d a r k  c e l l s "  w e r e ,  i n  f a c t ,

u n d e r g o i n g  a p o p t o t i c  c e l l  d e a t h .  Once t h i s  became c l e a r ,  i t

was d e c i d e d  t o  d e t e r m i n e : -

1 .  t h e  d i s t r i b u t i o n  o f  d a r k  c e l l s  w i t h i n  t h e  i n t e r z o n e

2 .  t h e i r  r e J . a t | v e  numbe r s  a t  each m a j o r  s i t e  o f  d i s t r i b u t i o n ,

and t o  r e l a t e  t h e s e  t wo p a r a m e t e r s  t o  3 .  t h e  s t a g e  o f  

e m b r y o n i c  d e v e l o p m e n t  and 4 .  t h e  s t a g e  o f  a p p e a r a n c e  o f  t h e  

v a r i o u s  c o m p o n e n t s  o f  t h e  i  o |  n t  £ a v 11 y and o f  i n t r a - a r t i c u l a r  

s t r u c t u r e s .

The use  o f  t h r e e  t e c h n i q u e s  -  s e r i a l  wax s e c t i o n s ,  

s e m i t h i n  s e c t i o n s  and TEN -  was e s s e n t i a l  t o  t h e  c o m p l e t i o n  

o f  t h i s  s t u d y .  The t r u e  n a t u r e  o f  t h e  " d a r k  c e l l s "  c o u l d  

o n l y  be d e t e r m i n e d  b.y TEM; t h e  d e t a i l s  o f  t h e i r  d i s t r i b u t i o n  

and r e l a t i v e  n umb e r s  c o u l d  o n l y  be d e t e r m i n e d  i n  s e r i a l  wax 

s e c t i o n s .  The r e s u l t s  f r o m s e r i a l  wax and s e m i t h i n  s e c t i o n s  

a r e  p r e s e n t e d  f i r s t .
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I  he d i s t r i b u t i o n  and f r e g u e n c y  o f  c e l l  d e a t h

The d i s t r i b u t i o n  o f  dead c e l l s ,  t h e i r  r e l a t i v e  numb e r s  

a t  e ac h  ma i n  s i t e  o f  t h e  knee j o i n t ,  t h e i r  r e l a t i o n  w i t h  t h e  

s t a g e  o f  e m b r y o n i c  d e v e l o p m e n t ,  and t h e  t i m e  o f  a p p e a r a n c e  o f  

t h e  v a r i o u s  c o m p o n e n t s  o f  t h e  j o i n t  c a v i t y ,  a r e  s u mma r i z e d  i n  

T a b l e  3 .

E x p l a n a t i o n  o f  t h e  T a b l e : -

Da r k  c e l l s  wer e  seen i n  s c a t t e r e d  f o c i  i n  t h e  i n t e r z o n e .  

I t  was i m p o r t a n t  t o  have an a s s es s men t  o f  t h e  f o l l o w i  n g : -

1 .  The d e v e l o p m e n t a l  s t a g e  a t  wh i c h  t h e  v a r i o u s  f o c i  f i r s t

a p p e a r e d  i n  eac h  r e g i o n  o f t h e  j o i n t .

2 .  The s t a g e  a t  w h i c h  " d a r k "  c e l l s  were most  numer ous  i n  each 

j o i n t .

3 .  The s t a g e  a t  wh i c h  " d a r k "  c e l l s  wer e  no l o n g e r  seen a t

each  f o c u s  i n  each  j o i n t .

4 .  The r e l a t i o n s h i p  ( i f  any)  be t we e n  t h e  t i m e  and s i t e  o f

c a v i t y  f o r m a t i o n  and t i m e  and s i t e  o f  ap j bear ance  o f  t h e  

m a x i m a l  n u mb e r  o f  " d a r k "  c e l l s .

A s s e s s m e n t  o f  s i t e  and a p p r o x i m a t e  d e n s i t y  o f  " d a r k "

c e l l s  was done  as f o l l o w s : -

Each j o i n t  was s y s t e m a t i c a l l y  s t u d i e d  i n  s e r i a l  

s e c t i o n s .  When a f o c u s  o f  " d a r k  c e l l s  was f o u n d ,  i t  was 

f o l l o w e d  i n  s u c c e s s i v e  s e r i a l  s e c t i o n s  and t h e  number  o f  

" d a r k "  c e l l s  was e s t i m a t e d  i n  a sa mp l e  o f  t h e  s e c t i o n s .  

The mean n umbe r  c o u n t e d  i n  t h e  s e c t i o n s  o f  a p a r t i c u l a r  f o c u s

wer e  e x p r e s s e d  on t h e  f o l l o w i n g  s c a l e .

+ v e r y  o c c a s i o n a l  d a r k  c e l l s  1 - 2  c e l l s / f o c u s
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++ s m a l l  number s  o f  d a r k  c e l l s  3 - 1 0  c e l l s / f o c u s

+ + + m o d e r a t e / l a r g e  number s  o f  d a r k  c e l l s  1 1 - 3 0  c e l l s / f o c u s

++++ v e r y  l a r g e  number s  o f  d a r k  c e l l s  > 30 c e l l s / f o c u s

S c o r i n g  o f  d a r k  c e l l s  p r e s e n t  a t  each d e v e l o p m e n t a l  

s t a g e : -

i )  I n  e a c h  e mb r y o  ( n u mb e r e d  1 , 2 , 3 ,  e t c .  a t  each s t a g e ) ,  f o c i  

o f  d a r k  c e l l s  f o u n d  a n t e r i o r l y  and p o s t e r i o r l y  i n  t h e  j o i n t  

we r e  a s s e s s e d  s e p a r a t e l y .  The t o t a l  " s c o r e "  o f  d a r k  c e l l s  a t  

eac h  d e v e l o p m e n t a l  s t a g e  was o b t a i n e d  by a d d i n g  a l l  t h e  + ' s  

i n  a l l  t h e  e mb r y o s  s t u d i e d  a t  t h a t  s t a g e .

i i )  T h i s  t o t a l  " s c o r e "  o b v i o u s l y  had no a b s o l u t e  v a l u e ,  s i n c e  

t h e  n u m b e r  o f  emb r y os  a t  each d e v e l o p m e n t a l  s t a g e  v a r i e d .

The t o t a l  s c o r e  was t h e r e f o r e  e x p r e s s e d  as a p r o p o r t i o n  o f  

t h e  max i mum p o s s i b l e  s c o r e  wh i c h  c o u l d  have been a c h i e v e d  a t  

each  s t a g e  c a l c u l a t e d  by :

n u mb e r  o f  j o i n t s  x C C 4 + ' s  ( a n t e r i o r )  + (4  + ' s  ( p o s t e r i o r ) !

Key t o  a b b r e v i a t i o n s

L . c . f  . l a t e r a l  c o n d y l e  o f  f e mu r

f i b . f i b u l a

L . c . t i b . l a t e r a l  c o n d y l e  o f  t i b i a

M . c . f . M e d i a l  c o n d y l e  o f  f e mu r

M . c . t i b . M e d i a l  c o n d y l e  o f  t i b i a

L . m. L a t e r a l  me n i s c u s

M. m. M e d i a l  me n i s c u s

a n t . a n t e r i o r

p o s t . p o s t e r i o r

C

( a  and b )

c a v i t y

b o t h  kn ees  b e l o n g e d  t o  t h e  same embr yo
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Table 3. D i s t r i b u t i o n  and r e l a t i v e  numbers o f  "d a rk "  c e l l s  a t  parh 
s ta g e  and t im e  and s i t e  o f  c a v i t y  fo rm a t io n .

Stage L . c . f . & f i b u l a L . c . f . & L .m. L . c . t i b . & L.m. M. C. f . & M.M. M .C .tib .&M

30 a n t . p o s t . a n t . pos t . a n t . pos t . a n t . p o s t . an t. pos

1 — _ ++ +
2 — - ++ ++ - - — — — —

3 — — - - - - — — — —

4 — — — — - - - - - -

score □ 7 __0 _0 _0
poss.max, 32 32 32 32 32

Stage
31

1 + + + ++ + + ++ ++ + + + ++
2 - + + -H-C ++ - + - ++ - -
3 + + + ++ + + + ++ + + +
4 — - +4* + - - - + - +
5 — + — + ++

score 9 14 9 a e

poss.max. 40 40 40 40 4C

Stage
32

1 ++ + +++0 + + ++ ++ ++ ++ ++ ++

2 + ++ ++ + + •H* +++ ++C + ++

3 + +++ ++ ++ + ++ ++ + +

score
poss.max,

10
24

12
24

10
24

11
24

_9
24
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Table 5 ( C o n td . )

Stage

33

1
2a
2b
4
5

L . c . f .  & f i b u l a

a n t . p o s t .

L . c . f .  & L.m.

a n t .

+++C 
++ '

p o s t .

+++C

L . c . t i b .  & L.m,

a n t . p o s t .

++C

M. C. f .  & N.M,

a n t . p o s t ,

++

++
++C
++
++
-H-

m.c.tib.&n.h,

a n t . pos-t.

■I"! i- + +-HC 
— -H
+ +  +-
+ +  +•

-H

score 
d o s s .max,

21
40

23
40

21
40

IB
40

18
40

Stage
34
la
lb
3
4
5
6 
7

score
poss.max,

+++C

+-H-C

-HH-C
+++C

++C
+-H-C
++

-H+C
++C

++C
++
++
++C

+++C

+++C

++C
++
++C

++C
++
++C
++
++
++
-Hi-

42
56

37
56

30
56

24
56

++
++
++

++

+  + - 

+ -H
•h -h C
+  -H
+  H-C 
+  +- 
+  -H

22
56

Stage
35

la
lb
3
4
5 
5 
7

+++C
-HH-C
-HH-C

-HH-C
++

-HH-C
-HHH-C

-HH-C
-HH-C

++C

-HH-C

-H-C
-HHH-C

-HH-C
-H-C
-H-C

-HH-C
-HH-C

-H-C
-HH-C

-H-C
-H-C
++C
++

-H-C
-H-C
-H-C
-H-C

-HH-C
-C

-HH-C

-HH-C
-HH-C
-HH-C

- c

-HH-C
++C

-HH-C
++

-HH-C
-HH-C
-HH-C

-H-C

-HH-C
-C

-HH-C

-HH-C
-HH-C

-C
-c

-HH-C
-H-C

-HH-C
++

-HH-C
-HH-C
-HH-C
++C

-HH-C -HH-C 
-HH-C -HH-C 
-HH-C -H-fC 
-H ++
++C ++C

I I I  P  • T I f f *M  1L» T 1  rv»

+ + c  -h c
t ! t P 1 -1--1 -PI 1 I u  1 t ! \#

score
;PQss.max.

49
64

38
64

36
64

_32
64

44
64
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Stage L . c . f .  & f i b . L . c . f . & L.m. L . c . t i b & L.m. n . c . f &1Y1.IV1. M .C . t ib . & M

1 36 a n t . p o s t . a n t . p o s t . a n t . p o s t . a n t . p o s t . a n t . pos

1 -HH-C -H-+C -H-C -HH-C -C -H-C -C -C -C -H-C
2 -H-C -H-C -H-C -H-C -H-C -H-C -C -C -C -H-C
3 -HH-C -HH-C -HH-C -HH-C -C -H-C -C -H-C -H-C ++C
4 -H-l-C -HH-C -H-C -HH-C -C -H-C -C -C -C -H-C
5 ++C -H-C -HH-C -HH-C -H-C -H-C -C -C -C -H-C
6a -HH-C -HH-C -HH-C -HH-C -C -H-C -C -C -C -H-C
6b -H-+C -HH-C -H-C -H-+C -C -H-C -C -H-C -H-C -H-C
8 -H-C ++C -HH-C -HH-C -C -H-C -C -H-C ++C -H-C

score 42 43 20 6 22
poss.max. 64 64 64 64 64

Stage
37

1 -H-+C -c -HH-C -C -C -C -C -C -C -C
2 -C - c -C -c -C -C -C -C - c -c
3 -C - c -C - c -C -C -C - c -c -c

score 3 3 0 _Q.
poss.max. 24 24 24 24

Note:- The use of the symbols +, ++, +++, and •!■+++ give only 
a very general indication of the extent of cell death.



On t h e  b a s i s  o f  t h e  d e t a i l e d  r e s u l t s  shown i n  T a b l e  3 ,

c e r t a i n  g e n e r a l  s t a t e m e n t s  can be made:

% A p o p t o t i c  c e l l  d e a t h  was f i r s t  s e e n ,  t o  a l i m i t e d  

e x t e n t ,  a t  s t a g e  30 (6-^ d a y s ) ,  b e t w e e n  t h e  l a t e r a l  

c o n d y l e  o f  f e m u r  and l a t e r a l  m e n i s c u s  ( F i g .  9 ) .

•  The  n u m b e r  o f  a p o p t o t i c  c e l l s  i n c r e a s e d  s t e a d i l y ,  t o

r e a c h  m a x i m a ,  i n  each  s i t e ,  a t  s t a g e s  3 4 / 3 5  ( 8 - 9

d a y s ) ,  d e c l i n i n g  r a p i d l y  t h e r e a f t e r  t o  n e g l i g i b l e  

l e v e l s  a t  s t a g e  37 (11 d a y s ) ,  a t  w h i c h  a p o p t o t i c  c e l l  

d e a t h  was s e e n ,  t o  a l i m i t e d  e x t e n t  o n l y  b e t w e e n  t h e  

l a t e r a l  c o n d y l e  o f  f e m u r ,  l a t e r a l  m e n i s c u s  and f i b u l a .

•  The  l a r g e s t  n u mb e r s  o f  a p o p t o t i c  c e l L s  we r e  s een  

b e t w e e n  t h e  l a t e r a l  c o n d y l e  o f  f e m u r  and f i b u l a  ( F i g s .

4 7 - 5 0 ) ,  and b e t w e e n  t h e  l a t e r a l  c o n d y l e  o f  f e m u r  and

l a t e r a l  m e n i s c u s  ( F i g .  6 0 ) .

•  The  s m a l l e s t  n umb e r s  o f  a p o p t o t i c  c e l l s  we r e  s een  

b e t w e e n  t h e  m e d i a l  c o n d y l e  o f  f e m u r  and m e d i a l  

m e n i s c u s .

•  The  n u m b e r s  o f  a p o p t o t i c  c e l l s  v a r i e d  n o t  o n l y  i n

t h e  k n e e  j o i n t s  o f  d i f f e r e n t  e mb r y o s  o f  t h e  same s t a g e ,  

b u t  a l s o  i n  t h e  t wo  k n ee s  o f  t h e  same e m b r y o .

•  The  s i g n s  o f  j o i n t  c a v i t y  f o r m a t i o n  we r e  s e e n ,  a t  one  o r  

t w o  s i t e s  o n l y  and i n  a v e r y  s m a l l  numbe r  o f  e m b r y o s ,  

a t  s t a g e s  3 1 ,  32 and 33 (7 - 8  d a y s ) .

«  A t  s t a g e  34 ( 8  d a y s ) ,  a c a v i t y  b e t w e e n  t h e  l a t e r a l

c o n d y l e  o f  f e m u r  and l a t e r a l  m e n i s c u s ,  was p r e s e n t  i n  s i x  

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

9  At  s t a g e  35 ( 9  d a y s ) ,  a l m o s t  a l l  e mb r y o s  showed  c a v i t i e s

a t  a l l  s i t e s  o f  t h e  k n e e  j o i n t  e x c e p t  t h e  f e m o r o - p a t e  I I 

r e g  i  o n .

9  At  s t a g e  36 ( 1 0  d a y s )  c a v i t a t i o n  was c o m p l e t e d ,  by  

c o a l e s c e n c e  o f  t h e  c a v i t i e s  a t  v a r i o u s  s i t e s .

T h e r e  f o l l o w s  a mor e  d e t a i l e d  e x a m i n a t i o n  o f  t h e  

p o s s i b l e  r e l a t i o n s h i p  b e t w e e n  a p o p t o t i c  c e l l  d e a t h  and j o i n t  

c a v i t y  f o r m a t i o n .

The  s i g n s  o f  c e l l  d e a t h  a l w a y s  p r e c e d e d  s i g n s  o f  j o i n t  

c a v i t y  f o r m a t i o n ,  a t  e ac h  o f  t h e  ma i n  s i t e s  a n a l y s e d  i n  T a b l e  

3 ,  ( b u t  n o t  a t  t h e  f e m o r o - p a t e l l a r  j o i n t ,  see  l a t e r ) .  C e l l  

d e a t h  c o n t i n u e d  t o  be s e e n ,  a c c o m p a n y i n g  t h e  p r o c e s s  o f  

c a v i t a t i o n ,  up t o  s t a g e  37 (11 d a y s ) ,  when t h e  j o i n t  c a v i t y  

was c o m p l e t e l y  f o r m e d .  C e l l  d e a t h  was seen e a r l i e s t  b e t w e e n  

t h e  l a t e r a l  c o n d y l e  o f  f e m u r  and l a t e r a l  m e n i s c u s  a t  s t a g e  30 

(6 d a y s ) ,  w h i c h  was a l s o  t h e  s i t e  a t  w h i c h  c a v i t a t i o n  was 

f i r s t  g e n e r a l l y  e s t a b l i s h e d  a t  s t a g e  34 (8  d a y s ) .

The  f i r s t  l a r g e  c o n c e n t r a t i o n s  o f  c e l l  d e a t h  wer e  

l o c a l i z e d  b e t w e e n  t h e  l a t e r a l  c o n d y l e  o f  t h e  f e m u r  and t h e  

f i b u l a ,  a t  s t a g e s  31 ~ 3 5 ,  and c a v i t a t i o n  i n  t h i s  r e g i o n  was 

se en ,  i n  o n l y  a v e r y  s m a l l  number  o f  e m b r y o s ,  a t  s t a g e  34 (8 

d a y s ) ,  and  was g e n e r a l l y  e s t a b l i s h e d  a t  s t a g e  35 ( 9  d a y s ) .  A 

p o s s i b l e  e x p l a n a t i o n  o f  t h i s  l o n g  i n t e r v a l  i s  t h a t  t h e  r e g i o n  

be t we e n  t h e  l a t e r a l  c o n d y l e  o f  f e m u r  and f i b u l a  was f i l l e d  by 

me s e nc h y ma l  t i s s u e  w h i c h  had t o  be c o m p l e t e l y  e l i m i n a t e d  t o  

f o r m a j o i n t  c a v i t y ,  and t h e  l a t e r a l  m e n i s c u s  o n l y  s h a r e d  i n  

Pa r t  o f  t h e  a r t i c u l a t i o n .  By c o n t r a s t ,  o t h e r  r e g i o n s  o f  t h e
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j o i n t  w e r e  o c c u p i e d  by  b o t h  m e n i s c i  and c r u c i a t e  l i g a m e n t s ,  

and many f e w e r  me s e n c h y ma l  c e l l s  l a y  b e t w e e n  t h e  a r t i c u l a r  

s u r f a c e s  and t h e  i n t r a - a r t i c u l a r  s t r u c t u r e s .  T h i s  may 

e x p l a i n  why c e l l  d e a t h  was s m a l l e r  i n  a m o u n t ,  and g e n e r a l l y  

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

and t i b i a  and t h e  m e d i a l  m e n i s c u s .

B e s i d e s  t h e  5 s i t e s  a n a l y s e d  i n  t h e  T a b l e ,  f o c i  o f  c e l l  

d e a t h  w e r e  a l s o  s een  i n  a s s o c i a t i o n  w i t h  d e v e l o p i n g  i n t r a -  

a r t i c u . l a r  s t r u c t u r e s ,  suc h  as t h e  t i b i a l i s  a n t e r i o r  t e n d o n  

and t h e  c r u c i a t e  l i g a m e n t s .

At  s t ac^e 30 ( 6  ^  d a y s ) . ,  a l i m i t e d  amoun t  o f  a p o p t o t i c  

c e l l  d e a t h  was f i r s t  seen  i n  r e l a t i o n  t o  t h e  c o n d e n s a t i o n  f o r  

t h e  c r u c i a t e  l i g a m e n t s  i n  t h e  m i d d l e  o f  t h e  i n t e r z o n e  ( F i g .  

11) .

At  s t a g e  31 (7  d a y s ) ,  i n  one s p e c i m e n  o n l y ,  l i m i t e d

s i g n s  o f  a p o p t o t i c  c e l l  d e a t h  wer e  s e e n ,  l o c a l i z e d  i n  t h e  

a r e a  b e t w e e n  t h e  p o s t e r i o r  c r u c i a t e  l i g a m e n t s  and t h e  

p o s t e r i o r  m e n i s c o  — f e m o r a l  and m e n i s c o - t i b i a l  l i g a m e n t s  ( F i g .  

1 0 ) .
At  s t a g e  32 ( 7 i  d a y s ) . ,  s i g n s  o f  c e l l  d e a t h  wer e  f i r s t  

s e e n ,  i n  r e l a t i o n  t o  t h e  s u r f a c e  o f  t i b i a l i s  a n t e r i o r  t e n d o n ,  

t o  a l i m i t e d  e x t e n t  ( F i g .  5 3 ) .  Two s p e c i m e n s  showed a s m a l l  

amount  o f  c e l l  d e a t h  i n  r e l a t i o n  t o  t h e  s u r f a c e  o f  t h e  

c r u c i a t e  l i g a m e n t s ,  e s p e c i a l l y  a t  t h e i r  a t t a c h m e n t  t o  t h e  

c o n d y l e s  o f  t h e  f e m u r  and t i b i a .

i t  s iS a e  11 Lli Z  § d a y s ) ,  s i g n s  o f  c e l l  d e a t h  wer e  s e e n ,  i n  

most  o f  t h e  e m b r y o s ,  i n  r e l a t i o n  t o  t h e  s u r f a c e  o f  t h e
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c r u c i a t e  L i g a m e n t s  a t  v a r i o u s  s i t e s ,  and i n  r e l a t i o n  t o  t h e  

s u r f a c e  o f  t h e  t i b i a l i s  a n t e r i o r  t e n d o n ,  e s p e c i a l l y  a l o n g  i t s  

p o s t e r i o r  s u r f a c e ,  and a t  t h e  s i t e  o f  i t s  a t t a c h m e n t  t o  

l a t e r a l  c o n d y l e  o f  f e m u r  ( F i g .  5 4 ) .

At  s t a g e  34 ( 8  d a y s ) . ,  s i g n s  o f  c a v i t a t i o n  we r e  s e e n  i n  

r e l a t i o n  t o  t h e  s u r f a c e  o f  t h e  t i b i a l i s  a n t e r i o r  t e n d o n  ( F i g .  

2 6 ) .  The t i s s u e  s u r r o u n d i n g  t h e  c r u c i a t e  l i g a m e n t s  g e n e r a l l y  

became v e r y  Loose  a t  t h i s  s t a g e .

At  s t a g e  35 ( 9  days ) ,  s i g n s  o f  c a v i t a t i o n  we r e  p r e s e n t ,  

i n  r e l a t i o n  t o  t h e  s u r f a c e  o f  t h e  t i b i a l i s  a n t e r i o r  t e n d o n

( F i g .  3 1 ) ,  and t h e  s u r f a c e  o f  t h e  c r u c i a t e  l i g a m e n t s  ( F i g .

3 0 ) ,  i n  mo s t  o f  t h e  e m b r y o s .

