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A d h e s i o n  of B l o o d  P l a t e l e t s  to S u b e n d o t h e l i a l  Surface  : D i s t i n c t  f r o m  A d h e s i o n  to C o l l a g e n  

I n  t h e  f o r m a t i o n  of a n  i n t r a v a s c u l a r  t h r o m b u s  or  
h e m o s t a t i c  plug,  t h e  in i t ia l  r e sponse  is p l a t e l e t  adhes ion .  
T h e r e  is a b u n d a n t  in  v i t r o  ev idence  t h a t  p l a t e l e t s  a d h e r e  
t o  col lagen,  a n d  t h a t  t h e y  s u b s e q u e n t l y  a g g r e g a t e L  
Accord ingly ,  co l lagen h a s  b e e n  cons ide red  t o  b e  t h e  
v a s c u l a r  s u b s t r a t e  in  h e m o s t a s i s  2. W e  h a v e  ev idence  3 t h a t  
a m a j o r  c o m p o n e n t  of t h e  m a t e r i a l  u n d e r l y i n g  t h e  endo-  
the l i a l  cell of la rge  vessels  is non-co l l agenous  in n a t u r e ;  
r a t h e r  i t  r e sembles  t h e  microf ibr i l s  c h a r a c t e r i z e d  b y  
R o s s  a n d  BORNSTEIN 4. I n  t h e  p r e s e n t  repor t ,  d a t a  are  
g iven  sugges t ing  t h a t  p l a t e l e t  adhes ion  to  t h e  subendo-  
t h e l i u m  of l a rger  vessels  differs  in  i m p o r t a n t  respec t s  
f r o m  t h a t  o b s e r v e d  w i t h  col lagen.  

P l a t e l e t s  a d h e r e  to  a vessel  wal l  whe re  i t  is d e n u d e d  
of e n d o t h e l i u m  5, a n d  in  capi l la r ies  t h e  e n d o t h e l i a l  base-  
m e n t  m e m b r a n e  is t h e  r e a c t i v e  sur face  s . La rge  a r t e r i e s  
h a v e  n o  c o n t i n u o u s  b a s e m e n t  m e m b r a n e ;  e l ec t ron  micro-  
scopy  revea l s  i n s t e a d  microf ibr i l s ,  e las t ic  t i s sue  a n d  
a m o r p h o u s  m a t e r i a l  in  close assoc ia t ion  w i t h  t h e  p l a s m a  
m e m b r a n e  of e n d o t h e l i u m  (Figure  1A a n d  B). W i t h i n  
m i n u t e s  a f t e r  se lec t ive  r e m o v a l  of t h e  e n d o t h e l i u m  b y  
a ba l loon  c a t h e t e r  as desc r ibed  below, p l a t e l e t s  a d h e r e  
a n d  s p r e a d  on  the se  s t r u c t u r e s  to  f rom a t i g h t  a n d  
c o n t i n u o u s  ' p s e u d o e n d o t h e l i u m '  (F igure  1 C a n d  D) ?. 

To  i n v e s t i g a t e  t h e  p l a t e l e t  r e a c t i v i t y  of  t h e  subendo-  
the l i a l  surface,  a n  in s i tu  i so la ted  ao r t i c  vessel  per fus ion-  
s y s t e m  was  c o n s t r u c t e d  as  fol lows:  T h e  a o r t a  of a n  
a n e s t h e t i z e d  r a b b i t  was  l i ga t ed  2 cm d i s t a l  to  t h e  r e n a l  
ar ter ies .  P r o x i m a l  a n d  d i s t a l  t o  t h i s  l i ga tu re  t h e  a o r t a  
was  c a n n u l a t e d  w i t h  Si last ic  t u b i n g  (Dow Corning,  
1.58 m m  ID, 2.45 m m  OD). F r o m  the  p r o x i m a l  t u b i n g  
40 m l  of b lood  were col lec ted  i n to  d i f fe ren t  a n t i c o a g u l a n t s .  
Then ,  as t h e  a b d o m i n a l  a o r t a  was  per fused  a t  120 m m  H g  
w i t h  R i n g e r ' s  so lu t ion  (pH 7.4) a t  37°C t h r o u g h  t h e  

d i s t a l  c a n n u l a ,  t h e  r a b b i t  was  e x s a n g u i n a t e d  f rom t h e  
p r o x i m a l  t u b i n g .  Af te r  t h e  a b d o m i n a l  a o r t a  was  w a s h e d  
for  5-7  min ,  a ba l loon  c a t h e t e r  was  i n t r o d u c e d  i n t o  a 
f emora l  a r t e ry ,  i n f l a t e d  w i t h  a i r  to  300 m m  Hg,  m o v e d  
u p  to  t h e  d i s t a l  t u b i n g ,  a n d  w i t h d r a w n .  T h i s  p r o c e d u r e  
caused  se lec t ive  d e n u d a t i o n  of e n d o t h e l i u m  ?. D u r i n g  
c o n t i n u o u s  pe r fu s ion  w i t h  R inge r ' s ,  t h e  a o r t a  was  can-  
n u l a t e d  w i t h  a t h i r d  s e g m e n t  of Si las t ic  j u s t  p r o x i m a l  
to  t h e  ao r t i c  b i fu rca t i on ,  a n d  al l  t r i b u t a r i e s  of t h i s  
i so la ted  ao r t i c  s e g m e n t  were  l igated.  Such  segments ,  
3-5  cm long, were  pe r fu sed  w i t h  n a t i v e  or  h e p a r i n i z e d  
b lood b y  c o n n e c t i n g  t h e  d i s t a l  t u b i n g  w i t h  t h e  ao r t a ,  
a n d  t h e  b i f u r c a t i o n  t u b i n g  w i t h  t h e  v e n a  c a v a  of a n o t h e r  
u n t r e a t e d  or  h ep a r i n i zed  r a b b i t  (500 U H e p a r i n / k g  b o d y  
we igh t ;  b lood  coagu la t i on  t i m e  > 1 h). Au to logous  a n t i -  
coagu la t ed  b lood  or  p l a t e l e t  r i ch  p l a s m a  (final  concen-  
t r a t i o n s  of a n t i c o a g u l a n t s  used  : H e p a r i n  10 U / m l  