A t  s t a g e  36 ( 10  d a y s ) . ,  c a v i t a t i o n  i n  r e l a t i o n  t o  t h e  

s u r f a c e  o f  c r u c i a t e  l i g a m e n t s  was g e n e r a l l y  e s t a b l i s h e d .  

S i g n s  o f  c e l l  d e a t h  s t i l l  a p p e a r e d  i n  r e l a t i o n  t o  t h e  s u r f a c e  

o f  t h e  c r u c i a t e  l i g a m e n t s  a t  v a r i o u s  s i t e s  ( F i g .  5 5 ) .  The 

i n t r a - a r t i c u l a r  l i g a m e n t s ,  we r e  much mor e  c l e a r l y  d e f i n e d

( F i g .  3 5 )  a t  t h i s  s t a g e -  C a v i t a t i o n  i n  r e l a t i o n  t o  t h e

s u r f a c e  o f  t h e  t i b i a l i s  a n t e r i o r  t e n d o n  a t  t h i s  s t a g e  was

seen i n  mo s t  o f  t h e  e mb r y o s  a l o n g  t h e  p o s t e r i o r  s u r f a c e  o f

t he  t e n d o n  ( F i g s -  5 6 ,  5 7 ) ,  b u t  some showed c a v i t a t i o n  a l o n g

i t s  a n t e r i o r  s u r f a c e  ( F i g -  5 8 ) .  A m o d e r a t e  amoun t  o f  c e l l

dea t h  was s t i l l  s ee n  i n  r e l a t i o n  t o  t h e  t i b i a l i s  a n t e r i o r

t endon  i n  v a r i o u s  s i t e s  ( F i g s -  5 6 - 5 8 ) .

At  s t a g e  37 <11 d a y s )  s i g n s  o f  c e l l  d e a t h  wer e  no l o n g e r  

seen i n  r e l a t i o n  t o  t h e  c r u c i a t e  l i g a m e n t ,  w h i l e  t h e y

d e c l i n e d  r a p i d l y  t o  n e g l i g i b l e  l e v e l s  i n  r e l a t i o n  t o  t h e
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t i b i a l i s  a n t e r i o r  t e n d o n  ( F i g .  5 9 ) .  A t  t h i s  s t a g e  t h e  i n t r a -  

a r t i c u l a r  s t r u c t u r e s  we r e  w e l l  f o r m e d  and l o o k e d  l i k e  t h o s e  

o f  t h e  a d u l t ;  t h e  t i b i a l i s  a n t e r i o r  t e n d o n  was s u r r o u n d e d  by  

a c a v i t y  l i k e  a s h e a t h .

I n  c o m p l e t e  c o n t r a s t ,  no s i g n  o f  c e l l  d e a t h  was f o u n d ,  

3QX §£§£§✓ i n  t h e  d e v e l o p i n g  f  emo r o - p a t  e 11 a r  j o i n t .  From 

t h e  o u t s e t ,  t h e  p a t e l l a  was s e p a r a t e d  f r o m  t h e  f e m u r  by  

l o o s e  and v a s c u l a r  m e s e n c h y m a l  t i s s u e ,  w h i c h  became 

p r o g r e s s i v e l y  l o o s e r  u n t i l  s t a g e  36 ( 1 0  d a y s ) ,  when a

d e f i n i t e  c a v i t y  f i r s t  a p p e a r e d  b e t w e e n  t h e  p a t e l l a  and t h e  

f e m u r .

The  r e s u l t s  d e s c r i b e d  so f a r ,  w e r e  d e r i v e d  f r o m  s t u d y  o f  

r o u t i n e l y  s t a i n e d  wax s e c t i o n s .  M a t e r i a l  s t a i n e d  by  PAS,  by  

a s e l e c t i v e  m i t o t i c  s t a i n ,  and f o r  a c i d  p h o s p h a t a s e  a c t i v i t y  

p r o v i d e d  a l i m i t e d  a mo un t  o f  a d d i t i o n a l  i n f o r m a t i o n .

1 . P e r i o d i c  a c i d  Sc M f  f ., PAS

The r e s u l t s  w e r e  l a r g e l y  n e g a t i v e .  B e f o r e  c a v i t a t i o n ,  

t h e  i n t e r z o n e  s howed  no PAS p o s i t i v e  m a t e r i a l ,  a l t h o u g h  t h e  

i n t e r c e l l u l a r  m a t e r i a l  o f  f e m u r ,  t i b i a  and f i b u l a  we r e  

f a i n t l y  p o s i t i v e .  When c a v i t i e s  w e r e  e s t a b l i s h e d ,  t h e r e  was 

no PAS p o s i t i v e  m a t e r i a l  w i t h i n  t h e m ( F i g s .  2 5 ,  6 3 ,  6 4 ) .

2 -  S e l e c t i v e  mi. t o  t i c  s t a i n

T h i s  was u s e d  f o r  t w o  p u r p o s e s :

i .  i n  t h e  e a r l y  s t a g e s  o f  t h e  s t u d y ,  b e f o r e  t h e  n a t u r e  o f  

" d a r k "  c e l l s  became c l e a r ,  i t  was h e l p f u l  i n  d i s t i n g u i s h i n g  

b e t w e e n  " p y k n o t i c "  n u c l e i  and t h o s e  i n  m i t o s i s  ( F i g s .  6 5 ,  

6 6 ) .

i i .  When t h e  n a t u r e  o f  " d a r k "  c e l l s  was r e c o g n i z e d ,  i t  became
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i m p o r t a n t  t o  k now i f  c e l l  d e a t h  i n  t h e  i n t e r z o n e  was 

a c c o m p a n i e d  by  c e l l  d i v i s i o n .  I n  f a c t ,  m i t o s e s  we r e  f e w  i n  

t h e  i n t e r z o n e ,  and c e r t a i n l y  i n s u f f i c i e n t  t o  make g o o d  t h e  

l o s s  o f  c e l l s  b y  a p o p t o s i s .

3 . A c i d  Q h o s g h a t  as e  i n  c e l l s  o f  t h e  i n t e r z o n e

The me t h o d  u s e d  a l l o w s  o n l y  a g e n e r a l  a s s e s s m e n t  o f  t h e  

d i s t r i b u t i o n  o f  t h e  e n z y m e ,  w i t h o u t  i n t r a c e l l u l a r  d e t a i l .

F i g u r e s  67 and 68 show t h e  i n t e r z o n e  b e t w e e n  l a t e r a l  

c o n d y l e  o f  f e m u r  and t h e  f i b u l a  a t  s t a g e  3 4 .  F a i n t  p i n k  

s t a i n i n g  was s e en  i n  t h e  c h o n d r o c y t e s  o f  t h e  c a r t i l a g e  

m o d e l s  ( F i g .  6 7 ) ;  i n  t h e  c o n d e n s e d  me s e nc h y me  o f  t h e  t wo  

c h o n d r o g e n i c  z o n e s  ( F i g s .  67 and 6 9 )  and i n  n o r m a l  

m e s e n c h y m a l  c e l l s  i n  t h e  l o o s e  t i s s u e  o f  t h e  i n t e r z o n e  ( F i g s .  

67 and 6 9 )  .

" D a r k "  c e l l s  w e r e  r e c o g n i z e d  by  t h e i r  mor e  d a r k l y  

s t a i n e d ,  c o m p a c t  n u c l e i  as i n  r o u t i n e  H & E s e c t i o n s .  T h e i r  

s c a n t y  c y t o p l a s m  d i d  n o t  show a l e v e l  o f  s t a i n i n g  any  g r e a t e r  

t h a n  t h a t  o f  t h e  a d j a c e n t  n o r m a l  m e s e n c h y m a l  c e l l l s .

O n l y  one  o r  t w o  c e l l s  i n  t h e  i n t e r z o n e  s h owed  a s t r o n g  

s t a i n i n g  r e a c t i o n :  t h e s e  a r e  i n t e r p r e t e d  as m a c r o p h a g e s .

S i m i l a r  s t r o n g  s t a i n i n g  was s e e n  i n  c e l l s  w h i c h  a r e  

m o r p h o l o g i c a l l y  r e c o g n i z a b l e  as m a c r o p h a g e s ,  i n  t h e  s y n o v i a l  

me s e nc h y me  l i n i n g  t h e  j o i n t  c a v i t y  ( F i g .  6 9 )  and w i t h i n  t h e  

j o i n t  c a v i t y  ( F i g .  7 0 )  b o t h  i n  an e m b r y o  o f  s t a g e  3 7 .

T h e s e  f i n d i n g s  a r e  b a s e d  on s t u d y  o f  m a t e r i a l  f r o m  a 

t o t a l  o f  11 k n e e  j o i n t s .  T h e y  i n d i c a t e  t h a t  " d a r k "  c e l l s  do 

n o t  show i n c r e a s e d  a mo u n t s  o f  a c i d  p h o s p h a t a s e  a c t i v i t y ,  

w i t h i n  t h e  l i m i t s  o f  t h e  me t h o d  u s e d .
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I I I .  CYTOLOGI CAL CHANGES I N CELL DEATH I N THE I NTERZONE,  
STUDIED BY TEN.

Once t h e  d i s t r i b u t i o n ,  and t h e  t i m i n g  o f  t h e  c e l l  d e a t h  

i n  t h e  i n t e r z o n e  had been  d e t e r m i n e d  i n  s e r i a l  wax and 

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

s t u d i e d  by  TEM.

The m a t e r i a l  s t u d i e d  was t a k e n  f r o m  e m b r y o s  o f  H a m b u r g e r  

and H a m i l t o n  S t a g e  2 7 ,  b e f o r e  a ny  f o c i  o f  c e l l  d e a t h  we r e  

d e t e c t e d  as i n  e i t h e r  wax o r  s e m i t h i n  m a t e r i a l ,  and f r o m  

e m b r y o s  o f  s e v e r a l  i n t e r m e d i a t e  s t a g e s ,  up t o  H-H S t a g e  4 0 ,  

when d e a d  c e l l s  we r e  no l o n g e r  s een  a t  a l l  by  l i g h t  

m i c r o s c o p y  and t h e  j o i n t  c a v i t y  was f u l l y  d e v e l o p e d  and 

s i m i l a r  t o  t h a t  o f  t h e  a d u l t  k n e e .

The same r e g i o n  o f  t h e  k n e e  was s e l e c t e d  f o r  s t u d y  a t

e ac h  s t a g e ,  n a m e l y  t h e  i n t e r z o n e  b e t w e e n  t h e  f e m u r  and t h e

f i b u l a .  T h i s  was c h o s e n  f o r  t h r e e  r e a s o n s :  ( i )  i t  was t h e

s i t e  a t  w h i c h  c e l l  d e a t h  was s e e n  e a r l i e s t  by  o p t i c a l  

m i c r o s c o p y ,  C i  i ) i t  showed  a h i g h  c o n c e n t r a t i o n  o f  dead  

c e l l s ;  and ( i i i )  t h e  k n ee  j o i n t  was mos t  c o n v e n i e n t l y

e mbedd ed  w i t h  i t s  l a t e r a l  s i d e  d o w n w a r d s ;  t h i s  t h e r e f o r e  

b ec ame  t h e  c u t t i n g  f a c e ,  and t h e  l a t e r a l l y  p l a c e d  f e m o r o -  

f i b u l a r  a r t i c u l a t i o n  was t h e  f i r s t  p a r t  o f  t h e  k n e e  j o i n t  

r e a c h e d  when s e m i t h i n  s e c t i o n s  we r e  s a m p l e d  t o  s e l e c t  a 

s u i t a b l e  r e g i o n  f o r  t h i n  s e c t i o n i n g .

As a l r e a d y  d e s c r i b e d  i n  t h e  wax and s e m i t h i n  m a t e r i a l ,  

c e l l  d e a t h  i s  s een  d u r i n g  q u i t e  an e x t e n d e d  p e r i o d ,  b e g i n n i n g  

b e f o r e  c a v i t a t i o n  i s  s e e n ,  c o n t i n u i n g  d u r i n g  and b e y o n d
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c a v i t a t i o n .  The  E M ' s w h i c h  i l l u s t r a t e  t h e  f o l l o w i n g  a c c o u n t  

h a v e  b e e n  c h o s e n  t o  show t h e  s e q u e n c e  o f  e v e n t s ,  f r o m  t h e  

n o r m a l  m e s e n c h y m a l  i n t e r z o n a l  c e l l ,  t h r o u g h  t h e  v a r i o u s  

d e g e n e r a t i v e  c h a n g e s ,  t o  d i s i n t e g r a t i o n  a n d / o r  p h a g o c y t o s i s  

and d i g e s t i o n .  Two g e n e r a l  p o i n t s  s h o u l d  be n o t e d :

i .  t h e  s e q u e n c e  o f  c h a n g e s  i s  n o t  n e c e s s a r i l y  r e f l e c t e d  i n  

t h e  s t a g e  n u m b e r  o f  t h e  m a t e r i a l  i l l u s t r a t e d ;  b e c a u s e  

d e g e n e r a t i o n  i s  a c o n t i n u i n g  p r o c e s s ,  l a t e  c y t o l o g i c a l  e v e n t s  

may be s e e n  a t  e a r l y  H-H s t a g e s  ( a n d  v i c e  v e r s a ) .

i i .  t h e  o n l y  r e g i o n  e x a m i n e d  by  TEM was t h e  f e m o r o - f i b u  I a r

i n t e r z o n e :  h o w e v e r ,  f r o m  t h e  m a t e r i a l  s t u d i e d  by  o p t i c a l

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

p r o c e s s  i n  o t h e r  a r e a s  o f  t h e  j o i n t .

A) NORMAL,  V I ABL E MESENCHYMAL INTERZONE CELLS

At  e a r l y  s t a g e s  ( 2 7 - 3 0 ) ,  t h e  i n t e r z o n e  c o n s i s t e d  o f

l o o s e l y - p a c k e d ,  h o m o g e n e o u s l y  d i s p e r s e d  m e s e n c h y m a l  c e l l s ,  

w i t h o u t  s p e c i a l  o r i e n t a t i o n .  The  c e l l s  w e r e  v a r i a b l e  i n  

s h a p e :  some we r e  e l o n g a t e d  o r  r o u n d e d  b u t  many w e r e  s t e l l a t e

i n  s e c t i o n a l  p r o f i l e ,  and t h e y  c o n t a c t e d  e ac h  o t h e r  e i t h e r  

b y  c e l l  t o  c e l l  a t t a c h m e n t  o r  t h r o u g h  t h e i r  c y t o p l a s m i c  

p r o c e s s e s .

The c e l l  n u c l e u s  was l a r g e  and u s u a l l y  had one o r  t w o ,

b u t  s o m e t i m e s  t h r e e  o r  f o u r  n u c l e o l i ,  and t h e  n u c l e o — 

c y t o p l a s m i c  r a t i o  was h i g h  as shown i n  F i g u r e  7 1 .

The i n t e r c e l l u l a r  s p a c e s  w e r e  l a r g e  and e l e c t r o n  

t r a n s l u c e n t .  T h i n  membr aneo us  s t r u c t u r e s  as w e l l  as e l e c t r o n  

d e n s e  g r a n u l e s  w e r e  o c c a s i o n a l l y  o b s e r v e d  ( F i g s .  7 1 ,  7 5 ) .
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At  L a t e r  s t a g e s  ( 3 1 - 3 6 )  t h e  i n t e r z o n e  c o n s i s t e d  o f  mor e  

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

t o  t h e  e nd s  o f  t h e  a d j a c e n t  c a r t i l a g e  m o d e l s .  Mo s t  o f  t h e

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

t h e  i n t e r z o n e ,  b u t  some we r e  r o u n d e d ,  e s p e c i a l l y  i n  t h e  

p e r i p h e r a l  p a r t s  o f  t h e  i n t e r z o n e ,  and i n t e r c e l l u l a r  

c o n n e c t i o n s  b e t w e e n  t h e  m e s e n c h y m a l  c e l l s  we r e  much l e s s  

f  r e q u e n t  .

The  i n t e r e e  11u I a r  s p a c e s  w e r e  r e d u c e d  and f i l l e d  by  

s e c t i o n a l  p r o f i l e s  o f  b o t h  n o r m a l l y  s t a i n e d  c y t o p l a s m i c  

s t r u c t u r e s ,  and d a r k l y  s t a i n e d  c e l l u l a r  s t r u c t u r e s ,  w h i c h  

s h o we d  v a r i o u s  d e g r e e s  o f  d e g e n e r a t i o n  ( F i g s .  7 2 ,  7 3 ) .

A t  a h i g h e r  m a g n i f i c a t i o n ,  v i a b l e  m e s e n c h y m a l  c e l l s  

s h o we d  t h e  f o l l o w i n g  c h a r a c t e r i s t i c  f e a t u r e s : -  

1 -  The  n u c l e u s .

The n u c l e u s  was r e l a t i v e l y  l a r g e  and c e n t r a l l y  p l a c e d ,  

and o f  med i um d e n s i t y .  The n u c l e a r  e n v e l o p e  c o n s i s t e d  o f  

t h e  u s u a l  o u t e r  and i n n e r  l a y e r s ,  e n c l o s i n g  t h e  p e r i n u c l e a r  

c i s t e r n a ,  and t h e  o u t e r  n u c l e a r  membr ane  was s o m e t i m e s  

c o n t i n u o u s  w i t h  t h e  c i s t e r n a e  o f  t h e  e n d o p l a s m i c  r e t i c u l u m  

( F i g  . 7 4 )  .

The  n u c l e a r  m a t r i x  c o n t a i n e d  f i b r i l l a r  and g r a n u l a r  

e l e m e n t s ,  and o n l y  a v e r y  s m a l l  a mo u n t  o f  m a r g i n a l  c h r o m a t i n  

was s e e n .  Each n u c l e u s  u s u a l l y  c o n t a i n e d  one  o r  mor e  

e c c e n t r i c  n u c l e o l i ,  e a c h  c o n s i s t i n g  o f  a l a r g e  g r a n u l a r  a r e a ,  

w h i c h  was m o d e r a t e l y  e l e c t r o n  d e n s e ,  and a s m a l l  f i b r i l l a r  

a r e a ,  w h i c h  was v e r y  e l e c t r o n  d e n s e  ( F i g .  7 4 ) .
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2 -  The  c y t o p l a s m .

The c y t o p l a s m  was r e l a t i v e l y  s c a n t y ,  and a l m o s t  e l e c t r o n  

t r a n s l u c e n t .  I t  c o n t a i n e d  n u m e r o u s  r i b o s o m e s ,  e i t h e r  s i n g l y  

( f r e e  r i b o s o m e s )  o r  i n  g r o u p s  o f  p o l y s o m e s ,  o r  a t t a c h e d  t o  

t h e  o u t e r  n u c l e a r  me m b r a n e ,  o r  t o  t h e  p r o f i l e s  o f  t h e  

e n d o p l a s m i c  r e t i c u l u m  ( r o u g h  e n d o p l a s m i c  r e t i c u l u m ) .  The

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

s o m e t i m e s  a f e w  e l o n g a t e d  and g r a n u l a r  v e s i c l e s  c o u l d  a l s o  be 

s e e n  ( F i g .  7 4 )  and some w e r e  c o n t i n u o u s  w i t h  t h e  n u c l e a r  

c i s t e r n a e .  The c o n t e n t s  o f  t h e  e n d o p l a s m i c  r e t i c u l u m  we r e  

a m o r p h o u s  and e l e c t r o n  t r a n s l u c e n t .

The  m i t o c h o n d r i a  w e r e  n u m e r o u s  and a p p e a r e d  i n

s e c t i o n s ,  e i t h e r  as c i r c u l a r  o r  e l o n g a t e d  p r o f i l e s ,  and t h e i r  

m a t r i x  was m o s t l y  e l e c t r o n  t r a n s l u c e n t  and c o n t a i n e d  a f ew 

d e n s e  g r a n u  l e s .

The G o l g i  a p p a r a t u s  was n o t  p r o m i n e n t ,  b u t  was s o m e t i m e s  

s e e n  as a g r o u p  o f  d i l a t e d  l a m e l l a e ,  w i t h  e l e c t r o n  

t r a n s l u c e n t  c o n t e n t s  ( F i g .  7 5 ) .

O c c a s i o n a l  l y s o s o m e s  we r e  s e e n .  Some c e l l s  s h o we d  a 

c e n t r i o l e ,  i n  c l o s e  p r o x i m i t y  t o  t h e  n u c l e u s  ( F i g .  7 5 ) .  The 

c y t o p l a s m i c  membr ane  was w e l l - d e f i n e d .  T h e r e  w e r e  many 

c y t o p l a s m i c  p r o c e s s e s  w h i c h  f o r m e d  i n t e r c e l l u l a r  j u n c t i o n s  

w i t h  s i m i l a r  p r o c e s s e s  o f  n e i g h b o u r i n g  c e l l s .

B) CELL DEATH

At  l o w  m a g n i f i c a t i o n  t h e  n u c l e i  and c y t o p l a s m  o f  many o f  

t h e  m e s e n c h y m a l  i n t e r z o n e s  we r e  d a r k l y  s t a i n e d  ( F i g s .  7 6 - 7 9 ) .  

S o m e t i m e s ,  many c e l l s  sh owed  v a r i o u s  d e g r e e s  o f  d e g e n e r a t i o n ,
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w h i l e  o t h e r s  a p p e a r e d  n o r m a l ,  as d i d  t h e  c e l l s  o f  t h e  

c h o n d r o g e n i c  z one  ( F i g s -  7 6 ,  7 7 ) .

The m e s e n c h y m a l  c e l l s  l o s t  t h e i r  i n t e r c e l l u l a r  

c y t o p l a s m i c  c o n n e c t i o n s .  The i n t e r c e l l u l a r  s p a c e s  wer e  

r e d u c e d  and f i l l e d  by  n u m b e r s  o f  s e c t i o n a l  p r o f i l e s  o f  

c y t o p l a s m i c  s t r u c t u r e s  o f  b o t h  n o r m a l  and d e g e n e r a t i n g  c e l l s  

( F i g s .  7 2 ,  7 3 ) .  Me mb r a n o u s  s t r u c t u r e s ,  w h i c h  we r e  mos t

p r o b a b l y  r e m n a n t s  o f  n u c l e a r  me mb r a n e s  we r e  o c c a s i o n a l l y  seen  

i n  t h e  i n t e r c e l l u l a r  s p a c e s ,  t o g e t h e r  w i t h  d a r k l y  s t a i n e d  

f i n e  and c o a r s e  g r a n u l e s ,  w h i c h  we r e  mos t  p r o b a b l y  

c y t o p l a s m i c  r e m n a n t s .  C o n d e n s e d  n u c l e a r  f r a g m e n t s  we r e  a l s o  

n u m e r o u s  i n  t h e  i n t e r c e l l u l a r  s p a c e s ,  and a t t a c h e d  t o  t h e  

c y t o p l a s m i c  memb r a nes  o f  t h e  i n t e r z o n e  c e l l s .

A t  s t a g e s  ( 3 8 - 4 0 ) ,  d e a d  c e l l s  w e r e  no l o n g e r  s e e n ;  t h e  

j o i n t  c a v i t y  was f u l l y  d e v e l o p e d  and e l e c t r o n  t r a n s l u c e n t  i n  

a p p e a r a n c e .  The c h o n d r o g e n i c  z o n e s  o f  t h e  a r t i c u l a r  

c a r t i l a g e  we r e  d e n s e l y  c e l l u l a r ,  and t h e  c e l l s  o f  t h e i r  

s u p e r f i c i a l  l a y e r  w e r e  f l a t t e n e d .

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

t h e  i n t e r z o n e  showed  t h e  f o l l o w i n g  c h a r a c t e r i s t i c  f e a t u r e s : -

1)  The  nuc  l e u s .

The m a j o r  c h a n g e s  o c c u r r e d  f i r s t  i n  t h e  n u c l e u s .  I n  t h e  

e a r l y  s t a g e s  t h e r e  was i n c r e a s e d  d e n s i t y  o f  t h e  n u c l e u s ,  and 

a g g r e g a t i o n  o f  c h r o m a t i n  s u b j a c e n t  t o  t h e  n u c l e a r  membr ane

( F i g s .  8 0 ,  8 1 ) .

The  n u c l e a r  membr ane  became much f o l d e d  as c o m p a r e d  

w i t h  t h e  s mo o t h  c o n t o u r  o f  n o r m a l  n u c l e a r  o u t l i n e .  L o c a l
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s e p a r a t i o n s  o f  t h e  t w o  l a y e r s  o f  t h e  n u c l e a r  me mb r a ne  w i t h  

d i l a t a t i o n  o f  t h e  p e r i n u c l e a r  c i  s t e r n a  w e r e  s e e n .  The 

n u c l e o l u s  was mor e  p r o m i n e n t  and g e n e r a l l y  mo r e  d a r k l y  

s t a i n e d .

At  l a t e r  s t a g e s ,  t h e  n u c l e i  o f  d y i n g  c e l l s  s h owe d  many 

c h a n g e s .  The n u c l e u s  became r o u n d e d  u p ,  and t h e  n u c l e a r  

c h r o m a t i n  b ec ame mor e  c o n c e n t r a t e d  i n  p a t c h e s  b e n e a t h  t h e  

n u c l e a r  membr ane  ( F i g s .  8 2 - 8 4 ) .  N u c l e a r  p o r e s  s u b j a c e n t  t o  

t h e  m a r g i n a l  c h r o m a t i c  c o n d e n s a t i o n  d i s a p p e a r e d ,  and t h e  

l o c a l  d i l a t a t i o n s  b e t w e e n  t h e  i n n e r  and o u t e r  n u c l e a r  

me mb r a n e s  i n c r e a s e d  and a p p e a r e d  as e l e c t r o n  t r a n s l u c e n t  

v a c u o l e s  ( F i g .  8 5 ) .  A t  t h e  s i t e  o f  some n u c l e a r  p o r e s ,  t h e  

i n n e r  and o u t e r  n u c l e a r  me mbr anes  w e r e  s t i l l  a t t a c h e d  t o  one 

a n o t h e r .

The n u c l e o l u s  bec a me  l a r g e  and h o m o g e n e o u s l y  d e n s e ,  and 

t h e  n u c l e a r  m a t r i x  c o n t a i n e d  c o m p a c t  r o u n d  mas s e s  o f  d e n s e  

g r a n u l e s .

Some c e l l s  s howed  t h e  c h r o m a t i c  m a t e r i a l  c o n c e n t r a t e d  i n  

one  b i g  h o mo g e n e o u s  m a s s ,  s t r o n g l y  e l e c t r o n  d e n s e  ( F i g .  8 6 ) .  

S o m e t i m e s  t h e  p y k n o t i c  n u c l e u s  was f r a g m e n t e d  ( F i g s .  8 7 ,  9 3 ) .  

F i n a l l y ,  some o f  t h e  n u c l e a r  f r a g m e n t s  w e r e  s u r r o u n d e d  by 

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

t h e  s o - c a l l e d  a p o p t o t i c  b o d i e s  ( F i g s .  8 8 - 9 0 ) ,  e i t h e r  

d i s p e r s e d  i n  t h e  i n t e r c e l l u l a r  s p a c e s ,  o r  e n g u l f e d  by  

n e i g h b o u r i n g  m e s e n c h y m a l  c e l l s .

2)  The  c y t o p l a s m .

I n  t h e  e a r l y  s t a g e s  o f  c e l l  d e a t h ,  a f f e c t e d  c e l l s  

s e p a r a t e d  f r o m  t h e i r  n e i g h b o u r s ,  and t h e  c y t o p l a s m i c  membr ane
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s h o we d  v a r i o u s  d e g r e e s  o f  i n d e n t a t i o n  ( F i g s -  8 0 ,  8 1 ) .  The

c y t o p l a s m  became c o n d e n s e d ,  due  t o  c o m p a c t i o n  o f  t h e  

o r g a n e l l e s ,  e s p e c i a l l y  t h e  f r e e  r i b o s o m e s -  T h i s  c o n d e n s a t i o n  

was a s s o c i a t e d  w i t h  t h e  a p p e a r a n c e  o f  t r a n s l u c e n t  v a c u o l e s  o f  

d i f f e r e n t  s i z e s .

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

t h e i r  i n t e g r i t y -  Some m i t o c h o n d r i a ,  e n d o p l a s m i c  r e t i c u l u m ,  

and p a r t s  o f  G o l g i  a p p a r a t u s  w e r e  s w o l l e n  and f o r m e d  

c y t o p l a s m i c  v a c u o l e s .

At  a mor e  a d v a n c e d  s t a g e ,  t h e  c y t o p l a s m  became s h r u n k e n ,  

and many o r g a n e l l e s  s howed  d e t e r i o r a t i o n  ( F i g s -  8 2 - 8 7 ) .  The 

c y t o p l a s m  f r e q u e n t l y  s howed  a c h a r a c t e r i s t i c  a g g r e g a t i o n  o f  

many c y t o p l a s m i c  f i n e  g r a n u l e s  i n t o  p a r a l l e l  b a n d s ,  w h i c h  

mos t  p r o b a b l y  r e p r e s e n t e d  a c o m p a c t i o n  o f  f r e e  r i b o s o m e s  

( F i g s -  8 3 ,  85)  and a l s o  c o a r s e  g r a n u l e s  a r r a n g e d  i n  p a r a l l e l  

b a n d s  ( F i g .  91 )  mos t  p r o b a b l y  due  t o  c o m p a c t i o n  o f  t h e  r o u g h  

e n d o p l a s m i c  r e t i c u l u m -  T h e s e  g r a n u l e s  w e r e  e l e c t r o n  d e n s e ,  

and o r i e n t a t e d  i n  d i f f e r e n t  d i r e c t i o n s  i n  t h e  same c e l l .  

T h e s e  b a n d e d  g r a n u l e s  a r e  s i m i l a r  t o  t h e  b a n d e d  g r a n u l e s  

f o u n d  b y  B e l l a i r s  ( 1 9 6 1 )  i n  d e a d  c e l l s  o f  t h e  c h i c k  

b l a s t o d e r m ,  and by  Dawd & H i n c h l i f f e  ( 1 9 7 1 )  i n  dea d  c e l l s  o f  

t h e  o p a q u e  p a t c h  o f  t h e  c h i c k  l i m b .  T h i s  b a n d i n g  has n o t  

b e e n  f o u n d  i n  n o r m a l  v i a b l e  c e l l s -

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

f r o m  t h e  r e s t  o f  t h e  c e l l  i n t o  t h e  i n t e r c e l l u l a r  s p a c e s ;  some 

c o n t a i n e d  n u c l e a r  f r a g m e n t s  i n  a d d i t i o n  t o  c o n d e n s e d  

c y t o p l a s m  ( F i g .  90 ) ,  w h e r e a s  o t h e r s  c o n t a i n e d  c y t o p l a s m i c
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e l e m e n t s  a l o n e  ( F i g .  8 7 ) .

3)  P h a g o c y t o s i s  o f  d e a d  c e l l s .

The r e s u l t i n g  a p o p t o t i c  b o d i e s  w e r e  s e e n  e i t h e r  i s o l a t e d  

and d i s p e r s e d  i n  t h e  i n t e r c e l l u l a r  s p a c e s ,  o r  e n g u l f e d  by  

n e i g h b o u r i n g  v i a b l e  m e s e n c h y m a l  c e l l s ,  w h i c h  L a t e r  

d i f f e r e n t i a t e d  t o  m a c r o p h a g e s .

I n  some c a s e s ,  t h e  p r o c e s s  o f  i n g e s t i o n  o f  t h e  d e a d  c e l l  

was o b s e r v e d  ( F i g .  9 3 ) .  The d ead  c e l l  bec a me  s u r r o u n d e d  by  

many c y t o p l a s m i c  p r o c e s s e s  f r o m  a n e i g h b o u r i n g ,  a p p a r e n t l y  

v i a b l e ,  m e s e n c h y m a l  c e l l .

I n  o t h e r  c a s e s ,  m e s e n c h y m a l  c e l l s  we r e  f o u n d  w h i c h  had 

i n g e s t e d  d e a d  c e l l s ,  b u t  we r e  o t h e r w i s e  i d e n t i c a l  i n  a l l  

r e s p e c t s  t o  n e i g h b o u r i n g  n o r m a l ,  n o n - p h a g o c y t i c  m e s e n c h y m a l  

c e l l s  ( F i g s .  9 4 - 9 6 ) .  The d e a d  c e l l s  s howed  l i t t l e  s i g n  o f  

d i g e s t i o n ,  and t h e  n u c l e u s  and c y t o p l a s m  c o u l d  f r e q u e n t l y  be 

d i s t i n g u i s h e d  ( F i g .  9 4 )  and o t h e r s  s howed  s i g n s  o f  d i g e s t i o n ,  

and n u c l e u s  and c y t o p l a s m  c o u l d  n o t  be d i s t i n g u i s h e d  ( F i g s .  

9 5 ,  9 6 )  .

I n  o t h e r  c a s e s ,  t h e  i n g e s t i n g  v i a b l e  m e s e n c h y m a l  c e l l  

can  be c o n s i d e r e d  as a m a c r o p h a g e ,  and showed  c e r t a i n  c h a n g e s  

f r o m  an e a r l y  s t a g e  ( F i g s .  9 7 - 1 0 0 ) .  The  m a r g i n  o f  t h e  

n u c l e u s  o f  t h e  m a c r o p h a g e  was mor e  d e n s e ,  and i t  t e n d e d  t o  

t a k e  on a c o n v o l u t e d  a p p e a r a n c e ,  due  t o  t h e  p r e s s u r e  f r o m  t h e  

i n g e s t e d  d e a d  c e l l s .  The m a c r o p h a g e  c y t o p l a s m  and c o n t a i n e d

many p h a g o c y t i c  v a c u o l e s .

The d e a d  c e l l s  showed  s i g n s  o f  d i g e s t i o n  i n s i d e  t h e  

v a c u o l e s ;  t h e y  p r e s e n t e d  a p i t t e d  a p p e a r a n c e ,  and c o n t a i n e d  

m y e l i n  f i g u r e s  ( F i g s .  9 7 .  9 8 ) .
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O t h e r  p h a g o c y t e s  we r e  l a r g e ,  and c o n t a i n e d  many 

d i g e s t i v e  v a c u o l e s ,  w i t h i n  w h i c h  w e r e  d e a d  c e l l s  m o s t l y  a t  a 

l a t e  s t a g e  o f  d i g e s t i o n .  Some d e a d  c e l l s  s howed  l i t t l e  s i g n  

o f  d i g e s t i o n ,  p e r h a p s  b e c a u s e  t h e y  had b e e n  r e c e n t l y  i n g e s t e d  

( F i g s .  1 0 2 ,  1 0 3 )  .
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I V .  SCANNING ELECTRON MICROSCOPY

Once t h e  d i s t r i b u t i o n  and t h e  t i m i n g  o f  c e l l  d e a t h  i n  

t h e  i n t e r z o n e  had b e e n  d e t e r m i n e d  i n  s e r i a l  wax and s e m i - t h i n  

s e c t i o n s ,  and t h e  d e t a i l e d  c y t o l o g i c a l  e v e n t s  had been  

s t u d i e d  b y  TEM,  an a t t e m p t  was made t o  s t u d y  t h e  c h a n g e s  

d u r i n g  c a v i t a t i o n  i n  t h e  i n t e r z o n e  b y  SEM.

The m a t e r i a l  s t u d i e d  was t a k e n  f r o m  e m b r y o s  o f  H-H s t a g e  

3 0 ,  i n  w h i c h  f o c i  o f  c e l l  d e a t h  w e r e  f i r s t  d e t e c t e d ,  t h r o u g h  

s e v e r a l  i n t e r m e d i a t e  s t a g e s  up t o  H-H s t a g e  4 0 ,  when dead  

c e l l s  w e r e  no l o n g e r  s e e n  a t  a l l  b y  l i g h t  m i c r o s c o p y ,  and t h e  

j o i n t  c a v i t y  was f u l l y  d e v e l o p e d  and s i m i l a r  t o  t h a t  o f  t h e  

adu I t  k n e e .

V a r i o u s  r e g i o n s  o f  t h e  k n e e  j o i n t  we r e  s e l e c t e d  f o r

s t u d y  a t  e a c h  s t a g e ,  b u t  m a i n l y  t h e  i n t e r z o n e  b e t w e e n  t h e

f e m u r  and t h e  f i b u l a .  F i g u r e s  104  and 105 g i v e  a g e n e r a l  l ow 

p o w e r  v i e w .  Mos t  o f  t h e  c e l l s  a r e  i n c l u d e d  i n  t h e  s e c t i o n a l  

p l a n e ,  and t h e i r  s e c t i o n a l  p r o f i l e s  show a w i d e  r a n g e  o f  

s h a p e s .  Many a r e  s t e l l a t e /  w i t h  an i r r e g u l a r l y  r o u n d e d  o r  

o v o i d  c e l l  b o d y ,  and t w o ,  t h r e e  o r  f o u r  b l u n t ,  t a p e r i n g  c e l l

p r o c e s s e s .  A f e w  a r e  mor e  e l o n g a t e d  and s p i n d l e  s h a p e d .  The

i n t e r c e l l u l a r  s p a c e  i s  o c c u p i e d  b y  a t h r e e - d i m e n s i o n a l  

n e t w o r k ,  ( f o r  d e t a i l ,  see  F i g .  1 0 6 ) ,  i n  t h e  i n t e r p r e t a t i o n  o f  

w h i c h  a t  l e a s t  t h r e e  p o s s i b i l i t i e s  h a v e  t o  be c o n s i d e r e d :

i .  t h a t  t h e  n e t w o r k  c o n s i s t s  o f  f i n e  c y t o p l a s m i c  e x t e n s i o n s  

o f  t h e  c e l l s  i . e .  f i l o e o d i a ,  i n d i c a t i n g  a c t i v e  o u t g r o w t h  f r o m  

t h e  c e l l s ,  i n v o l v e d  i n  c e l l  l o c o m o t i o n ;

i i .  t h a t  t h e  n e t w o r k  c o n s i s t s  o f  r e t r a c t i o n  f i b r e s ,  p r o d u c e d
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as t h e  mes enc h y me  b ec o mes  l o o s e r ,  by  a d r a w i n g  o u t  o f  t h e

c y t o p l a s m i c  c o n n e c t i o n s  b e t w e e n  c e l l s ;  o r

i i i .  t h a t  t h e  n e t w o r k  c o n s i s t s  o f  y o u n g  c o l l a g e n  f i b r e s .

Of  t h e s e  t h r e e  p o s s i b i l i t i e s ,  t h e  t h i r d  can  be d i s m i s s e d  

by  s t u d y  o f  t r a n s m i s s i o n  EM' s  a t  t h e  same s t a g e ,  w h i c h  show 

l i t t l e  i f  any  e v i d e n c e  o f  c o l l a g e n  ( s e e  F i g s .  7 2 ,  8 9 ) .

The  d i s t i n c t i o n  b e t w e e n  t h e  f i r s t  and s e c o n d  

p o s s i b i l i t i e s  i s  mor e  d i f f i c u l t  t o  ma k e .  R e v e l  and S o l u r s h  

( 1 9 7 8 ) ,  f a c e d  w i t h  a s i m i l a r  p r o b l e m  i n  t h e  p r i m a r y  

me s e n c h y me  o f  c h i c k  and r a t  e m b r y o s ,  d e c i d e d  t h a t  " w h e n  

e n c o u n t e r i n g  c e l l s  l i n k e d  t o  e a c h  o t h e r  by  many t a u t  t h i n  

p r o c e s s e s  i t  i s  . . . . t e m p t i n g  t o  i n t e r p r e t  t h e s e  as 

r e t r a c t i o n  f i b e r s  r a t h e r  t h a n  f i l o p o d i a " . The i n t e r c e l l u l a r  

s p a c e  a l s o  shows  s t r u c t u r e s  l a r g e r  t h a n  t h e  n e t w o r k  o f

" f i b r e s " .  Some a r e  o b v i o u s l y  s e c t i o n a l  p r o f i l e s  o f  l a r g e r  

c e l l  p r o c e s s e s  ( F i g .  1 0 6 ,  P R ) .  O t h e r s  a r e  n o t  s e c t i o n e d ,  b u t  

a r e  s e e n  as c o m p l e t e  and r o u g h l y  s p h e r i c a l  s t r u c t u r e s  ( F i g .

1 0 6 ,  DC) :  t h e s e  a r e  i n t e r p r e t e d  as a p o p t o t i c  c e l l s  o r

a p o p t o t i c  b o d i e s .

When t h e  j o i n t  c a v i t y  i s  w e l l  e s t a b l i s h e d ,  as i n  F i g u r e

1 0 7 ,  t h e  a r t i c u l a r  s u r f a c e  o f  t h e  l a t e r a l  c o n d y l e  o f  t h e

f e m u r  i s  c o v e r e d  by  l a y e r s  o f  l o o s e l y  o v e r l a p p i n g  f l a t t e n e d  

c e l l s ,  f o r m i n g  t h e  mos t  s u p e r f i c i a l  t a n g e n t i a l  l a y e r  o f  

c h o n d r o c y t e s .  L y i n g  on t h i s  l a y e r  a r e  s c a t t e r e d ,  r o u g h l y  

s p h e r i c a l  c e l l s  w i t h  an i r r e g u l a r  s u r f a c e  c o v e r e d  w i t h  b l e b s  

( F i g .  10 8 ) .  S i m i l a r  c e l l s  a r e  shown i n  F i g u r e  1 0 9 ,  w h e r e  

t h e i r  s u r f a c e  i s  p i t t e d ,  and F i g u r e  1 1 0 ,  w h e r e  t h e  s u r f a c e  i s  

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

1 -  T h e i r  e x t e r n a l  f o r m  i s  c o n s i s t e n t  w i t h  t h e  a p p e a r a n c e s  

a l r e a d y  d e s c r i b e d  i n  TEM' s  o f  t h i n  s e c t i o n s .

2 . When s e c t i o n s  we r e  c u t  f r o m  t h e  wax embedded  t i s s u e  t o

e x p o s e  t h e  j o i n t  c a v i t y  f o r  s t u d y  by  S E M ,  t h e  l a s t  s e c t i o n

c u t  was s t a i n e d  by  H & E ,  t o  p r o v i d e  some f a m i l i a r  l a n d m a r k s

as a g u i d e  t o  t h e  i n t e r p r e t a t i o n  o f  t h e  SEN a p p e a r a n c e s .  The 

s e c t i o n  s howed  " d a r k "  c e l l s  l y i n g  upon  t h e  f e m o r a l  a r t i c u l a r  

s u r f a c e  as t h e y  a r e  s e en  t o  do by  SEM i n  F i g u r e  1 0 7 .

3 .  The  s u r f a c e  a p p e a r a n c e s  a r e  s i m i l a r  t o  t h o s e  d e s c r i b e d  by  

o t h e r s  as t y p i c a l  o f  a p o p t o t i c  c e l l s  f o u n d  i n  o t h e r

s i t u a t i o n s  i n  d e v e l o p m e n t  ( e . g .  P e x i e d e r ,  1 9 7 5 ;  H u r l e  and 

H i n c h l i f f e ,  1 9 7 8 ;  G a r c i a - P o r r e r o  and O j e d a ,  1 9 7 9 ;  and K a p l a n  

e t  a l . ,  1 9 7 5 ) .  The a p p e a r a n c e  o f  t h e  a r t i c u l a r  s u r f a c e  a t  a l a t e r  

s t a g e  o f  c a v i t a t i o n  i s  shown i n  F i g u r e s  111 and 1 1 2 ,  when i t  

i s  f r e e  o f  a d h e r e n t  a p o p t o t i c  c e l l s ,  and l o o k s  l i k e  a 

s m o o t h l y  c o b b l e d  s t r e e t .  The l ow s u r f a c e  e l e v a t i o n s  a r e  

p r o b a b l y  p r o d u c e d  by  u n d e r l y i n g  c h o n d r o c y t e s  i n  t h e  mos t  

s u p e r f i c i a l  l a y e r  o f  t h e  a r t i c u l a r  c a r t i l a g e .

S i m i l a r  a p p e a r a n c e s  h av e  b e e n  d e s c r i b e d  i n  y o u n g  

c h i l d r e n  ( s e e  G h a d i a l l y ,  1 9 7 8 ) .
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SECTION 4 - DISCUSSION



DISCUSSION

I n  t h e  g e n e r a l  i n t r o d u c t i o n ,  s e v e r a l  a r e a s  o f  

d i s a g r e e m e n t  among p r e v i o u s  w o r k e r s  w e r e  i d e n t i f i e d .  T h e s e  

w i l l  now be d i s c u s s e d  i n  t u r n ,  i n  t h e  l i g h t  o f  t h e  r e s u l t s  o f  

t h e  p r e s e n t  s t u d y .

I -  CELL DEATH I N THE I NTERZONE OF DEVELOPING SYNOVI AL JOI NT

The  mos t  i m p o r t a n t  f i n d i n g  o f  t h e  p r e s e n t  s t u d y  was t h e  

o c c u r r e n c e  o f  s c a t t e r e d  f o c i  o f  c e l l  d e a t h  i n  t h e  i n t e r z o n e .  

T h i s  was f i r s t  s e en  a t  s t a g e  3 0 ,  i n c r e a s i n g  t o  r e a c h  max i ma  

a t  s t a g e s  3 4 / 3 5 ,  and s u b s e q u e n t l y  d e c l i n i n g  t o  d i s a p p e a r i n g  

p o i n t  b y  s t a g e  3 7 .

T h i s  f i n d i n g  r a i s e s  s e v e r a l  q u e s t i o n s  f o r  d i s c u s s i o n :

1)  I s  c e l l  d e a t h  a g e n e r a l  p h e n o me n o n  j m t h e  d e v e l o p m e n t  o f  

s yn o v i .a I go i.n t  s ?

P r e v i o u s  p u b l i c a t i o n s  d e a l i n g  w i t h  t h i s  q u e s t i o n  h av e  

b e e n  r e v i e w e d  i n  d e t a i l  i n  t h e  I n t r o d u c t i o n .  T h e y  f a l l  i n t o  

t h  r e e  g r o u p s :

a)  t h o s e  d e s c r i b i n g  c e l l  d e a t h  as an e a r l y  e v e n t  i n  j o i n t  

d e v e  l o p m e n t ;

b)  t h o s e  w h i c h  s p e c i f i c a l l y  d e n y  t h e  o c c u r r e n c e  o f  c e l l  d e a t h  

a t  a ny  s t a g e  i n  j o i n t  d e v e l o p m e n t ,  o r  d e s c r i b e  i t  as o n l y  an 

o c c a s i o n a l  o c c u r r e n c e ,  l a c k i n g  m o r p h o g e n e t i c  s i g n i f i c a n c e  

a n d ,

c)  t h o s e  w h i c h  d e s c r i b e  r e s u l t s  g e n e r a l l y  s i m i l a r  t o  t h o s e  o f  

t h e  p r e s e n t  s t u d y .
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a ) C e l l  d e a t h  as an £ a r  L y e v e n t  

i . t h e  " o g a g u e  p a t c h "

F e l l  and C a n t i  ( 1 9 3 4 )  d e s c r i b e d  t h e  p o s i t i o n  o f  t h e  

" o p a q u e  p a t c h "  i n  t h e  Lower  L i mb o f  t h e  c h i c k  e m b r y o ,  and 

f o u n d  t h a t  i t  a p p e a r e d  a t  s t a g e s  23 and 2 4 ,  a p p a r e n t L y  L y i n g  

i n  t h e  p r o s p e c t i v e  f e m o r a L  b L a s t  ema . By s t a g e  2 5 ,  i t  was 

r e d u c e d  i n  a m o u n t ,  and a t  s t a g e  26 i t  was T - s h a p e d ,  w i t h  t h e  

t o p  o f  t h e  " T "  a c r o s s  t h e  j o i n t  r e g i o n  b e t w e e n  f e m u r ,  t i b i a  

and f i b u L a .  T h e y  r e p o r t e d  t h a t  t h e  s i g n i f i c a n c e  o f  t h e  

o p a q u e  p a t c h  was n o t  k n o w n .

Dawd and H i n c h L i f f e  ( 1 9 7 1 )  s t u d i e d  t h e  " o p a q u e  p a t c h "  i n  

t h e  f o r e L i m b  o f  t h e  c h i c k  e m b r y o ,  and f o u n d  t h a t  i t  a p p e a r e d  

a t  s t a g e  2 3 ,  p r e c e d i n g  t h e  mesenchyma L c o n d e n s a t i o n s ,  r e a c h e d  

i t s  max i mum e x t e n t  a t  s t a g e s  24 and 2 5 ,  when i t  a p p e a r e d  as a 

p r o g r e s s i v e L y  mor e  d i s t a L  zone  o f  d ead  c e L L s ,  L y i n g  b e t w e e n  

t h e  r a d i u s  and uLna  w h i c h  f o r m e d  t h e  t w o  a r ms  o f  t h e  Y - s h a p e d  

me s e n c h y ma  L c o n d e n s a t i o n .  At  s t a g e  2 6 ,  i t  was L o c a t e d  i n  a 

s m a L L , a r e a  b e t w e e n . t h e  p r o x i m a L  ends  o f  r a d i u s  and u L n a .  At  

s t a g e  27 and 28 dea d  c e L L s  we r e  r e d u c e d  i n  n u mbe r  and wer e  

L o c a t e d  i n  t h e  t r i a n g u L a r  a r e a  b o u n d e d  by  t h e  p r o x i m a L  ends  

o f  r a d i u s  and uLna  and by  t h e  d i s t a L  end o f  t h e  h u m e r u s .  At  

s t a g e  29 i t  had d i s a p p e a r e d .  Th ey  aLs o  f o u n d  t h a t  t h e  o p a q u e  

p a t c h  was n o t  p r e s e n t  i n  t h e  p r o s p e c t i v e  h umer us  m a t e r i a L ,  

n o r  d i d  i t  e x t e n d  i n t o  t h e  h u m e r o - u L n a r  j o i n t .  They  

s u g g e s t e d  t h a t  t h e  s i g n i f i c a n c e  o f  t h e  o p a q u e  p a t c h  was t h a t  

i t  m i g h t  p L a y  a r o L e  i n  t h e  i n i t i a L  s e p a r a t i o n  o f  r a d i a L  and 

u L n a r  c o n d e n s a t i o n s ,  and i n  s u p p r e s s i o n  o f  c h o n d r o g e n e s i s  i n
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t h e  me s e n c h y me  b e t w e e n  r a d i u s  and u l n a ,  

i i  - t h e  " e a r l y  wa v e "

M i t r o v i c  ( 1 9 7 7 )  f o u n d  an " e a r l y  w a v e "  o f  c e l l  

d e g e n e r a t i o n ,  a p p e a r i n g  a t  t h e  7 t h  d a y  ( n o t  s t a g e d ,  b u t  

p r o b a b l y  a b o u t  s t a g e  3 1 )  i n  t h e  i n t e r z o n e  o f  t h e  

m e t a t a r s o p h a l a n g e a l  j o i n t  o f  t h e  c h i c k  e m b r y o .  T h i s  e a r l y  

c e l l  n e c r o s i s  p r o g r e s s i v e l y  d i s a p p e a r e d  and c o u l d  n o t  be 

e a s i l y  s e e n  a f t e r  t h e  9 t h  e m b r y o n i c  d a y  ( S t a g e  3 5 ) .

M i t r o v i c  ( 1 9 7 8 )  a l s o  f o u n d  an e a r l y  wave o f  c e l l  

d e g e n e r a t i o n  a p p e a r i n g  by  t h e  1 2 t h - 1 3 t h  d a y ,  i n  t h e  i n t e r z o n e  

o f  t h e  d i a r t h r o d i a l  j o i n t s  o f  t h e  r a t  e m b r y o ,  i m m e d i a t e l y  

a f t e r  d i f f e r e n t i a t i o n  o f  t h e  i n t e r z o n e .  T h i s  c e l l  n e c r o s i s  

was c l e a r l y  s een  i n  t h e  s m a l l  d i g i t a l  j o i n t s  o f  b o t h  l i m b s  by 

t h e  1 5 t h - 1 7 t h  d a y ,  w h i l e  i n  t h e  l a r g e r  j o i n t s  s u c h  n e c r o t i c  

c e l l s  w e r e  mor e  d i f f i c u l t  t o  s e e .  He d i d  n o t  g i v e  d e t a i l e d  

a c c o u n t s  o f  any  i n d i v i d u a l  j o i n t .  I n  b o t h  s t u d i e s  o f  t h e  

c h i c k  and r a t  e m b r y o s ,  t h e  s i g n i f i c a n c e  o f  t h i s  e a r l y  wave o f  

c e l l  d e g e n e r a t i o n  was u n c l e a r ,  b u t  he s u g g e s t e d  t h a t  i t  m i g h t  

s e r v e  one  ( o r  b o t h )  o f  t wo  p u r p o s e s :  1)  t o  p r e v e n t

c h o n d r i f i c a t i o n  o f  t h e  i n t e r z o n e  by  r e m o v i n g  c e l l s  w i t h  

c hond r o b  I a s t  i  c p o t e n t i a l i t y ;  and 2)  t o  p r o v i d e  f o r  l o o s e n i n g  

o f  t h e  i n t e r z o n e  and t h e  d i f f e r e n t i a t i o n  o f  a t h r e e - I a y e r e d  

i n t e r  z o n e .

b . Ce_l l  d e a t h  d e n i e d

0 ' Rah i l l y  and G a r d n e r  ( 1 9 5 6 )  f o u n d  t h a t  c a v i t a t i o n  f i r s t  

a p p e a r e d  i n  t h e  f e m o r o - m e n i s c a l  c a v i t y  a t  s t a g e  3 3 .  I n  t wo  

s p e c i m e n s  a s m a l l  c a v i t y  was p r e s e n t  b e t w e e n  t h e  m e d i a l  

c o n d y l e  o f  t h e  f e m u r  and t h e  m e d i a l  m e n i s c u s  a t  s t a g e  3 4 .  I n
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a n o t h e r  e mb r y o  a s m a l l  c a v i t y  was p r e s e n t  b e t w e e n  t h e  l a t e r a l  

c o n d y l e  o f  t h e  f e m u r  and t h e  l a t e r a l  m e n i s c u s .  At  s t a g e  3 4 ,  

i n  o ne  e m b r y o ,  t h e y  f o u n d  a " s t r i k i n g  n u mb e r  o f  p y k n o t i c  

c e l l s ,  f l a t t e n e d  o v e r  t h e  c o n v e x i t i e s  o f  t h e  a r t i c u l a r  

s u r f a c e s  o f  t h e  f e m u r ,  t i b i a  and f i b u l a ,  and a b o v e  and b e l o w  

t h e  m e d i a l  m e n i s c u s " .  I n  a n o t h e r  e mb r y o  a t  t h i s  s t a g e ,  d a r k -  

s t a i n e d  c e l l s  w e r e  f o u n d  s c a t t e r e d  t h r o u g h o u t  t h e  i n t e r z o n e .  

T h e y  d i d  n o t  make any  s u g g e s t i o n  a b o u t  t h e  s i g n i f i c a n c e  o f  

t h e s e  d a r k  s t a i n e d  c e l l s  i n  t h e  j o i n t ,  o r  any  e x p l a n a t i o n  f o r  

t h e  m e c h a n i s m  o f  c a v i t y  f o r m a t i o n .

H e n r i k s o n  and Cohen ( 1 9 6 5 )  f o u n d  t h a t  t h e  i n t e r z o n e  o f  

t h e  c h i c k  i n t e r p h a l a n g e a l  j o i n t  became mor e  c o m p r e s s e d  a t  

s t a g e  3 7 .  A d e f i n i t e  j o i n t  c a v i t y  was f i r s t  s een  i n  t h e  

i n t e r z o n e  a t  s t a g e s  3 7 - 4 1 ,  as a n a r r o w  c l e f t  e i t h e r  b e t w e e n  

o r  l a t e r a l  t o  t h e  e m b r y o n i c  p h a l a n g e s .  Th e y  s t a t e d

e x p l i c i t l y  t h a t  no d e g e n e r a t i v e  phenomena  we r e  n o t i c e d  i n  t h e  

j o i n t  c a v i t y ,  b u t  t h e y  f o u n d  b l o o d  v e s s e l s  w i t h i n  t h e  

d i f f e r e n t i a t i n g  j o i n t  i n t e r z o n e .  T h e y  s u g g e s t e d  t h a t ,  i f  

v e s s e l s  do n o t  p l a y  a d i r e c t  r o l e  i n  c a v i t y  f o r m a t i o n ,  " t h e i r  

p r e s e n c e  may be n e c e s s a r y  i n  some as y e t  u n d e f i n e d  f a s h i o n  

f o r  t h e  i n i t i a t i o n  and s u s t e n a n c e  o f  t h e  a r t i c u l a r  s p a c e  .

A n d e r s e n  and B r o - R a s m u s s e n  ( 1 9 6 1 )  f o u n d  t h a t  c a v i t a t i o n  

i n  t h e  hand  and f o o t  human j o i n t s  s t a r t e d  c e n t r a l l y ,  a f t e r  

t h e  i n t e r m e d i a t e  l a y e r  o f  t h e  i n t e r z o n e  had been  i n c o r p o r a t e d  

i n  t w o  c h o n d r o g e n o u s  l a y e r s  w h i c h  i n  t u r n  we r e  i n c o r p o r a t e d  

i n  t h e  t w o  j o i n t  s u r f a c e s .  I n  t h e  c o u r s e  o f  j o i n t  f o r m a t i o n ,  

f a i r l y  l a r g e  q u a n t i t i e s  o f  c h o n d r o i t i n  s u l p h a t e  A and C f o r m
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i n  t h e  t h r e e  l a y e r s  o f  t h e  i n t e r z o n e ,  and c a v i t y  f o r m a t i o n  

was n o t  p r e c e d e d  by  any  s i g n  o f  l i q u e f a c t i o n  o r  d e g e n e r a t i o n  

i n  t h e  i n t e r m e d i a t e  l a y e r  o f  t h e  i n t e r z o n e .  A n d e r s e n  ( 1 9 6 4 )  

r e a c h e d  e x a c t l y  t h e  same c o n c l u s i o n  i n  h i s  s t u d y  o f  t h e  

d e v e l o p m e n t  o f  t h e  human k n e e  j o i n t .  

c - Ce_l l  d e a t h  as a r egu Jl a r  and s i g n i f i c a n t  e v e n t

S t r a y e r  ( 1 9 4 3 )  f o u n d  s i g n s  o f  d e g e n e r a t i o n  i n  t h e  h i p  

j o i n t  o f  t h e  human e m b r y o .  At  23 mm, he n o t i c e d  an i n c r e a s e  

i n  t h e  i n t e r c e l l u l a r  s p a c e s ,  w i t h  e v i d e n c e  o f  d e g e n e r a t i o n  i n  

t h e  a r e a  o f  c e l l s  l y i n g  b e t w e e n  t h e  head o f  t h e  f e m u r ,  

l i g a m e n t u m  t e r e s ,  and a c e t a b u l u m .  At  3 6 - 4 2  mm, c a v i t i e s  

f i l l e d  w i t h  f l u i d  we r e  a p p a r e n t l y  f o r m e d  i n  t h e  p e r i p h e r a l  

r e g i o n s  o f  t h e  j o i n t .  I s o l a t e d  c e l l s  s u s p e n d e d  i n  t h e  f l u i d  

s h owe d  s i g n s  o f  d e g e n e r a t i o n ,  by  l o s s  o f  t h e i r  c e l l u l a r  

o u t l i n e s  and t h e  f a d i n g  o f  t h e i r  n u c l e a r  s t a i n i n g .  O t h e r  

n u c l e i  w e r e  p y k n o t i c  i n  a p p e a r a n c e .  B e s i d e s  t h e s e  s i g n s  o f  

d e g e n e r a t i o n ,  t h e  c a v i t i e s  c o n t a i n e d  l o n g  f i b r i l s  w h i c h  he 

s u g g e s t e d  had r e s u l t e d  f r o m  c e l l  d e g e n e r a t i o n .  At  t h e  same 

t i m e ,  he n o t i c e d  l o n g  s t r i p s  o f  w e l l  p r e s e r v e d  c e l l s  

s t r e t c h e d  d i a g o n a l l y  f r o m  t h e  a c e t a b u l u m  t o  t h e  head  o f  t h e  

f e m u r .  The p r o c e s s e s  o f  t h e  c e l l s  we r e  so s t r o n g l y  a t t a c h e d  

t o  o ne  a n o t h e r  as a p p a r e n t l y  t o  s t a n d  c o n s i d e r a b l e  t e n s i o n .  

F i n a l l y ,  he s u g g e s t e d  t h a t  c a v i t a t i o n  p r o c e s s  was a t  o n c e ,  a 

d e g e n e r a t i v e  and a m e c h a n i c a l  p r o c e s s  .

R a j a n  and M e r k e r  ( 1 9 7 5 )  a l s o  f o u n d  e v i d e n c e  o f  m a t e r i a l  

w h i c h  was a c i d  m u c o p o l y s a c c h a r i d e  i n  n a t u r e ,  w i t h  o c c a s i o n a l  

c e l l s  s h o w i n g  p y k n o t i c  n u c l e i ,  l i n i n g  t h e  human d i g i t a l  j o i n t  

c a v i t y ,  w h i c h  a p p e a r e d  i n  t h e  a b s e n c e  o f  m o v e m e n t .  Un d e r  t h e
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e l e c t r o n  m i c r o s c o p e ,  t h e r e  was s i n g l e  c e l l  n e c r o s i s  w i t h  

e v i d e n c e  o f  l o s s  o f  g l y c o s a m i n o g l y c a n s .

M i t r o v i c  C1977)  f o u n d  a s e c o n d  wave o f  c e l l  n e c r o s i s  t o  

a p p e a r  i n  t h e  c o u r s e  o f  j o i n t  c a v i t a t i o n  o f  t h e  m e t a ­

t a r s o p h a l a n g e a l  j o i n t s  o f  t h e  c h i c k  e m b r y o .  The c e l l  

n e c r o s i s  o f  t h e  s e c o n d  wave was m o r p h o l o g i c a l l y  d i s t i n c t  f r o m  

t h a t  o f  t h e  e a r l y  wave i n  t h a t  t h e  c e l l s  d i s a p p e a r e d  v e r y  

r a p i d l y  and c o u l d  n o t  be e a s i l y  i d e n t i f i e d .  He n o t i c e d  t h a t  

t h e  c a v i t y  was p r e c e d e d  by  t h e  a p p e a r a n c e  o f  f l a t t e n e d ,  

e l o n g a t e d  c e l l s  e x h i b i t i n g  s t r o n g  b a s o p h i l i a ,  e l e c t r o n  

o p a c i t y  and e n l a r g e d  e n d o p l a s m i c  r e t i c u l u m ,  a l o n g  t h e  m a r g i n  

o f  t h e  c a v i t y .  When t h e  j o i n t  c a v i t y  was f u l l y  f o r m e d ,  t h e s e  

b a s o p h i l i c  c e l l s  w e r e  f o u n d  t o  c o v e r  t h e  a r t i c u l a r  s u r f a c e s  

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

m o r p h o l o g i c a l  c r i t e r i a  ( n u c l e o c y t o p l a s m i c  b a s o p h i l i a ,  

e l e c t r o n  o p a c i t y ,  e n l a r g e d  e n d o p l a s m i c  r e t i c u l u m  and s i g n s  o f  

o r g a n e l l e  a l t e r a t i o n )  he s u g g e s t e d  t h a t  t h e s e  c e l l s  m i g h t  be 

d e g e n e r a t i v e  c e l l s ,  whose  d e a t h  m i g h t  a c c o u n t  f o r  l o o s e n i n g  

o f  t h e  t i s s u e  and l e a d  t o  c a v i t y  f o r m a t i o n .  He a l s o

s u g g e s t e d  t h a t  t h e s e  f l a t t e n e d  b a s o p h i l i c  c e l l s  m i g h t  r e m a i n

as " a  d i s t i n c t  c e l l  l i n e  w h i c h  c o v e r e d  t h e  a r t i c u l a r  c a v i t y

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

s u r f a c e s " .  He f o u n d  an a c c u m u l a t i o n  o f  i n t e r c e l l u l a r

m a t e r i a l  w h i c h  m i g h t  be a n a l o g o u s  t o  t h e  p r i m i t i v e  s y n o v i a l  

f l u i d .  He s u g g e s t e d  t h a t  a c c u m u l a t i o n  o f  t h i s  m a t e r i a l  c o u l d  

a c c o u n t  f o r  t h e  f o r m a t i o n  o f  a j o i n t  s p a c e  by  d i s t e n d i n g  t h e  

i n t e r c e l l u l a r  s p a c e s  and l a t e r  a r t i c u l a r  c a v i t y  w a l l s ,  and
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t h u s  p r e v e n t i n g  t h e m f r o m  s e c o n d a r y  c o l l a p s e  and f u s i o n s .  He 

a l s o  f o u n d  some b l o o d  v e s s e l s  and f r e e  e r y t h r o c y t e s  i n  t h e  

a x i a l  p a r t  o f  t h e  j o i n t .  He s u g g e s t e d  t h a t  t h e s e  b l o o d  

v e s s e l s  m i g h t  somehow be a s s o c i a t e d  e i t h e r  w i t h  c e l l  

d e g e n e r a t i o n  o r  w i t h  t h e  c a v i t a t i o n  p r o c e s s .

M i t r o v i c  ( 1 9 7 8 )  f o u n d  t h e  mos t  s t r i k i n g  f e a t u r e  a t  t h e  

t i m e  o f  c a v i t y  f o r m a t i o n  o f  t h e  d i a r t h r o d i a l  j o i n t s  o f  t h e  

r a t  e m b r y o ,  was t h e  a p p e a r a n c e  o f  f l a t t e n e d  e l o n g a t e d  c e l l s  

w h i c h  s t a i n e d  h e a v i l y  w i t h  b a s i c  d y e s .  Th ey  we r e  u s u a l l y  

s e en  as t w o  s i n g l e  l i n e s  o f  c e l l s ,  b o r d e r i n g  eac h  s i d e  o f  t h e

c a v i t y .  I n  a f e w  d i g i t a l  j o i n t s ,  t h e y  we r e  f o u n d  i n  s e v e r a l

l a y e r s .  I n  t h e  a r e a s  o f  c a v i t y  f o r m a t i o n ,  t h e  c e l l s  

o c c a s i o n a l l y  a p p e a r e d  t o  be d e g e n e r a t i n g .  F r a g m e n t e d ,  

p y k n o t i c  n u c l e i ,  p o o r  c y t o p l a s m i c  s t a i n i n g  and f u z z y  l i m i t s  

we r e  t h e  mos t  a p p a r e n t  c h a r a c t e r i s t i c s .  The e l o n g a t e d  

b a s o p h i l i c  c e l l s  we r e  n o t  seen  l a t e r  i n  j o i n t  d e v e l o p m e n t  and 

seemed e i t h e r  t o  d i s a p p e a r  o r  t o  c h a n g e  t h e i r  s t a i n i n g

p a t t e r n .  He f o u n d  t h a t  t h e  f o r m e d  c a v i t y  d i d  n o t  c o n t a i n  any  

m a t e r i a l  s t a i n a b l e  by  PAS.  He s u g g e s t e d  t h a t  t h e  r o l e  o f  

t h e s e  b a s o p h i l i c  c e l l s  i n  c a v i t y  f o r m a t i o n  was a c h i e v e d  i n

t wo d i f f e r e n t  wa y s :  1)  by  l o o s e n i n g  o f  t h e  i n t e r z o n e  t i s s u e

due t o  c e l l  d e g e n e r a t i o n ,  a l t h o u g h  he a d m i t t e d  t h a t  t h e r e  

wer e  p r o b l e m s  w i t h  t h i s  h y p o t h e s i s  s i n c e  he c o u l d  n o t  see  t h e  

l a t e r  s t a g e s  o f  c e l l  d e g e n e r a t i o n ,  su c h  as c e l l

d i s i n t e g r a t i o n  and m a c r o p h a g o c y t o s i s ,  d u r i n g  c a v i t a t i o n  o f  

t h e  a x i a l  p a r t  o f  t h e  i n t e r z o n e .  I n s t e a d ,  he o b s e r v e d

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

j o i n t .  Or  2)  t h e s e  c e l l s  wer e  a s p e c i a l  c e l l  l i n e ,

132



d i f f e r e n t i a t e d  by  t h e  t i m e  o f  c a v i t a t i o n ,  and t a k i n g  an 

a c t i v e  p a r t  i n  t h e  c a v i t a t i o n  p r o c e s s ,  p e r h a p s  by  " L o w e r i n g  

i n t e r c e l l u l a r  a d h e s i o n  . I f  t h i s  w e r e  s o ,  c e l l s  r e m a i n i n g  a t  

t h e  s u r f a c e  o f  a r t i c u l a r  c a r t i l a g e  c o u l d  be c o n s i d e r e d  

d i f f e r e n t  f r o m  t h e  d e e p e r  c h o n d r o c y t e s .  He t h o u g h t  t h a t  t h i s  

h y p o t h e s i s  was c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  o t h e r s  t h a t  i n  

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

p r o d u c e  s u l p h a t e d  p r o t e o g l y c a n s .

I n  t h e  p r e s e n t  s t u d y ,  o n l y  a f e w  dead  c e l l s  we r e  f o u n d  

a t  s t a g e  2 7 ,  l o c a t e d  i n  t h e  a r e a  b o u n d e d  by  t h e  c a r t i l a g e  

m o d e l s  o f  t h e  f e m u r ,  t i b i a  and f i b u l a ;  by  s t a g e  29 t h e r e  

we r e  o n l y  one  o r  t w o  d e ad  c e l l s ,  i n  a v e r y  f e w s e c t i o n s ,  o r  

n o n e  a t  a l l .  T h e s e  dead  c e l l s  p r o b a b l y  c o r r e s p o n d e d  t o  t h o s e  

o f  t h e  " e a r l y  wa v e "  d e s c r i b e d  by  M i t r o v i c  ( 1 9 7 7 ,  1 97 8 )  o r  o f

t h e  " o p a q u e  p a t c h "  d e s c r i b e d  by  F e l l  and C a n t i  ( 1 9 3 4 ) ,  Dawd 

and H i n c h l i f f e  ( 1 9 7 1 )  and o t h e r s .  We f o u n d  c o n t i n u i t y  

b e t w e e n  t h e  f e m o r a l ,  t i b i a l ,  and f i b u l a r  b l a s t e m a s  a t  s t a g e s  

2 7 - 2 9 ,  w i t h o u t  any  s i g n  o f  c h o n d r i f i  c a t i o n  i n  t h e  i n t e r z o n e  

b e t w e e n  t h e m :  The a d j a c e n t  ends  o f  t h e  f e m o r a l ,  t i b i a l  and

f i b u l a r  b l a s t e m a t a ,  s t i l l  u n c h o n d r i f i e d ,  me r ged  i n s e n s i b l y

i n t o  t h e  i n t e r  z o n e .

The s i g n i f i c a n c e  o f  t h i s  ' e a r l y  d e a t h  o f  c e l l s  i n  t h e  

c h i c k  k n e e  j o i n t  i s  a m a t t e r  o n l y  f o r  s p e c u l a t i o n .  I t  may 

" r e m o v e  c e l l s  w i t h  c h o n d r o g e n i c  p o t e n t i a l " ,  as s u g g e s t e d  f o r  

t h e  o p a q u e  p a t c h  i n  t h e  c h i c k  e l b o w  by  Dawd and H i n c h l i f f e  

( 1 9 7 1 ) ,  and f o r  t h e  " e a r l y  wav e "  o f  c e l l  d e a t h  i n  j o i n t s  o f  

c h i c k  and r a t  by  M i t r o v i c  ( 1 9 7 7  and 1 9 7 8 ) .  Ho wev e r  t h i s  i s
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o n l y  a s p e c u l a t i o n ,  w i t h o u t  any  s u p p o r t  f r o m  o b s e r v a t i o n  o r  

e x p e r i m e n t .  The o t h e r  s u g g e s t i o n  made by  M i t r o v i c  ( 1 9 7 7 ,  

1 9 7 8 ) ,  t h a t  t h e  e a r l y  wa v e "  o f  c e l l  d e a t h  l e a d s  t o  l o o s e n i n g  

o f  t i s s u e  a t  t h e  c e n t r e  o f  t h e  i n t e r z o n e ,  so t h a t  i t  became 

t h r e e - l a y e r e d ,  i s  n o t  s u p p o r t e d  by  t h e  p r e s e n t  s t u d y ,  i n  

w h i c h  t h r e e - l a y e r e d  i n t e r z o n e s  d i d  n o t  a p p e a r  u n t i l  much

l a t e r ,  a t  s t a g e  3 2 ,  when mos t  o f  t h e  i n t r a - a r t i c u l a r  

s t r u c t u r e s  had d e v e l o p e d .

M i t r o v i c ' s  ( 1 9 7 7 ,  1 97 8 )  i n t e r p r e t a t i o n  o f  h i s  " s e c o n d

w a v e "  o f  c e l l  d e a t h ,  w h i c h  he f o u n d  i n  b o t h  c h i c k  and r a t  

e mb r y o  j o i n t s ,  i s  a m b i g u o u s .  T h e r e  w e r e ,  he s a i d ,  some

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

l o o s e n i n g  o f  t h e  t i s s u e  and c a v i t y  f o r m a t i o n .  H i s  o t h e r  

s u g g e s t i o n  was t h a t  t h e s e  b a s o p h i l i c  c e l l s  we r e  a s p e c i a l  

c e l l  l i n e ,  d i f f e r e n t i a t e d  by  t i m e  o f  c a v i t a t i o n ,  w h i c h  

c o v e r e d  t h e  a r t i c u l a r  c a v i t y  w a l l s ,  and p r e v e n t e d  s e c o n d a r y  

f u s i o n s .

H i s  d o u b t s  a b o u t  t h e  f i r s t  s u g g e s t i o n ,  t h a t  t h e  d a r k

c e l l s  w e r e  d e g e n e r a t i v e ,  r e s t e d  on h i s  f a i l u r e  t o  f i n d  l a t e r

s t a g e s  i n  t h e  p r o c e s s ,  i n c l u d i n g  p h a g o c y t o s i s  by  m a c r o p h a g e s .  

The p r e s e n t  s t u d y  has shown t h a t  t h e s e  d o u b t s  we r e  n o t  

j u s t i f i e d :  a l l  s t a g e s  o f  d e g e n e r a t i o n ,  up t o  c o m p l e t e

d i s i n t e g r a t i o n ,  h a v e  bee n  s e e n ,  t o g e t h e r  w i t h  c l e a r  e v i d e n c e  

o f  p h a g o c y t o s i s  by  m a c r o p h a g e s  o f  l o c a l  o r i g i n .

O ' Ra h  i l l y  and G a r d n e r  ( 1 9 5 6 )  i n  t h e i r  c o m p r e h e n s i v e  

a c c o u n t  o f  t h e  d e v e l o p m e n t  o f  t h e  c h i c k  k ne e  j o i n t ,  f o u n d  a 

f o c u s  o f  p y k n o t i c  c e l l s  l o c a l i z e d  i n  t h e  i n t e r z o n e ,  i n  o n l y  2 

s p e c i m e n s  o u t  o f  1 2 5 ,  a t  s t a g e  3 4 .  T h e y  made no s u g g e s t i o n
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a b o u t  t h e  s i g n i f i c a n c e  o f  t h e s e  c e l l s ,  o r  any  e x p l a n a t i o n  o f  

t h e  m e c h a n i s m  o f  c a v i t y  f o r m a t i o n .  I n  v i e w  o f  t h e  r e s u l t s

o f  t h e  p r e s e n t  s t u d y ,  i t  seems s t r a n g e  t h a t  t h e y  d i d  n o t

n o t i c e  f o c i  o f  c e l l  d e a t h  i n  any  o f  t h e  o t h e r  e mb r y o s  o f  t h e  

l a r g e  s e r i e s  w h i c h  t h e y  s t u d i e d .  The r e a s o n  i s  p r o b a b l y  

p a r t l y  t e c h n i c a l :  t h e  d a r k  c e l l s  a r e  n o t  i m m e d i a t e l y  o b v i o u s

i n  r o u t i n e l y  s t a i n e d  wax s e c t i o n s ,  a l t h o u g h  o n c e  t h e y  wer e  

s e e n  and t h e n  d e l i b e r a t e l y  l o o k e d  f o r ,  t h e y  we r e  o b v i o u s .

" Wh a t  o ne  k n o w s ,  one  sees ' *  ( G o e t h e ) .

The  f a i l u r e  o f  H e n r i k s o n  and Cohen ( 1 9 6 5 )  t o  f i n d  any

s i g n  o f  c e l l  d e g e n e r a t i o n  i n s i d e  t h e  d e v e l o p i n g  j o i n t  i s  more 

d i f f i c u l t  t o  u n d e r s t a n d ,  s i n c e  t h e y  l o o k e d  s p e c i f i c a l l y  f o r  

i t .  I t  may be t h a t  t h e  m e c h a n i s m o f  c a v i t y  f o r m a t i o n  i s  

d i f f e r e n t  i n  j o i n t s  w i t h  l a r g e  c a v i t i e s  -  suc h  as t h e  k n e e  -  

f r o m  t h a t  i n  t h e  s m a l l e r  p l a n e  j o i n t s  o f  t h e  c a r p u s  and 

t a r s u s .  T h e y  f o u n d  m u l t i p l e  b l o o d  v e s s e l s  i n s i d e  t h e  

i n t e r z o n e ,  and t h o u g h t  t h a t  t h e s e  m i g h t  be r e l a t e d  t o  

i n i t i a t i o n  o f  c a v i t a t i . o n .  The same s u g g e s t i o n  was made by 

M i t r o v i c  ( 1 9 7 7 ) ,  who f o u n d  b l o o d  v e s s e l s  and c e l l s  i n s i d e  t h e  

i n t e r z o n e  o f  t h e  same j o i n t .  By c o n t r a s t ,  i n  t h e  p r e s e n t  

s t u d y  no e v i d e n c e  was f o u n d  o f  any  b l o o d  v e s s e l s  2 D§ 1 —S t h e  

i n t e r z o n e  o f  t h e  k n ee  j o i n t ;  b l o o d  v e s s e l s  we r e  c o n f i n e d  t o  

t h e  Q£r i _2 h e r a l  p a r t s  o f  t h e  i n t e r z o n e .

A n d e r s e n  ( 1 9 6 4 )  and A n d e r s e n  and B r o - R a s m u s s e n  ( 1 9 6 1 )  

have  a l s o  c l a i m e d  t h a t  c a v i t y  f o r m a t i o n  was n o t  p r e c e d e d  by 

any s i g n  o f  l i q u e f a c t i o n  o r  d e g e n e r a t i o n  i n  t h e  i n t e r m e d i a t e  

l a y e r  o f  t h e  i n t e r z o n e .  T h e i r  f a i l u r e  t o  o b s e r v e  c e l l  d e a t h
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mu s t  h a v e  b ee n  an o v e r s i g h t ,  as w i t h  O ' R a h i l l y  and G a r d n e r  

( 1 9 5 6 ) ,  u n l e s s  t h e  m e c h a n i s m o f  j o i n t  f o r m a t i o n  d i f f e r s  

f u n d a m e n t a l l y  i n  man ( s t u d i e d  by  A n d e r s o n  and c o l l e a g u e s )  

f r o m  t h a t  i n  c h i c k .

Sea r  I s  ( 1 9 6 5 ) ,  i n  h i s  wor k  on t h e  i n c o r p o r a t i o n  o f  

r a d i o a c t i v e  s u l p h a t e  i n  c h o n d r o i t i n  s u l p h a t e  d u r i n g  t h e  

d i f f e r e n t i a t i o n  o f  c h i c k  l i m b  bud c a r t i l a g e ,  f i r s t  d e t e c t e d  

i n c r e a s e d  u p t a k e  i n  t h e  c h o n d r o g e n i c  a r e a s  a t  l a t e  s t a g e  2 2 ,  

w h i l e  b y  s t a g e  24 a p r o n o u n c e d  Y - s h a p e d  p a t t e r n  was s e e n ,  

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

Even s o ,  t h e  a r e a  b e t w e e n  r a d i u s  and u l n a  was o n l y  s l i g h t l y  

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

c o n d e n s a t i o n s  t h e m s e l v e s .  T h i s  r e s u l t  was a l s o  r e a c h e d  by 

H i n c h l i f f e  and Ede ( 1 9 6 7 )  who showed t h a t  t h e  c e n t r a l  c o r e  o f  

t h e  c h i c k  l i m b  mesenchyme was mor e o r  l e s s  u n i f o r m l y  s t a i n e d  

f o r  a c i d  m u c o p o l y s a c c h a r i d e s  a t  s t a g e  2 4 ,  b u t  t h a t  by  s t a g e s  

27 and 2 9 ,  t h e  a r e a  b e t w e e n  r a d i u s  and u l n a  was n o t  s t a i n e d .  

T h e y  s u g g e s t e d  t h a t  t h e  c e n t r a l  me s e n c h y ma l  c o r e  i n i t i a l l y  

s y n t h e s i s e d  a c i d  m u c o p o l y s a c c h a r i d e s  u n i f o r m l y ,  and t h a t  t h e  

Y p a t t e r n  o f  s y n t h e s i s  e mer ged  l a t e r ,  w i t h  s u p p r e s s i o n  o f  

s y n t h e s i s  b e t w e e n  t h e  ar ms o f  t h e  Y.  Dawd and H i n c h l i f f e  

( 1 9 7 1 )  r e a c h e d  t h e  same c o n c l u s i o n ,  and a t t r i b u t e d  t h e  

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

r a d i u s  and u l n a  t o  c e l l  d e a t h  o f  t h e  o p a q u e  p a t c h  i n  t h i s  

r e g i o n .  The p r e s e n t  r e s u l t s  n e i t h e r  s u p p o r t  n o r  r e f u t e  t h e  

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

s i n c e  t h e  PAS r e a c t i o n  u s ed  does  n o t  s t a i n  a c i d  m u c o p o l y ­

s a c c h a r i d e s .
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I t  a p p e a r s  t h a t  t h e  p r e s e n t  s t u d y  e s t a b l i s h e s  t h e

r e a l i t y  o f  c e l l  d e a t h  i n  t h e  d e v e l o p i n g  c h i c k  k nee  j o i n t .

T h i s  l e a d s  t o  a s e c o n d  q u e s t i o n :

2)  What  i s  t h e  s i g n i f i c a n c e  o f  c e l l  d e a t h ?

To my k n o w l e d g e ,  t h e r e  i s  no p r e v i o u s  c o m p r e h e n s i v e  

s t u d y  o f  t h e  a moun t  and d i s t r i b u t i o n  o f  c e l l  d e a t h  i n  

d e v e l o p i n g  s y n o v i a l  j o i n t s  o r  o f  i t s  c o r r e l a t i o n  w i t h  t h e

d e v e l o p m e n t  o f  t h e  j o i n t  c a v i t y  and o f  i n t r a - a r t i c u l a r  

s t  r u e t u  r e s  .

As s u m m a r i z e d  i n  T a b l e  3 ,  s i g n s  o f  c e l l  d e a t h  a l w a y s

p r e c e d e  s i g n s  o f  c a v i t a t i o n  a t  each  o f  t h e  s i t e s  a n a l y s e d  i n

t h e  T a b l e .  The f i r s t  s i g n s  o f  c a v i t a t i o n  a p p e a r e d  

a n t e r i o r l y ,  b e t w e e n  t h e  l a t e r a l  c o n d y l e  o f  f e m u r  and t h e

l a t e r a l  m e n i s c u s ,  a t  s t a g e  3 1 .  T h i s  was t h e  s i t e  o f  t h e  

f i r s t  a p p e a r a n c e  o f  c e l l  d e a t h ,  a t  s t a g e  3 0 .  I t  was a l s o

n o t i c e d  t h a t  s i g n s  o f  c e l l  d e a t h  a c c o m p a n i e d  t h e  s i g n s  o f

c a v i t a t i o n ,  up t o  s t a g e  37 (11 d a y s ) ,  when j o i n t  c a v i t y  

f o r m a t i o n  was c o m p l e t e .  Once c a v i t a t i o n  was i n i t i a t e d ,  f o c i  

o f  c a v i t y  f o r m a t i o n  a p p e a r e d  a t  v a r i o u s  new s i t e s  i n  t h e  

j o i n t  w h i c h  e v e n t u a l l y  c o a l e s c e d  t o  f o r m  a c o n t i n u o u s  c a v i t y .  

S i g n s  o f  c e l l  d e a t h  we r e  s t i l l  seen  a f t e r  t h e  i n i t i a t i o n  o f  

c a v i t a t i o n  a t  eac h  s i t e ,  p r e s u m a b l y  s e r v i n g  t o  c l e a r  away
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r e m n a n t s  o f  m e s e n c h y m a l  t i s s u e  b e t w e e n  t h e  a r t i c u l a r  

s u r f a c e s .  The l a r g e s t  f o c u s  o f  c e l l  d e a t h  was f o u n d  b e t w e e n  

t h e  l a t e r a l  c o n d y l e  o f  t h e  f e m u r  and t h e  f i b u l a :  c a v i t a t i o n

f i r s t  a p p e a r e d  a t  t h i s  s i t e  a t  s t a g e  34 (8  d a y s ) ,  was

g e n e r a l l y  e s t a b l i s h e d  a t  s t a g e  36 ( 10  d a y s ) ,  and t h e  s i g n s  o f  

c e l l  d e a t h  c o n t i n u e d  u n t i l  s t a g e  37 (11 d a y s ) .  A p o s s i b l e  

r e a s o n  f o r  t h i s  l o n g  p e r i o d  o f  c e l l  d e a t h  i s  t h a t  t h e  r e g i o n  

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

b y  a c o n s i d e r a b l e  a mo un t  o f  m e s e n c h y m a l  t i s s u e ,  mos t  o f  w h i c h  

i s  e l i m i n a t e d ,  a p a r t  f r o m  t h a t  w h i c h  g i v e s  r i s e  t o  p a r t  o f  

t h e  l a t e r a l  m e n i s c u s ;  mor e  t i m e  may t h e r e f o r e  be n e e d e d  t o  

e l i m i n a t e  t h e  t i s s u e  a t  t h i s  s i t e .  By c o n t r a s t ,  o t h e r  

r e g i o n s  o f  t h e  i n t e r z o n e  a r e  o c c u p i e d  m a i n l y  by  m e n i s c i  and 

i n t r a - a r t  i c u l a r  l i g a m e n t s ,  w i t h  o n l y  a s m a l l  a moun t  o f  

m e s e n c h y m a l  t i s s u e  l y i n g  b e t w e e n  t h e  a r t i c u l a r  s u r f a c e s  and 

t h e  i n t r a - a r t i c u l a r  s t r u c t u r e s .  C e r t a i n l y  t h e  f o c i  o f  c e l l  

d e a t h  w e r e  g e n e r a l l y  s m a l l e r  and s h o r t e s t  l i v e d  b e t w e e n  t h e  

m e d i a l  c o n d y l e s  o f  f e m U r  and t i b i a  and m e d i a l  m e n i s c u s .

I n  a d d i t i o n  t o  t h e  ma i n  s i t e s ,  a n a l y s e d  i n  T a b l e  3 

s i g n s  o f  c e l l  d e a t h  we r e  f o u n d  t o  p r e c e d e  s i g n s  o f  c a v i t a t i o n  

a r o u n d  i n t r a - a r t i c u l a r  s t r u c t u r e s  s u c h  as t h e  t i b i a l i s

a n t e r i o r  t e n d o n  and t h e  c r u c i a t e  l i g a m e n t s .  S m a l l  f o c i  o f

c e l l  d e g e n e r a t i o n  we r e  f i r s t  seen  i n  r e l a t i o n  t o  t h e  c r u c i a t e  

l i g a m e n t s ,  i n  a v e r y  s m a l l  n u mbe r  o f  e mb r y o s  a t  s t a g e s  3 0 - 3 2 ;  

mos t  s p e c i m e n s  showed  s i g n s  o f  d e g e n e r a t i o n  a t  s t a g e s  33 and 

3 4 ,  a t  v a r i o u s  s i t e s  a l o n g  t h e  s u r f a c e  o f  t h e  c r u c i a t e

l i g a m e n t s .  The f i r s t  s i g n s  o f  c a v i t a t i o n  we r e  seen  i n

r e l a t i o n  t o  t h e  s u r f a c e  o f  t h e  c r u c i a t e  l i g a m e n t s  a t  s t a g e
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3 5 ,  t h e n  c a v i t a t i o n  e x t e n d e d  r a p i d l y  a r o u n d  t h e  l i g a m e n t s ,  

w h i c h  became mor e  c l e a r l y  d e m a r c a t e d  by  s t a g e  3 6 .

The  f i r s t  s i g n s  o f  c a v i t a t i o n  i n  r e l a t i o n  t o  t h e  s u r f a c e  

o f  t i b i a l i s  a n t e r i o r  t e n d o n  we r e  n o t i c e d  a t  s t a g e s  3 2 - 3 3 ,  

w h i l e  f i r s t  c a v i t a t i o n  was n o t i c e d  i n  a v e r y  s m a l l  n u mb e r  o f  

e m b r y o s  a t  s t a g e  3 4 .  Dead and d y i n g  c e l l s  we r e  s ee n  i n  

r e l a t i o n  t o  t h e  s u r f a c e  o f  t h e  t e n d o n  u n t i l  s t a g e  3 7 ,  by  

w h i c h  t i m e  t h e  t e n d o n  was c o m p l e t e l y  d i f f e r e n t i a t e d  and 

s u r r o u n d e d  by  a c a v i t y  l i k e  a s h e a t h .  A p o s s i b l e  e x p l a n a t i o n  

o f  t h i s  l o n g  i n t e r v a l  ( s t a g e  3 2 / 3 3  -  s t a g e  37 )  may be t h a t  

t h e  t e n d o n  has a b i g  s u r f a c e ,  and i s  s u r r o u n d e d  by  a l a r g e  

a mo u n t  o f  m e s e n c h y m a l  t i s s u e ,  whose  e l i m i n a t i o n  t a k e s  t i m e .  

By c o n t r a s t ,  t h e  c r u c i a t e  l i g a m e n t s  a r e  s u r r o u n d e d  by  a v e r y  

s m a l l  a mo u n t  o f  m e s e n c h y m a l  t i s s u e ,  w h i c h  d o e s  n o t  t a k e  l o n g  

f o r i t s c l e a r a n c e .

T h e s e  r e s u l t s ,  t a k e n  t o g e t h e r ,  s u g g e s t  t h a t  c e l l  d e a t h  

i n  t h e  i n t e r z o n e  s e r v e  t wo  p u r p o s e s :  i )  t h e  i n i t i a t i o n  o f

c a v i t a t i o n  i n  t h e  k n e e  j o i n t :  d e g e n e r a t i o n  o f  c e l l s  and

r e m o v a l  o f  t h e  d e b r i s  by  m a c r o p h a g e s  l e a d s  t o  l o o s e n i n g  and 

c a v i t y  f o r m a t i o n ;  and i i )  t h e  s c u l p t u r i n g  o f  t h e  a r t i c u l a r  

s u r f a c e s  and i n t r a - a r t i c u l a r  s t r u c t u r e s  s u c h  as t h e  m e n i s c i ,  

c r u c i a t e  l i g a m e n t s  and t i b i a l i s  a n t e r i o r  t e n d o n .

The  o n l y  s i t e  o f  c a v i t a t i o n  w h i c h  was n o t  p r e c e d e d  by 

any  s i g n  o f  c e l l  d e a t h  i n  t h i s  s t u d y ,  was t h e  f e m o r o - p a t e I l a r  

j o i n t .  The  s i g n i f i c a n c e  o f  t h i s  e x c e p t i o n  i s  d i s c u s s e d

later.
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3)  What  i s  t h e  n a t u r e  o f  c e l l  d e a t h ?

I n t e r p r e t a t i o n  o f  t h e  c y t o l o g y  o f  c e l l  d e a t h  i n  t h e  

i n t e r z o n e ,  b a s e d  on o b s e r v a t i o n  by  e l e c t r o n  m i c r o s c o p y ,  

r e v e a l s  a c e r t a i n  s e q u e n c e  o f  e v e n t s .

Low p o w e r  s u r v e y  e l e c t r o n  m i c r o g r a p h s  h a v e  shown many o f  

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

i n t e r s p e r s e d  w i t h  o t h e r s  w h i c h  a p p e a r e d  n o r m a l ,  as d i d  c e l l s  

o f  t h e  c h o n d r o g e n i c  z o n e .  T h e r e  was a l s o  a r e d u c t i o n  i n  t h e  

i n t e r c e l l u l a r  s p a c e  and i n  t h e  t h i c k n e s s  o f  t h e  i n t e r z o n e .  

T h i s  r e d u c t i o n  i s  a t t r i b u t e d  t o  t h e  o r i e n t a t i o n  o f  t h e  

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

t h e  l o n g  a x i s  o f  t h e  c a r t i l a g e  m o d e l s .

A t  a h i g h e r  m a g n i f i c a t i o n ,  t h e  m a j o r  c h a n g e s  we r e  seen  

t o  o c c u r  i n  t h e  n u c l e u s .  The f i r s t  s t a g e  was i d e n t i f i e d  by 

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

c h r o m a t i n  m a t e r i a l  s u b j a c e n t  t o  t h e  n u c l e a r  me mb r a n e ;  t h e  

n u c l e a r  o u t l i n e  became v e r y  i r r e g u l a r ,  due  t o  t h e  b e g i n n i n g  

o f  n u c l e a r  s h r i n k a g e  and t o  l o c a l  i n t e r r u p t e d  s e p a r a t i o n  o f  

t h e  t w o  l a y e r s  o f  t h e  n u c l e a r  me mb r a n e .  T h i s  l o c a l  

s e p a r a t i o n  o f  t h e  t w o  l a y e r s  o f  t h e  n u c l e a r  membr ane  l e d  t o  

d i l a t a t i o n  o f  t h e  p e r i n u c l e a r  c i s t e r n a e  w h i c h  we r e  c o n t i n u o u s  

w i t h  t h e  c i s t e r n a e  o f  t h e  e n d o p l a s m i c  r e t i c u l u m .  C o n c o m i t a n t  

w i t h  t h e s e  e a r l y  n u c l e a r  c h a n g e s ,  t h e  c y t o p l a s m  a l s o  a p p e a r e d  

more d e n s e  d ue  t o  c o m p a c t i o n  o f  i t s  o r g a n e l l e s ,  e s p e c i a l l y  

t h e  f r e e  r i b o s o m e s .  Mos t  o f  t h e  c y t o p l a s m i c  o r g a n e l l e s  

r e t a i n e d  t h e i r  i n t e g r i t y ,  b u t  some m i t o c h o n d r i a  and p a r t s  o f  

t h e  e n d o p l a s m i c  r e t i c u l u m ,  and o f  t h e  G o l g i  a p p a r a t u s ,  we r e  

s w o l l e n ,  l e a d i n g  t o  v a c u o l a t i o n  o f  p a r t s  o f  t h e  c y t o p l a s m .
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At  mo r e  a d v a n c e d  s t a g e s  o f  t h e  a p o p t o t i c  p r o c e s s ,  t h e  n u c l e u s  

bec ame  r o u n d e d  u p ,  w i t h  i t s  c h r o m a t i c  m a t e r i a l  c o n d e n s e d  i n t o

d i s c r e t e  and d e n s e l y  s t a i n e d  a r e a s  w i t h i n  t h e  n u c l e u s  and

b e n e a t h  t h e  n u c l e a r  me mb r a n e .  The i n i t i a l l y  l o c a l i z e d

s e p a r a t i o n s  o f  t h e  t w o  l a y e r s  o f  t h e  n u c l e a r  membr ane

i n c r e a s e d  i n  s i z e  and a p p e a r e d  as e l e c t r o n  t r a n s l u c e n t

v a c u o l e s .  Dense  c o m p a c t ,  r o u n d  g r a n u l e s  a p p e a r e d  i n s i d e  t h e  

n u c l e a r  m a t r i x .  S o m e t i m e s ,  t h e  c h r o m a t i c  m a t e r i a l  was 

c o n c e n t r a t e d  i n  one  l a r g e  h omo g e n e o u s  and s t r o n g l y  e l e c t r o n  

d e n s e  m a s s .  N u c l e i  a t  t h i s  a d v a n c e d  s t a g e  o f  d y i n g  we r e

s u r r o u n d e d  by  c y t o p l a s m  w h i c h  s howed  d e t e r i o r a t i o n  o f  i t s  

o r g a n e l l e s .  O f t e n  o n l y  a t h i n  r i m  o f  c y t o p l a s m  r e m a i n e d

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

c y t o p l a s m  i n t o  t h e  i n t e r c e l l u l a r  s p a c e .

F i n a l l y ,  a p o p t o t i c  b o d i e s  o f  d i f f e r e n t  s i z e s  and s h a p e s ,  

f o r m e d  o f  n u c l e a r  f r a g m e n t s  s u r r o u n d e d  by  c y t o p l a s m i c

e l e m e n t s ,  we r e  f o u n d  e i t h e r  d i s p e r s e d  i n  t h e  i n t e r c e l l u l a r  

s p a c e s ,  o r  p h a g o c y t o s e d  by  a d j a c e n t  v i a b l e  me s e n c h y ma l  c e l l s .  

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

c o n t a i n i n g  b a n d e d  g r a n u l e s  we r e  c l e a r l y  seen  i n  t h e

i n t e r c e l l u l a r  s p a c e s .

The  b a n d e d  g r a n u l e s  f o u n d  i n  t h e  c y t o p l a s m  have  a l s o  

been  r e p o r t e d  by  B e l l a i r s  ( 1 9 6 1 )  and Dawd and H i n c h l i f f e  

( 1 9 7 1 ) .  B e l l a i r s  ( 1 9 6 1 )  s u g g e s t e d  t h r e e  p o s s i b l e  ways i n

w h i c h  t h e y  had f o r m e d : -

1)  b y  c o m b i n a t i o n  o f  s e v e r a l  g r a n u l e s  o f  r i b o n u c  l e o p r o t e m

2)  b y  t h e  b r e a k d o w n  o f  o t h e r  c y t o p l a s m i c  c o n s t i t u e n t s
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3)  by  l o s s  o f  w a t e r  d u r i n g  d e g e n e r a t i o n  r e s u l t i n g  i n  t h e  

c l o s e  p a c k i n g  o f  t h e  g r a n u l e s .

The  f i n d i n g s  o f  t h e  p r e s e n t  s t u d y  s u g g e s t  t h a t  f i n e  

b a n d e d  g r a n u l e s  r e s u l t e d  f r o m  c o m p a c t i o n  o f  f r e e  r i b o s o m e s ,  

and t h a t  p a c k e d  g r o u p s  o f  p a r a l l e l  membr anes  r e p r e s e n t e d  

c o m p a c t i o n  o f  r o u g h  e n d o p l a s m i c  r e t i c u l u m .

The p r o c e s s  o f  c e l l  d e g e n e r a t i o n  o c c u r r i n g  d u r i n g  

d e v e l o p m e n t  o f  a v a r i e t y  o f  o r g a n s ,  has been  d e s c r i b e d  by 

s e v e r a l  w o r k e r s  u n d e r  d i f f e r e n t  t e r m s ,  e . g .  H a i n e s  ( 1 9 4 7 )  

d e s c r i b e d  i t  as a H g u e f a c t i o n  p r o c e s s ;  S t r a y e r  ( 1 9 4 3 ) ;  

Ra j  an and M e r k e r  ( 1 9 7 5 )  and M i t r o v i c  ( 1 9 7 7 ,  1 9 7 8 )  d e s c r i b e d

i t  as E ^ k n o s i s ;  K e r r  ( 1 9 7 1 )  as s h r i n k a g e  nec  r o s j _ s ,  and 

f i n a l l y  K e r r  e t  a I ( 1 9 7 2 )  c o i n e d  t h e  new name,  a g o g t o s i s .  

T h a t  t h e  d e g e n e r a t i v e  c h a n g e s  d e s c r i b e d  a b o v e  r e p r e s e n t  a

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

b a s e d  on t h e  f o l l o w i n g  i t e m s  o f  c i r c u m s t a n t i a l  e v i d e n c e :

1)  The  c h a n g e s  c h a r a c t e r i s t i c a l l y  a f f e c t  some m e s e n c h y m a l  

c e l l s  w h i l e  o t h e r s  a r e  n o r m a l .

2)  The  c h a n g e s  o c c u r  d u r i n g  n o r m a l  d e v e l o p m e n t  o f  t h e  j o i n t ,  

w i t h o u t  a ny  a p p a r e n t  e x t e r n a l  p r e c i p i t a t i n g  f a c t o r .

3)  The  c y t o l o g i c a l  c h a n g e s  d e s c r i b e d  a r e  s i m i l a r  t o  t h o s e  

d e s c r i b e d  b y  o t h e r s  as t y p i c a l  o f  p h y s i o l o g i c a l  c e l l  d e a t h

o c c u r r i n g  d u r i n g  d e v e l o p m e n t  o f  a v a r i e t y  o f  o r g a n s ,  as

o u t l i n e d  i n  t h e  I n t r o d u c t i o n .

4)  What  i s  t h e  f a t e  o f  t h e  dead  £ e J. J. s ?

The  d e g e n e r a t i v e  c h a n g e s  d e s c r i b e d  a bo v e  t a k e  p l a c e  

d u r i n g  t h e  a p o p t o t i c  p r o c e s s ,  b e f o r e  i n g e s t i o n  by  p h a g o c y t e s .  

T h i s  f i n d i n g  s u g g e s t s  t h a t  t h e  p h a g o c y t i c  p r o c e s s  i s  n o t  t h e
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c a u s e  o f  a p o p t o s i s .  T h i s  s u g g e s t i o n  i s  i n  a g r e e m e n t  w i t h  t h e  

i n t e r p r e t a t i o n  o f  B a l l a r d  ( 1 9 6 5 )  and Dawd and H i n c h l i f f e  

( 1 9 7 1 )  .

U n d e r  t h e  e l e c t r o n  m i c r o s c o p e ,  some o f  t h e  a p o p t o t i c  

c e l l s  w e r e  f o u n d  p a r t i a l l y  s u r r o u n d e d  by  c y t o p l a s m i c  

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

n e i g h b o u r s ,  and a p p a r e n t l y  a c t i n g  as a p h a g o c y t e -  O t h e r  

c e l l s  c o n t a i n e d  w i t h i n  t h e i r  c y t o p l a s m  one o r  t w o  r e c e n t l y  

i n g e s t e d  a p o p t o t i c  c e l l s  o r  b o d i e s  w h i c h  s howed  l i t t l e  o r  no 

s i g n  o f  d i g e s t i o n .  T h e s e  p h a g o c y t e s  r e p r e s e n t  t h e  f i r s t  

s t a g e  o f  p h a g o c y t o s i s ,  d e s c r i b e d  b y  Dawd and H i n c h l i f f e  

( 1 9 7 1 ) ,  who f o u n d  t h a t  t h e r e  was no s i g n  o f  i n c r e a s e d  a c i d  

p h o s p h a t a s e  a c t i v i t y  w i t h i n  e i t h e r  t h e  d ead  c e l l s  o r  t h e  

p h a g o c y t e  a t  t h i s  s t a g e .

O t h e r  p h a g o c y t e s  had 3 - 5  p h a g o c y t i c  v a c u o l e s  c o n t a i n i n g  

i n g e s t e d  a p o p t o t i c  b o d i e s ,  one o r  t wo  s h o w i n g  s i g n s  o f  

d i g e s t i o n  s u c h  as s m a l l e r  s i z e  and l o s s  o f  s t a i n  i n t e n s i t y .  

The n u c l e u s  o f  t h e  p h a g o c y t e  t o o k  on a s h a p e  a p p a r e n t l y  

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

p h a g o c y t e s  r e p r e s e n t  t h e  2nd s t a g e  o f  p h a g o c y t o s i s  d e s c r i b e d  

by  Dawd and H i n c h l i f f e  ( 1 9 7 1 ) ,  who f o u n d  i n c r e a s e d  a c i d  

p h o s p h a t a s e  a c t i v i t y  i n  p h a g o c y t e s  a t  t h i s  s t a g e .

M a t u r e  m a c r o p h a g e s  wer e  l a r g e  c e l l s ,  c o n t a i n i n g  s e v e r a l  

a p o p t o t i c  b o d i e s .  T h e i r  n u c l e i  showed i n c r e a s e d  e l e c t r o n  

d e n s i t y ,  and t h e  q u a n t i t y  o f  m a c r o p h a g e  c y t o p l a s m  was g r e a t l y  

i n c r e a s e d  c o mp a r e d  w i t h  t h a t  o f  n o r m a l  m e s e n c h y ma l  c e l l s ,  and 

c o n t a i n e d  mor e  m i t o c h o n d r i a  and an i n c r e a s e d  a mo un t  o f
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e n d o p l a s m i c  r e t i c u l u m .  Th e s e  p h a g o c y t e s  r e p r e s e n t  t h e  3 r d  

s t a g e  d e s c r i b e d  by  Dawd and H i n c h l i f f e  ( 1 9 7 1 ) .

I f  t h e  EM f i n d i n g s  a r e  c o r r e l a t e d  w i t h  t h o s e  on a c i d  

p h o s p h a t a s e  a c t i v i t y  as seen  i n  wax s e c t i o n s ,  t h e  f o l l o w i n g  

t e n t a t i v e  s u g g e s t i o n s  e m e r g e :

i )  t h a t  when me s e n c h y ma l  c e l l s  o f  t h e  i n t e r z o n e  b e g i n  t o  

u n d e r g o  a p o p t o s i s ,  t h e r e  i s  no o b v i o u s  i n c r e a s e  i n  t h e i r  a c i d  

p h o s p h a t a s e  a c t i v i t y ,  as i n d i c a t e d  by  h i s t o c h e m i c a l  s t a i n i n g  

and by  t h e  n u mb e r  o f  l y s o s o m e s  seen  by  E . M.

i i )  t h a t  i s o l a t e d  dead  c e l l s  and a p o p t o t i c  b o d i e s  a r e  

p h a g o c y t o s e d  by  a d j a c e n t  n o r m a l  m e s e n c h y m a l  c e l l s

i i i )  t h a t  some o f  t h e s e  n e w l y  d i f f e r e n t i a t e d  p h a g o c y t e s  may 

t h e n  a s s ume  t h e  a p p e a r a n c e  o f  t y p i c a l  m a c r o p h a g e s ,  w h i c h  may 

c o n t a i n  g r o u p s  o f  i n g e s t e d  dead  c e l l s .  ( S a u n d e r s  e t .  a I . 

1 9 6 2 )  i n t e r p r e t e d  such  g r o u p s  as c l u s t e r s  f o r m e d  by  t h e

a g g r e g a t i o n  o f  dea d  c e l l s ,  n o t  w i t h i n  a m a c r o p h a g e ) .

T h i s  i n t e r p r e t a t i o n  o f  t h e  d i f f e r e n t i a t i o n  i n  s i t u  o f  

m a c r o p h a g e s  f r o m  m e s e n c h y ma l  c e l l s  i s  s i m i l a r  t o  t h a t  p u t

f o r w a r d  by  a n umbe r  o f  w o r k e r s ,  a n a l y s i n g  c e l l  d e a t h  i n  t h e  

m e s e n c h y m e ,  i n  l i m b  d e v e l o p m e n t :  e . g .  B a l l a r d  ( 1 9 6 5 ) ;  B a l l a r d  

and H o l t  ( 1 9 6 8 ) ;  Dawd and H i n c h l i f f e  ( 1 9 7 1 ) ;  Hammer and

M o t t e t  ( 1 9 7 1 )  and H i n c h l i f f e  and Ede ( 1 9 7 3 ) ,  a l l  w o r k i n g  on 

v a r i o u s  a s p e c t s  o f  l i m b  d e v e l o p m e n t .  I t  r u n s  c o n t r a r y  t o  t h e  

c u r r e n t l y  f a s h i o n a b l e  c o n c e p t  o f  a m o n o n u c l e a r  p h a g o c y t i c  

s y s t e m " ,  a w i d e l y  d i s t r i b u t e d  s y s t e m  o f  m a c r o p h a g e s ,  a l l  o f  

w h i c h  a r e  s a i d  t o  be d e r i v e d  f r o m  b l o o d  b o r n e  p r e c u r s o r s ,  t h e  

m o n o c y t e s ,  o f  b one  ma r r o w o r i g i n .  The e v i d e n c e  f r o m  t h e  

p r e s e n t  s t u d y  t h a t  ma c r o p h a g e s  d i f f e r e n t i a t e  i n  s i t u  f r o m
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m e s e n c h y m a l  c e l l s  o f  t h e  i n t e r z o n e  may be s u m m a r i z e d  as 

f o  I l o w s :

i )  i n  t h e  e a r l y  s t a g e s  o f  p h a g o c y t o s i s ,  t h e  c e l l s  i n v o l v e d  

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

n e i g h b o u r h o o d .  Und e r  EM t h e y  do n o t  show f e a t u r e s  o f  e i t h e r  

m o n o c y t e s  o r  m a c r o p h a g e s .

i i )  t h e  i n t e r z o n e  i s  a v a s c u l a r :  b l o o d  v e s s e l s  a r e  c o n f i n e d  t o  

t h e  mo r e  p e r i p h e r a l ,  p r e s u m p t i v e  s y n o v i a l  me s e n c h y me .  No

e v i d e n c e  was f o u n d  o f  t h e  m i g r a t i o n  o f  m o n o c y t e s  i n t o  t h e

c e n t r e  o f  t h e  i n t e r z o n e  and o f  t h e i r  d i f f e r e n t i a t i o n  i n t o

m a c r o p h a g e s .

i i i )  A c i d  p h o s p h a t a s e  p o s i t i v e  c e l l s  we r e  s p a r s e  i n  t h e  

i n t e r z o n e  a t  s t a g e s  when i t  was c l e a r ,  f r o m  t h e  EM s t u d y ,  

t h a t  p h a g o c y t o s i s  o f  dead  c e l l s  was u n d e r  way .

5)  What  i s  t h e  roJ.e o f  I y s o  somes _in cej . 1 d e a t h ?

The q u e s t i o n  o f  l y s o s o m a l  p a r t i c i p a t i o n  i n  c e l l  d e a t h

has  c a u s e d  c o n s i d e r a b l e  c o n t r o v e r s y .

M a t e r i a l  s t a i n e d  f o r  a c i d  p h o s p h a t a s e  e x a m i n e d  by  l i g h t  

m i c r o s c o p y  d i d  n o t  show g r e a t e r  a c t i v i t y  i n  a p o p t o t i c  c e l l s

t h a n  i n  t h e i r  n o r m a l  n e i g h b o u r s ,  a f i n d i n g  w h i c h  c o n t r a d i c t s

t h e  " s u i c i d e  b a g "  t h e o r y  o f  de D u v e ,  t h a t  dead  c e l l s

s y n t h e s i s e  a d d i t i o n a l  l y s o s o m a l  enzymes  w h i c h  d e s t r o y  t h e  

c e l l  t h r o u g h  r e l e a s e  o f  h y d r o l y t i c  enzymes  i n t o  t h e  c y t o p l a s m  

( d e  D u v e ,  1 9 5 9 ) .  T h i s  v i e w  c o n f i r m s  t h a t  o f  M i t r o v i c  and o f  

s e v e r a l  o t h e r  w o r k e r s :  E B a l l a r d  and H o l t  ( 1 9 6 8 ) ;  Dawd and

H i n c h l i f f e  ( 1 9 7 1 ) ;  Hammar and M o t t e t  ( 1 9 7 1 ) ;  Pan n e s e  e t  a l  

( 1 9 7 6 ) ;  and Umansky  ( 1 9 8 2 ) : .
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1 1 ■ DEVELOPMENTAL s e q u e n c e  r e l a t e d  to  e x t e r n a l  s t a g i n g

The p r e s e n t  s t u d y  r e v e a l s  t h a t  t h e r e  i s  i n  g e n e r a l  a 

r e m a r k a b l e  r e g u l a r i t y  o f  t h e  d e v e l o p m e n t a l  s e q u e n c e  i n  

r e l a t i o n  t o  e x t e r n a l  s t a g i n g .  A l t h o u g h  s l i g h t  v a r i a t i o n s  i n  

t h e  t i m e  o f  o n s e t  may be e x p e c t e d ,  we f o u n d  t h a t ,  a t  any 

g i v e n  s t a g e ,  mos t  o f  t h e  s p e c i m e n s  showed  t h e  same f e a t u r e s .  

C h o n d r i f i c a t i o n  o f  t h e  f e m o r a l ,  t i b i a l  and f i b u l a r  b l a s t e m a t a  

was e s t a b l i s h e d  a t  s t a g e  2 7 ,  and c o n f i n e d  t o  t h e  s h a f t s ,  

w h i l e  t h e  d i s t a l  end o f  t h e  f e m u r  and p r o x i m a l  e nds  o f  t h e  

t i b i a  and f i b u l a ,  we r e  c h o n d r i f i e d  a t  s t a g e  3 0 .  The 

i n t e r z o n e  a p p e a r e d  as a h o mog enous  s t r u c t u r e  u n t i l  s t a g e  3 2 ,  

w h e n ,  a t h r e e - l a y e r e d  i n t e r z o n e  was d i s t i n g u i s h a b l e .  The 

p e r i c h o n d r i u m  a r o u n d  t h e  f e m u r ,  t i b i a  and f i b u l a  was 

r e c o g n i z e d  a t  s t a g e  2 8 ,  when c o n d e n s a t i o n s  f o r  t h e  

q u a d r i c e p s  f e m o r i s  m u s c l e ,  and t h e  c r u c i a t e  l i g a m e n t s  we r e  

a l s o  n o t e d .  The t i b i a l i s  a n t e r i o r  t e n d o n  f o r m e d  a t  s t a g e  2 9 .  

The p a t e l l a r  c o n d e n s a t i o n  a p p e a r e d  a t  s t a g e  3 0 .  At  t h e  same 

s t a g e ,  c o n d e n s a t i o n s  f o r  m e n i s c i ,  a mb i e n s  t e n d o n ,  and 

o s s i f i c a t i o n  a r o u n d  t h e  c e n t r e s  o f  t h e  s h a f t s  o f  f e m u r ,  

t i b i a ,  and f i b u l a r  a p e a r e d .  C a v i t a t i o n  was f i r s t  g e n e r a l l y  

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

m e n i s c u s  a t  s t a g e  3 4 ,  w h i c h  was a l s o  t h e  s i t e  o f  t h e  f i r s t  

a p p e a r a n c e  o f  c a v i t a t i o n ,  a t  s t a g e  3 1 .  C a v i t a t i o n  was 

g e n e r a l l y  e s t a b l i s h e d  a t  t h e  v a r i o u s  r e g i o n s  o f  t h e  j o i n t ,  

e x c e p t  t h e  f e m o r o - p a t e l l a r  r e g i o n  a t  s t a g e  3 5 .  At  t h i s  

s t a g e ,  c a r t i l a g e  c a n a l s  had a p p e a r e d  i n  t h e  i n t e r c o n d y l a r  

n o t c h  o f  t h e  f e m u r  p o s t e r i o r l y ,  and t h e  p n m o r d i u m  o f  t h e
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p a t e l l a r  p e r i c h o n d r i u m  a p p e a r e d .  The  j o i n t  c a v i t y  was w e l l  

d e v e l o p e d  b e t w e e n  t h e  a r t i c u l a r  s t r u c t u r e s ,  i n c l u d i n g  t h e  

f e m o r o " p a t e l l a r  r e g i o n ,  by  s t a g e  3 6 .  At  t h i s  s t a g e ,  t h e

p a t e l l a  became c h o n d r i f i e d ,  an e a r l y  s y n o v i a l  l i n i n g  was

d e t e c t e d  i n  some p l a c e s ,  and c a r t i l a g e  c a n a l s  a p p e a r e d  i n  t h e  

m e d i a l  c o n d y l e  o f  t h e  t i b i a .  The a r t i c u l a r  c a r t i l a g e  s t a r t e d  

t o  show c e l l  c o l u m n s  i n  i t s  d e ep  l a y e r  a t  t h i s  s t a g e .  The 

s y n o v i a l  f o l d s  and v i l l i  a p p e a r e d  a t  s t a g e  3 7 .  The k nee

j o i n t  l o o k e d  l i k e  t h a t  o f  t h e  a d u l t ,  and b l o o d  v e s s e l s  

s t a r t e d  t o  p e n e t r a t e  t h e  p a t e l l a r  p e r i c h o n d r i u m ,  a.t s t a g e  4 0 .

The  p r e s e n t  f i n d i n g s  i n  g e n e r a l  c o n f i r m  t h o s e  o f

0 * Rah i l l y  and G a r d n e r  ( 1 9 5 6 ) .  The t i m e s  g i v e n  by  t he m f o r  

t h e  a p p e a r a n c e  o f  t h e  t i b i a l i s  a n t e r i o r  t e n d o n ,  ( S t a g e  27)  

and t h e  a m b i e n s  t e n d o n ,  and o s s i f i c a t i o n  a r o u n d  t h e  m i d d l e  

p a r t s  o f  t h e  s h a f t s  o f  f e m u r ,  t i b i a  and f i b u l a  ( S t a g e  29 )  a r e  

e a r l i e r  t h a n  t h o s e  f o u n d  h e r e .  T h e i r  f i n d i n g s  o f  t h e  

c o n d e n s a t i o n  f o r  t h e  c r u c i a t e  l i g a m e n t s  a t  s t a g e  3 0 ,  and t h e  

p a t e l l a r  p e r i c h o n d r i u m ,  a t  s t a g e  3 6 ,  a r e  l a t e r  t h a n  o u r s .  

T h e s e  d i f f e r e n c e s  a r e  a l l  s m a l l  and s e r v e  t o  e m p h a s i z e  t h e  

v a l u e  o f  s t a g i n g ,  and t h e  c l o s e  c o r r e l a t i o n  b e t w e e n  e x t e r n a l  

f e a t u r e s  and i n t e r n a l  s t r u c t u r e .

The  ma i n  d i f f e r e n c e s  b e t w e e n  o u r  r e s u l t s  and t h o s e  o f  

O' Rah  i l l y  and G a r d n e r  ( 1 9 5 6 )  a r e  i n  t h e  t i m e  and p r o c e s s  o f  

c a v i t a t i o n .  Th e y  f o u n d  t h a t  c a v i t a t i o n  a p p e a r e d  i n  t h e  

i n t e r z o n e ,  i n  some s p e c i m e n s  a t  s t a g e  3 4 ,  as m e n i s c o - f e m o r a  I 

c a v i t i e s ,  w h i l e  i n  o u r  r e s u l t s ,  c a v i t a t i o n  was g e n e r a l l y  

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

m e n i s c u s  a t  s t a g e  3 4 ,  and t h e  f i r s t  a p p e a r a n c e  o f  c a v i t a t i o n
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was n o t i c e d  a t  s t a g e s  3 1 / 3 2 ,  i n  t h e  same s i t e .  T h e y  f a i l e d  

t o  r e c o g n i z e  t h e  d a r k l y  s t a i n e d  c e l l s ,  e x c e p t  i n  t w o  o u t  o f  

125 s p e c i m e n s ,  and t h e y  a t t a c h e d  no s i g n i f i c a n c e  t o  t h e s e  

d a r k  c e l l s ,  n o r .  d i d  t h e y  o f f e r  a ny  e x p l a n a t i o n  o f  t h e  

p r o c e s s  o f  c a v i t a t i o n  i n  t h e  j o i n t .  Th ey  a l s o  f a i l e d  t o  

r e c o g n i z e  t h e  t h r e e - I  aye  r e d  i n t e r z o n e  a t  any  s t a g e ,  w h i l e  i t  

i s  c l e a r l y  e s t a b l i s h e d  i n  o u r  s p e c i m e n s  a t  s t a g e s  32 and 3 3 .  

T h e s e  ma i n  d i f f e r e n c e s  can o n l y  r e p r e s e n t  e r r o r s  i n  

o b s e r v a t i o n  on t h e i r  p a r t :  t h u s  i n  t h e i r  F i g u r e  1 1 ,  t h e

t h r e e - l a y e r e d  i n t e r z o n e  i s  c l e a r l y  s h o w n ,  w h i l e  t h e y  c l a i m e d  

t h a t  i t  was q u i t e  d i f f i c u l t  t o  r e c o g n i z e  i n  t h e  k n e e  j o i n t .

I l l . d e v e l o p m e n t  OF THE p a t e l l a  and  f e m o r o p a t e l l a r  j o i n t

A) THE DEVELOPMENT OF THE PATELLA

a) A s s o c i a t i o n  w i t h  q u a d r i c e p s  t e n d o n

O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 )  f o u n d  t h a t  t h e  p a t e l l a r  

a n l a g e  a p p e a r e d  deep  t o ,  and l a t e r  t h a n ,  t h e  e x p a n d e d  

q u a d r i c e p s  t e n d o n .  T h e y  t h e r e f o r e  r e g a r d e d  t h e  p a t e l l a  as a 

p e r i - a r t i c u l a r  r a t h e r  t h a n  an i n t r a - t e n d i n o u s  s e s a m o i d .  

A n d e r s o n  ( 1 9 6 1 )  a l s o  f o u n d  t h a t  t h e  p a t e l l a r  p r i m o r d i u m  

o r i g i n a t e d  i n  t h e  b l a s t e m a  b e h i n d  t h e  q u a d r i c e p s  t e n d o n  w i t h  

a s h a r p  m o r p h o l o g i c a l  d i s t i n c t i o n  b e t w e e n  t h e  c e l l s  o f  t h e  

t wo  s t r u c t u r e s .  Sc h n e c k  ( 1 9 6 5 )  a l s o  r e a c h e d  t h e  same 

c o n c l u s i o n ,  t h a t  t h e  q u a d r i c e p s  t e n d o n  and p a t e l l a r  l i g a m e n t  

l a y  on t h e  a n t e r i o r  s u r f a c e  o f  t h e  p a t e l l a .  D o s k o c i l  ( 1 9 8 5 )  

f o u n d  t h a t  t h e  q u a d r i c e p s  f e m o r i s  t e n d o n  was a t t a c h e d  t o  t h e  

f r o n t  and  t h e  e d g e s  o f  t h e  p a t e l l a ,  and he c l a i m e d  t h a t  t h e
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p a t e l l a  i s  n o t  a s e s a m o i d  b o n e .

The  p r e s e n t  s t u d y  f u l l y  c o n f i r m s  t h e  c o n c l u s i o n  o f  a l l

t h e  a b o v e  w o r k e r s ,  t h a t  t h e  p a t e l l a  i s  n o t  an i n t r a - t e n d i n o u s

s e s a m o i d  b o n e .  The q u a d r i c e p s  t e n d o n  was f o u n d  t o  be

i n s e r t e d  i n t o  t h e  u p p e r  b o r d e r  o f  t h e  p a t e l l a ,  and t h e

p a t e l l a r  l i g a m e n t  b e g a n  f r o m  t h e  a n t e r i o r  s u r f a c e  o f  t h e  

a n l a g e  o f  t h e  p a t e l l a  and d e s c e n d e d  t o w a r d s  t h e  t i b i a .  Th e s e  

f i n d i n g s  a r e  i n  d i s a g r e e m e n t  w i t h  t h o s e  who r e g a r d e d  t h e

p a t e l l a  as an i n t r a - t e n d i n o u s  s e s a m o i d  b on e  e . g .  B a r d e e n  

( 1 9 0 5 ) ,  W a l m s l e y  ( 1 9 4 0 )  and H a i n e s  ( 1 9 4 7 ) .

b)  T i m e  o f  a p p e a r a n c e  and c h o n d r i f i c a t i o n

I n  t h i s  s t u d y ,  i t  was f o u n d  t h a t  t h e  p a t e l l a  a p p e a r e d  as 

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

3 0 ,  w h i c h  i s  t h e  t i m e  o f  i n i t i a l  o s s i f i c a t i o n  o f  t h e  l o n g  

b o n e s ,  and p r i o r  t o  t h e  o n s e t  o f  j o i n t  c a v i t a t i o n .  I t  became 

s u r r o u n d e d  b y  a p e r i c h o n d r i u m  a t  s t a g e  3 5 ,  and c h o n d r i f i e d  a t  

s t a g e  3 6 .  T h e s e  f i n d i n g s  c o n f i r m  t h o s e  o f  O ' R a h i l l y  and 

G a r d n e r  ( 1 9 5 6 )  e x c e p t  i n  t h e  t i m e  o f  a p p e a r a n c e  o f  t h e  

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

3 6 ,  w h i c h  i s  l a t e r  t h a n  o u r  f i n d i n g .  N i v e n  ( 1 9 3 3 )  f o u n d  t h a t  

t h e  p a t e l l a r  c o n d e n s a t i o n  was i s o l a t e d  f r o m  t h e  s u r r o u n d i n g  

t i s s u e ,  and d i d  n o t  d e v e l o p  u n t i l  t h e  end o f  t h e  1 0 t h  day  

( s t a g e  3 6 )  o r  t h e  b e g i n n i n g  o f  t h e  1 1 t h  d a y  ( s t a g e  3 7 ) .  I t  

c h o n d r i f i e d  b e t w e e n  t h e  1 1 t h  and 1 2 t h  d a y s  ( s t a g e  3 8 ) ,  and 

was s u r r o u n d e d  by  a p e r i c h o n d r i u m  a t  t h e  end o f  t h e  1 2 t h  

d a y .  T h e s e  t i m e s  a r e  c o n s i d e r a b l y  l a t e r  t h a n  t h o s e  f o u n d

h e r e .

Ou r  f i n d i n g s  a r e  i n  d i s a g r e e m e n t  w i t h  t h o s e  o f  D o s k o c i l
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( 1 9 8 5 ) ,  who c l a i m e d  t h a t  t h e  a n l a g e  o f  t h e  p a t e l l a  was 

a s s o c i a t e d  a t  t h e  v e r y  b e g i n n i n g  o f  i t s  d e v e l o p m e n t  w i t h  t h e  

b l a s t e m a  o f  t h e  l o w e r  end o f  t h e  f e m u r  f r o m  w h i c h  i t  d i d  n o t  

b ec o me  s e p a r a t e d  u n t i l  t h e  e a r l y  p r e c h o n d r i a l  b l a s t e m a  s t a g e .  

By c o n t r a s t ,  we f o u n d  t h a t  t h e  p a t e l l a r  c o n d e n s a t i o n  a p p e a r e d  

c h o n d r i f i c a t i o n  o f  t h e  f e m u r ,

c)  A s s o c i a t i o n  w i t h  l o w e r  end o f  f e m u r

The c o n c l u s i o n  w h i c h  was r e a c h e d  by  e . g .  H a i n e s  ( 1 9 4 7 ) ,

G r a y  and G a r d n e r  ( 1 9 5 0 ) ,  and O ' R a h i l l y  and G a r d n e r  ( 1 9 5 6 )

t h a t  t h e  p a t e l l a  was s e p a r a t e d  f r o m  t h e  l o w e r  end o f  t h e

f e m u r  b y  l o o s e  v a s c u l a r  m e s e n c h y m a l  t i s s u e  f r o m  t h e  o u t s e t

and u n t i l  c a v i t y  f o r m a t i o n  b e g a n ,  and t h a t  t h e  j o i n t  d i d  n o t

show a t y p i c a l  i n t e r z o n e ,  i s  c o m p l e t e l y  c o n f i r m e d  by  t h e  

p r e s e n t  s t u d y .  D o s k o c i l  ( 1 9 8 5 )  f o u n d  t h a t  t h e  p a t e l l a  was 

s e p a r a t e d  f r o m  t h e  l o w e r  end o f  t h e  f e m u r  by  l o o s e  t i s s u e

o n l y  a f t e r  i t s  a n l a g e  had s e p a r a t e d  f r o m  t h a t  o f  t h e  f e m u r .

By c o n t r a s t ,  A n d e r s e n  ( 1 9 6 1 )  and Sc h n e c k  ( 1 9 6 5 )  c l a i m e d  t h a t  

t h e  p a t e l l a  was s e p a r a t e d  f r o m  t h e  f e m u r  by  a t y p i c a l  t h r e e -  

l a y e r e d  i n t e r z o n e .

B) THE DEVELOPMENT OF THE FEM0R0-PATELLAR JOI NT

Fr om t h e  p r e s e n t  s t u d y ,  i t  was f o u n d  t h a t  t h e  c a v i t y  was

f o r m e d  by  g r a d u a l  l o o s e n i n g  o f  t h e  me s e n c h y m a l  t i s s u e  b e t w e e n

t h e  f e m u r  and p a t e l l a .  No f o c i  o f  dead  c e l l s  we r e  f o u n d

p r e c e d i n g  o r  a c c o m p a n y i n g  c a v i t y  f o r m a t i o n ,  b e t w e e n  f e m u r  and 

p a t e l l a  u n l i k e  a l l  t h e  r e s t  o f  t h e  k n e e  j o i n t  c a v i t y .

T h i s  f i n d i n g  o b v i o u s l y  r u l e s  o u t  t h e  v i e w  t h a t  c e l l
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T h e s i s  s u b m i t t e d  f o r  t h e  d e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  

i n  t h e  F a c u l t y  o f  M e d i c i n e

D e p a r t m e n t  o f  A n a t o m y ,  
U n i v e r s i t y  o f  G l a s g o w . O c t o b e r ,  1 9 8 7 .



An e x a m p l e  f r o m  t h e  H u n t e r i a n  c o l l e c t i o n  o f  
l y m p h a t i c s  i n j e c t e d  w i t h  m e r c u r y  s h o w i n g  t h e  
s u p e r f i c i a l  l y m p h a t i c s  o f  t h e  l i v e r  f o r m i n g  a c l o s e  
a r b o r e s c e n t  p l e x u s  b e n e a t h  t h e  p e r i t o n e a l  c o v e r i n g  o f  
t h e  o r g a n .  The l a r g e r  t r u n k s  a r e  s e e n  r u n n i n g  o f f  
i n t o  one  o f  t h e  l i g a m e n t s  on  t h e i r  way t o  t h e  
d r a i n i n g  n o d e .





f i g . 2

E l i a s ' s  3 - d i m e n s i o n a l  scheme s h o w i n g  t h e  way  b r a n c h e s  
o f  t h e  h e p a t i c  a r t e r y ,  t h e  p o r t a l  v e i n  and  t h e  b i l e  
d u c t  p i e r c e  t h e  p e r i l o b u l a r  l i m i t i n g  p l a t e  on 
e n t e r i n g  o r  l e a v i n g  t h e  l o b u l e .

N o t e :  t h e  n a r r o w  s p a c e  b e t w e e n  e a c h  s t r u c t u r e  and
t h e  a d j a c e n t  h e p a t o c y t e .
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fiSi 3

S c h e m a t i c  d r a w i n g  o f  b l o o d - l y m p h  b a r r i e r  i n  t h e  
n o r m a l  l i v e r  p r e s e n t e d  by  H e n r i k s o n  e t  a l  ( 1 9 8 4 )  
s h o w i n g  t h e  way i n  w h i c h  t h e  p o r t a l  v e i n  ( PV)  and  t h e  
h e p a t i c  a r t e r y  ( HA)  p i e r c e  t h e  l i m i t i n g  p l a t e  and 
e n t e r i n g  a s i n u s o i d  ( S ) .  The f l o w  a l o n g  t h e  b l o o d -  
l y mp h  b a r r i e r  i s  shown  i n  a r r o w s .  The f l o w  a t  t h e  
p o i n t  o f  e n t r y  o f  t h e s e  v e s s e l s  C d e s c r i b e d  by 
H e n r i k s o n  e t  a l  ( 1 9 8 4 )  as l e s s  d e f i n e d ]  i s  shown  by  
d o t t e d  a r r o w s .

N o t e :  t h e  p r o x i m i t y  o f  t h e  l y m p h a t i c s  ( L )  t o  t h e
p o i n t  o f  e n t r y  o f  t h e  v e s s e l s  ( i . e .  g a p s )  
s u g g e s t e d  by  H e n r i k s o n  e t  a l .

AF -  a n c h o r i n g  f i l a m e n t s  
HV -  h e p a t i c  v e i n
SP -  s i e v e  p l a t e s  o f  t h e  s i n u s o i d a l  e n d o t h e l i u m





F i g .  4

A.  As t h e  p o r t a l  v e i n  b r a n c h  ( PV)  e n t e r s  t h e  
s i n u s o i d  CS) i t  i s  d i f f i c u l t  t o  r e c o g n i z e  a s p a c e  
b e t w e e n  t h e  w a l l  o f  t h e  v e i n  and  t h e  h e p a t o c y t e s  
o f  t h e  l i m i t i n g  p l a t e ,  
x 312

B.  A T . E . M .  o f  t h e  same a r e a  w h i c h  r e v e a l s  t h a t  t h e  
s p a c e  b e t w e e n  t h e  w a l l  o f  t h e  v e i n  and  t h e  
h e p a t o c y t e s  o f  t h e  l i m i t i n g  p l a t e  i s  o f  t h e  same 
o r d e r  o f  s i z e  as  D i s s e ' s  s p a c e .

PV -  p o r t a l  v e i n  
S -  s i n u s o i d

x 5 8 8 0





F i g -  5

A g a p  CG) b e t w e e n  2 h e p a t o c y t e s  o f  p e r i l o b u l a r  
l i m i t i n g  p l a t e -  I t  i s  17 pm l o n g ,  2 pm w i d e ,  and 
e x t e n d s  b e t w e e n  D i s s e ' s  s p a c e  ( D)  o f  a s i n u s o i d  ( S )  
and  p o r t a l  t r a c t  ( P )  and s p a c e  o f  M a l l  ( M ) .  I t  
c o n t a i n s  a f i b r o b l a s t i c  p r o c e s s  e m b r a c i n g  a b u n d l e  o f  
c o l l a g e n -  
x 7 8 4 0
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Ei2i 6
A h i g h e r  m a g n i f i c a t i o n  o f  t h e  c o n t e n t s  o f  
p r e v i o u s  g ap  i n  F i g .  5 s h o w i n g  t h e  t h r e e  
c o n t e n t s .

1 . C -  c o l l a g e n
2 .  F . P .  -  f i b r o b l a s t i c  p r o c e s s
3 .  M . V .  -  mi c  r o y i  H i

t h e
m a i n

x 2 8 0 0 0





F i g .  7

A g a p  ( 6 ) ,  2 p m  l o n g ,  4 ;um w i d e  b e t w e e n  t w o
h e p a t o c y t e s  o f  t h e  l i m i t i n g  p l a t e .  I t  e x t e n d s  
b e t w e e n  D i s s e ' s  s p a c e  ( D)  o f  a s i n u s o i d  ( S )  and  t h e  
s p a c e  o f  M a l l  CM) and  p o r t a l  t r a c t  ( P ) .  
x 5 8 8 0
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fl9i §
A g a p  ( 6 ) ,  a b o u t  8 j j m  l o n g  a nd  1 p m  w i d e ,  b e t w e e n  t w o  
h e p a t o c y t e s  o f  a L i m i t i n g  p l a t e ,  
x 7 8 4 0





Ei2i 2
A gap ( G ) ,  about  5 pm long and 5 jLim w i d e ,  be tween tw 
h e p a t o c y t e s  of  a L i m i t i n g  p l a t e .

No te :  A f i b r o b l a s t  ( F )  whose p r o c e s s e s  e x t e n d  i n t
t h e  space o f  D i s se  ( D ) .

x 7840
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A gap ( G ) ,  about  3 jum Long and 5 jUm w i d e ,  
two h e p a t o c y t e s  o f  a l i m i t i n g  p l a t e .

CM -  c h y l o m i c r o n s

b e t w e e n

x 7 8 4 0
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A gap ( G ) ,  about  3 pm long and 2 pm w i d e ,  be tween  
h e p a t o c y t e s  of  a l i m i t i n g  p l a t e .

No te :  a b i l e  d u c t u l e  CBD) f a c e s  t h e  gap .

x 7 8 4 0





E iS i 11

A gap ( G ) ,  about  1 . 5  pm long and 3 pm w i d e ,  
two h e p a t o c y t e s  o f  a l i m i t i n g  p l a t e ,  
x 9800

between

\

)





Eifli 11
A gap ( G ) ,  about  3 - 5  jum w i d e ,  be tween two h e p a t o c y t e s  
o f  a l i m i t i n g  p l a t e .

No te :  t h e  s i n u s o i d a l  e n d o t h e l i u m  ( S . E . )  n e a r l y  abuts
on t h e  p o r t a l  t r a c t  i n t e r s t i t i u m  ( P T ) .

x 5880





F i g .  14

A gap (G)  ab 
o f  a l i m i t i n g  
(SE)  a b u t s  d 
( P T )  . 
x 15680

out  3 . 5  pm wi 
p l a t e  where  

i r e c t l y  on th

e be t ween  two 
he s i n u s o i d a l  

p o r t a l  t r a c t

h e p a t o c y t e s  
endot  he I i um 

i n t e  r s t  i t  i urn





E l s *  I E

A gap (G) about  12 jum wide between two h e p a t o c y t e s  of  
a l i m i t i n g  p l a t e  where t h e  s i n u s o i d a l  e n d o t h e l i u m  
CSE) abu ts  d i r e c t l y  on t h e  i n t e r s t i t i u m  o f  t h e  p o r t a l  
t r a c t  ( P T ) . 
x 5886





F i g .  16

The e n d o t h e l i u m  CE) of  a l o n g i t u d i n a l  s e c t i o n a l
p r o f i l e  o f  a s i n u s o i d  (S)  abu ts  d i r e c t l y  on t he
i n t e r s t i t i u m  of  t he  p o r t a l  t r a c t  (PT)  t h r o u g h  a gap
( G ) ,  which i s  about  32 pm w i d e ,  be t ween two
h e p a t o c y t e s  o f  a l i m i t i n g  p l a t e ,  
x 3920





E l s *  1 1

The gap (G)  can be t r a c e d  i n t o  c o n t i n u i t y  w i t h  t he  
p e r i s i n u s o i d a l  spaces of  D i sse  (D)  a s s o c i a t e d  w i t h  
t h e  two s i n u s o i d s  S1 and S2 and t h e i r  
i n t e r c o n n e c t i o n s ,  
x 5880





F i g .  18

T h i s  i s  one example o f  t h e  r a m i f i c a t i o n s  of  t h e  space  
of  D i s se  (D)  between h e p a t o c y t e s .

No te :  t h e  c o n t r a s t  has been d e l i b e r a t e l y  i n c r e a s e d
t o  emphasize  t he  i n t e r c e l l u l a r  e x p a n s i o n s  of  
Di sse 1 s space .

x 5880





T h i s  gap CG) between two h e p a t o c y t e s  o f  a l i m i t i n g  -3
p l a t e  i s  m a i n l y  o cc u p i e d  by a b u n d l e  of  c o l l age n  *
f i b r e s  which ex t en d  i n t o  spaces of  D i s s e  o f  s e v e r a l '•
s i n u s o i d s -  |
x 3920  ;





f i S i  IQ
I n  t h e  s e c t i o n a l  p r o f i l e  o f  t h i s  p o r t a l  t r a c t  one can 
r e c o g n i z e  6 gaps ( a r r o w s )  i n  t h e  p e r i l o b u l a r  L i m i t i n g  
p l a t e ,  o n l e  one o f  which ( * )  may p o s s i b l y  be 
a s s o c i a t e d  w i t h  an e n t r y  o f  a p o r t a l  v e i n  b r a n c h ,  
x 360

Elfli 11
I n  t h e  p r o f i l e  of  t h i s  p o r t a l  t r a c t  i t  i s  p o s s i b l e  to  
r e c o g n i z e  7 gaps ( a r r o w s )  i n  t he  p e r i l o b u l a r  l i m i t i n g  
p l a t e  of  which o n l y  one ( * )  can be r e l a t e d  t o  an 
e n t r y  of  a p o r t a l  v e i n  b r a n c h ,  
x 312





F i g .  22

There are  4 gaps ( a r r o w s )  i n  t he  p e r i l o b u l a r  l i m i t i n g  
p l a t e  of  t he  s e c t i o n a l  p r o f i l e  o f  t h i s  p o r t a l  t r a c t ,  
x 312





F i g .  23

I t  i s  p o s s i b l e  t o  i d e n t i f y  2 gaps CGI ,  G2) i n  a TEM 
f i e l d  a t  a r e l a t i v e l y  low power o f  1 4 0 0 ,  
x 3920





£ i 9 i  24

Shows 3 a d j a c e n t  gaps ( 6 1 ,  G2,  G3)
h e p a t o c y t e s  o f  a l i m i t i n g  p l a t e ,  
x 5880

between





Ph ot omi cr ogr ap h  of  t he  s m a l l e s t  l y m p h a t i c  p r o f i l e ^  
( a r r o w )  i d e n t i f i e d  by o p t i c a l  m i c r o s c o p y ,  
x 320

An e l e c t r o n m i c r o g r a p h  of  t he  a d j a c e n t  s e c t i o n  of 
t h e  same ar ea  c o n f i r m i n g  t h a t  t h e  v e s s e l  i s  in 
f a c t  a l y m p h a t i c  c a p i l l a r y  ( a b ou t  3 jum in 
d i amete r ) . 
x 5880





F i g .  26

Shows t h a t  i n  t h i s  p o r t a l  t r a c t  p r o f i l e ,  whose portal^ 
v e i n  branch d i a m e t e r  i s  about  40 L̂im, l y m p h a t i c s  are! 
a b s e n t ,  
x 520





f l 9i 2Z
A. Shows t h a t  t h e r e  are  no l y m p h a t i c s  i n  a por ta l  

t r a c t  s e c t i o n a l  p r o f i l e  whose accompanying por ta l  
v e i n  branch d i a m e t e r  i s  about  73 yum. 
x 430

B. No l ymphat ic  v e s s e l  could be seen even i n  this  
p o r t a l  t r a c t  s e c t i o n a l  p r o f i l e ,  whose 
accompanying p o r t a l  v e i n  branch i s  about  125 yum 
i n  d i a m e t e r ,  
x 430





EiSi 28

A SEM o f  p a r t  o f  a l a r g e  p o r t a l  t r a c t .

Note :  -  t he  c o a r s e ,  i r r e g u l a r y  a r r a n g e d  collagen
bun dl es  ( C ) .

-  a t y p i c a l  s c a l l o p e d  l y m p h a t i c  v e s s e l  (L)
w i t h  a t h i n  w a l l  and p r o t e i n o u s  c o n t e n t s .

B D -  b i I e d u c t  \
C -  c a p i I L a r y  
V - v e i n

x 1030
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Fig - 29

A h igh m a g n i f i c a t i o n  of  a s m a l l  a r e a  i n
i n t e r s t i t i u m  of  a Large p o r t a l  t r a c t .

Note :  c l o s e l y  packed c o l l a g e n  b u n d le s  ( C ) .
-  a f i b  rob I a st  C F)
-  m a s t  c e l l  (M)
-  bund le  of  ne r ve  f i b r e s  (NF)
-  a l y m p h a t i c  v e s s e l  CL) \
-  a s e l n d e r  f i b r o b l a s t i c  p r oce ss

x 1 5 6 8 0





Showing an a r ea  i n  t h e  i n t e r s t i t i u m  of  p o r t a l  t r a c t  
s m a l l e r  t h a n  t he  p r e v i o u s  one i n  F i g .  29 .

Note :  -  l o o s e r  c o n n e c t i v e  t i s s u e
-  compare t h e  c y t o p l a s m i c  p r oc e s s e s  of  the  

f i b r o b l a s t  w i t h  t he  l y m p h a t i c  e n d o t h e l i u m  of  
t h e  lymph v e s s e l  (L )

-  t he  i n t e r c e l l u l a r  j u n c t i o n s  CJ) between  
l y m p h a t i c  e n d o t h e l i a l  c e l l s .

-  compare t he  d e n s i t y  o f  t he  p r o t e i n o u s  
m a t e r i a l  i n  l y m p h a t i c s  w i t h  t h a t  i n  the  
l o c u l i  bounded by f i b r o b l a s t i c  p r o c e s s e s .

-  t h e  v a r y i n g  d e n s i t y  of  t h e  c o l l a g e n  b u n d l e s .

x 15680





Shows i n t e r s t i t i a l  a r ea  of  an even s m a l l e r  and more
p e r i p h e r a l  p o r t a l  t r a c t .

Note :  -  much l o o s e r  c o n n e c t i v e  t i s s u e .
-  f i b r o b l a s t s  C F1 ,  F2) sending  out  processes

i n t o  t h e  i n t e r s t i t i u m ,  t hu s  c r e a t i n g  L o c u l i .

x 7 8 4 0





F i g -  32

L o c u l i  (LOC) c r e a t e d  by m u l t i p l e  p r o c e s s e s  of 
d i f f e r e n t  f i b r o b l a s t s  w i t h  d e s m o s o m e - I i k e  j u n c t i o n s  
( J )  - 
x 19600





EIS a 13

Showing m u l t i p l e  f i b r o b l a s t i c  p r oc e s s e s  (FP) 
e n c l o s i n g  a l o c u l u s  t h a t  c o n t a i n s  dense p r o t e i n o u s  
p r e c i p i t a t e .

No te :  -  t he  a r ea  between t h e  two l i n e s  A A ' ,  BB'
might  w e l l  be m i s t a k e n  f o r  e n d o t h e l i a l l y  
l i n e d  l y m p h a t i c s .

-  c o l l a g e n  bun d l es  CC1 a l s o  make s m a l l  p a r t  of 
t h e  w a l l  o f  t he  l o c u l u s .

x 15680
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F i g .  34

F i b r o b l a s t i c  p r oc e ss es  c o m p l e t e l y  e n c l o s e  a channel  
which might  e a s i l y  be m i s t a k e n  f o r  a l y m p h a t i c ,
a l t h o u g h  c l e a r l y  i t  i s  n o t .

No te :  -  t h e  n a t u r e  and d e n s i t y  o f  t h e  c o n t e n t s
-  t h e  gaps ( a r r o w s )  be tween f i b r o b l a s t i c

pr oc e ss es  t h a t  make t h e  c h a n n e l .

x 11760





A c r oss  s e c t i o n a l  p r o f i l e  o f  a f i b r o b l a s t i c  channel  
(FC)  which appeared  t o  be a l y m p h a t i c  by l i g h t  
m i c r o s c o p y .  TEM r e v e a l e d  t h e  f i b r o b l a s t i c  n a t u r e  of 
t h e  l i n i n g ,  t h e  c o l l a g e n  w i t h i n  t h e  lumen (C)  and the 
m u l t i p l e  o p e n i n g s .

-  compare t he  c o n t e n t s  w i t h  t h a t  o f  t h e  n e i g h b o u r i n g  
t r u e  l y m p h a t i c s  ( L ) .

x 15680





F i g -  36

Shows a L o n g i t u d i n a l  s e c t i o n a l  p r o f i l e  o f  a
f i b r o b l a s t i c  channe l  which c o n t a i n s  many c e l l s
(macrophages and n e u t r o p h i l s ) .

Note :  t h e  t h i n ,  i n t e r r u p t e d  and b r a n c h i n g  l i n i n g  of
f i b r o b l a s t i c  p r o c e s s e s .

x 7 8 4 0





F i g .  37

Shows a l o n g i t u d i n a l  s e c t i o n a l  p r o f i l e  o f  a
f i b r o b l a s t i c  c h a n n e l .

No te :  -  c o n t e n t s  o f  p r e c i p i t a t e d  p r o t e i n  and a
mononuc lear  c e l l

-  t h i n  i n t e r r u p t e d  l i n i n g
-  c o l l a g e n  (C)  on t h e  l u m i n a l  and ab l umi na l  

s i d e s o f t h e w a l l

x 1 5 6 8 0



____



F i g . 38

Shows a c r oss  s e c t i o n a l  p r o f i l e  o f  a f i b r o b l a s t i c  
c h a n n e l ,  a l mos t  c o m p l e t e l y  e n c l o s e d  by t h e  processes  
of  a s i n g l e  f i b r o b l a s t .  The gap l e f t  i s  compl e t ed  by 
a b u n d le  o f  c o l l a g e n ,  
x 15680
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F i g .  39

Shows a s e c t i o n a l  p r o f i l e  o f  a c h a n ne l  compl e t e l y  
e n c l o s e d  by f i b r o b l a s t i c  p r o c e s s e s ,  
x 7840





F i g .  40

Shows a f i b r o b l a s t i c  c h a nn e l  (FC)  a d j a c e n t  t o  a blood 
c a p i l l a r y  i n  a p o r t a l  t r a c t .  Compare t h e  s i z e  and 
p r o t e i n o u s  c o n t e n t  w i t h  t h a t  o f  t h e  a d j a c e n t  blood 
c ap i  I L a r y .

No te :  -  t h e  t h i n  b r a n c h i n g  p r o c e s s e s  o f  f i b r o b l a s t i c
c y t o p l a s m  which bound t h e  c h a n n e l  

-  t h e  d e f i c i e n c y  i n  t h e  l i n i n g .

x 3920
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Shows t h e  SEM a p p e a ra nc e  of  f i b r o b l a s t i c  channels
which sug ges t s  t h a t  t h e  w a l l  i s  most l i k e l y  made of
s h e e t s  o f  f i b r o b l a s t i c  p r o ce s se s  (SH)  w i t h  m u l t i p l e
gaps ( 6 )  and t h a t  t h e  w a l l  may be c om pl e t ed  by
c o l l a g e n  ( C ) .  
x 19000





F i g .  42

Shows a n e a r l y  c om pl e t e  f i b r o b l a s t i c  c h a n ne l  (FC);
t he  gap f a c i n g  t h e  h e p a t o c y t e  o f  t h e  l i m i t i n g  p l a t e
i s  compl e t ed  by c o l l a g e n  ( C ) .

Note :  t h e  r e l a t i o n  o f  t h e  gap i n  t h e  f i b r o b l a s t i c
cha nne l  t o  t h e  space of  M a l l  ( M ) .

x 28000
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E i S i  §3

I l l u s t r a t e s  t h e  p r o x i m i t y  o f  t h e  f i b r o b l a s t i c  channel  
CFO t o  t h e  space o f  M a l l  CM),  
x 11760





F i g .  44

D e m o ns t r a t e s  t he  p r o x i m i t y  o f  t h e  f i b r o b l a s t i c  
c ha n ne l  (FC)  t o  t h e  t r u e  l y m p h a t i c  ( L ) .

No te :  t h e  p o s i t i o n  o f  t h e  gap ( a r r o w )  i n  t h e  w a l l  of
t h e  f i b r o b l a s t i c  c h a n n e l ,  which f a c e s  t h e  t rue  
l y m p h a t i c .

x 5 8 8 0





Shows a bu n d l e  of  c o l l a g e n  (C)  i n  t h e  space o f  Disse 
(D)  ba t he d  i n  p r o t e i n o u s  m a t e r i a l ,  
x 58800
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f i f l i

Shows two bu n d l es  o f  c o l l a g e n  (C)  i n  t h e  space of 
D i s s e ,  b a t h ed  i n  p r o t e i n o u s  m a t e r i a l ,  
x 19600
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F i g .  47

Shows a c o l l a g e n  b u n d l e ,  i n  a p o r t a l  t r a c t ,  ba t hed  in 
p r o t e i n o u s  m a t e r i a l ,  
x 50400





f i 2 i

F e r r i t i n  g r a n u l e s  can be seen i n  t h e  s i n u s o i d  (S) 
lumen and t h e  space o f  D i s se  ( D ) .  These g r a n u l e s  are 
s c a n t y  p r esumably  because f i x a t i o n  was by p e r f u s i o n ,  
x 50400
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F i g . 49

F e r r i t i n  g r a n u l e s  a r e  seen i n  abundance i n  the 
s i n u s o i d a l  lumen ( S ) ,  i n  e n d o t h e l i a l  f e n e s t r a t i o n s  
( a r r o w s )  and i n  D i s s e ' s  space ( D ) .  T h i s  specimen was 
t a k e n  f rom a d e c a p i t a t e d  a n i m a l  and f i x e d  by 
i m me r s i o n ,  
x 39200



m m



F i g .  50

A gap (G)  i n  a l i m i t i n g  p l a t e  w i t h  f e r r i t i n  
between i t s  v a r i o u s  components ,  
x 5 0 4 0 0

g ranules





F i g .  51

F e r r i t i n  g r a n u l e s  i n  t h e  space of  M a l l  CM),  
x 1 5 6 8 0





E l S i  52

F e r r i t i n  g r a n u l e s  i n  t h e  i n t e r s t i t i u m  o f  a p or t a l  
tract.
Note :  ( a r r o w )  i n d i c a t e s  s i t e  o f  e a r l y  f o r m a t i o n  of a

b r i s t l e  coa ted  v e s i c l e  t a k i n g  up f e r r i t i n  
g ranu l e s .

x 50400
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F i g .  53

F e r r i t i n  g r a n u l e s  i n  a f i b r o b l a s t i c  c h a n n e l ,  
x 15680





Shows f e r r i t i n  g r a n u l e s  b a t h i n g  a b u n d l e  o f  c o l l a g e n  
f i b r e s  i n  t h e  i n t e r s t i t i u m  o f  a p o r t a L  t r a c t .

N o t e :  c o m p a r e  w i t h  F i g .  4 7 .

x 5 0 4 0 0





£ i 9 i  55

Shows t h a t  l y m p h a t i c s  c o n t a i n e d  a higher  
c o n c e n t r a t i o n  o f  f e r r i t i n  g r a n u l e s  t h a n  d i d  other  
p a r t s  o f  t h e  sugges t ed  pa t hway ,  
x 50400

)
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Shows t h a t  f e r r i t i n  g r a n u l e s  were t a k e n  up by the 
s i n u s o i d a l  e n d o t h e l i u m  (SE)  i n  b r i s t l e  coated 
v e s i c l e s  ( a r r o w s ) ,  
x 11760
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56

A h i g h e r  power  o f  t he  p a r t  of  t he  
e n d o t h e l i u m  t ak i ng up t h e  f e r r i t i n  
b r i s t l e  coa t e d  v e s i c l e s  ( a r r o w s ) . 
x 39200

si  n u s o i  dal  
g r a n u l e s  i n





E if l i  57

Shrows Pont ami ne  Sky Bl ue  p a r t i c l e s  i n  t h e  s i n u s o i d a l  
Lumen,  f e n e s t r a t i o n s  ( a r r o w s )  and D i s s e ' s  space ,  
x 11760





F i g .  58

Shows Pont ami ne  Sky Bl ue  p a r t i c l e s  i n  a gap (G)  in 
t h e  l i m i t i n g  p l a t e ,  
x 11760





I l 2 ±  59

Shows Pont ami ne  Sky Bl ue  p a r t i c l e s  i n  v a r i o u s  par ts  
of  t h e  i n t e r s t i t i u m  of  a p o r t a l  t r a c t .

Not e :  PSB p a r t i c l e s  i n  f i b r o b l a s t i c  c h a n n e l s  FC.

x 15680





F i g -  60

Shows Pont ami ne  Sky Bl ue  p a r t i c l e s  i n  t h e  space  
M a l l  CM) ,  i n  p o r t a l  t r a c t  i n t e r s t i t i u m ,  and i n  
l y m p h a t i c .

Not e :  t h e  h i gh c o n c e n t r a t i o n  of  t h e  p a r t i c l e s  i n
l y m p h a t i c s .

of
t he

the

x 9800
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Shows Pont ami ne  Sky Bl ue  p a r t i c l e s  and chy l omi cr ons  
i n  t he  s i n u s o i d a l  lumen.

Not  e : -  a c l u s t e r  o f  v a r i o u s  s i z e s  of  chy l omi cr ons
-  a l a r g e  c h y l o m i c r o n
-  a c l u s t e r  o f  s ma l l  c h y l o m i c r o n s  i n  the 

space o f  Di sse

x 11760





I l 9 i  62

Shows c h y l o m i c r o n s  ( a r r o w s )  i n  a l o n g i t u d i n a l  
s e c t i o n a l  p r o f i l e  o f  a f i b r o b l a s t i c  c h a n n e l ,  
x 28000
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F i g .  63

Shows c h y l o m i c r o n s  ( a r r o w e d )  i n  t h e  i n t e r s t i t i u m  of  a 
p o r t a l  t r a c t  and i n  a l y m p h a t i c  v e s s e l ,  
x 7840





F i g .  64

Shows L i p o p r o t e i n  p a r t i c l e s  i n  t h e  s i n u s o i d a l  lumen 
( S)  and i n  space o f  D i s s e  ( D ) .  
x 11760

)





f i g *  65

Shows l i p p r o t e i n  p a r t i c l e s  i n  v a r i o u s  spaces o f  the 
p o r t a l  t r a c t  i n t e r s t i t i u m  and i n  a l y m p h a t i c  ( L ) .  
x 7840
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flfli 66
Shows K u p f f e r  c e l l s  f u l l  o f  M o n s t r a l  b l u e  p a r t i c l e s ,  
x 3 20

3





Fig- .  67

Shows many M o n s t r a l  b l u e  p a r t i c l e s  a d h e r e n t  t o  the 
s i n u s o i d a l  s u r f a c e  of  t h e  K u p f f e r  c e l l  whi ch a v i d l y  
pha goc y t os e d  t he  p a r t i c l e s .  
x 19600





F i g .  68

Shows a f ew; Ho n a s t r a L  b l u e  p a r t i c l e s  p a s s i n g  through  
i n t e r e n d o t h e l i a l  o v e r l a p p i n g  j u n c t i o n s ,  
x 39200

\





f i g .  69

Shows t h a t  o n l y  a few M o n a s t r a l  b l u e  
r eached t he  space of  Di sse  ( D ) .  
x 50400

p a r t i c l e s





fiSi ZQ
Shows a r a r e  s i g h t  o f  a sma l l  c l u s t e r  
b l u e  p a r t i c l e s  i n  t h e  i n t e r s t i t i u m  of  
and even w i t h i n  a l y m p h a t i c ,  
x 28000

of  Monast r a l  
a p o r t a l  t r a c t

)
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Els* 11
Shows s e c t i o n a l  p r o f i l e  o f  a l a r g e  p o r t a l  t r a c t  
whose accompanyi ng p o r t a l  v e i n  br anch d i a m e t e r  is 
g r e a t e r  t h a n  180 ^m.

Not e :  a s i n g l e  l y m p h a t i c  ( a r r o w e d )  i n  t h e  p o r t a l
t r a c t

24 hr  o l d  a n i m a l .  \

x 225





E l s *  1 1

A & B

Shows s e c t i o n a l  p r o f i l e s  o f  more p e r i p h e r a l  
t r a c t s ,  w i t h  p o r t a l  v e i n  br anch d i a m e t e r s  of  
t han  180 yum, l a c k i n g  l y m p h a t i c s .

24 hr  o l d  a n i m a l .

por t a  I 
l ess

x 360





F i g .  73

I n  t h i s  s e m i - t h i n  s e c t i o n a l  p r o f i l e  of  a deve l op i ng  
l y m p h a t i c  i n  a 2 weeks o l d  a n i m a l ,  t h e  l y mp h a t i c  CL) 
shows two l o c u l i  on t he  l u m i n a l  and a b l u m i n a l  sides  
of  t h e  w a l l ,  
x 320

)





F i g .  74

The e l e c t r o n  m i c r o s c o p i c  app e a r a nc e  o f  l ymphat i c
c a p i l l a r i e s  shows c o n s i d e r a b l e  de v e l o pme n t a l  
v a r i a t i o n s  f rom i t s  " t y p i c a l "  p a t t e r n s  dependi ng  upon 
t he  age of  t he  an i ma l  and t h e  p o s i t i o n  of  the
l y mp h a t i c  w i t h i n  t he  l i v e r .

I n  a 2 weeks o l d  r a t :

Not e:  The l i n i n g  i s  c o n t i n u o u s ,  but  a t  (A)  shows
t y p i c a l  e n d o t h e l i a l  c h a r a c t e r i s t i c s ,  and at  
(B)  shows c h a r a c t e r i s t i c s  i n t e r m e d i a t e  between 
mesenchymal  c e l l s  and e n d o t h e l i a l  c e l l s .

x 5940





F i g .  75

Shows two c e l l s  A & B whi ch c o n t r i b u t e  t o  t h e  w a l l  of  
an i r r e g u l a r  l o c u l a t e d  cha nne l  i n  a 24 hour  old 
a n i m a l .  Both c e l l s  r e t a i n  some mesenchymal  
c h a r a c t e r i  s t i  c s.  
x 3920





flSi 76
Shows a l y mp h a t i c  c a p i l l a r y  p r o f i l e  i n  
a n i m a l .

Not e:  bot h c e l l s  A & B have
c h a r a c t e r i  s t i e s .

x 5880

a 2 week old 

"mesenc hymaI"





F i g .  77

Shows a l y mp h a t i c  s e c t i o n a l  p r o f i l e  where t h e  l i n i n g  
c e l l  A has more mesenchymal  c h a r a c t e r i s t i c  compared 
t o  c e l l  (B)  whi ch l ooks  more l i k e  a " c h a r a c t e r i s t i c "  
endot  he l i a l  c e l l ,  
x 3920

)
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Els* is
A, B & C

A s e r i e s  of  3 s e r i a l  s e c t i o n a l  p r o f i l e s  o f  l y mpha t i c  
c a p i l l a r i e s  l i n e d  by c e l l s  whi ch d i f f e r  i n  appear ance  
fom t y p i c a l  e n d o t h e l i u m .  From t h e i r  a b l u m i n a l  
s u r f a c e s ,  c y t o p l a s m i c  p r o c e s s e s  e x t e n d  i n t o  
c o n t i n u i t y  w i t h  t y p i c a l  mesenchymal  c e l l s , _ w i t h  which  
t h e y  h e l p  t o  e n c l o s e  spaces i n  t he  i n t e r s t i t i u r n .

A x 3920  
B x 3920  
C x 3920





F i g .  79

The l i n i n g  c e l l  (A)  o f  t h e  l y m p h a t i c  v e s s e l ,  i n  a 2 
week o l d  r a t ,  bounds a v a c u o l e  whi ch opens i n t o  the  
i n t e r s t i t i u m .  
x 7056
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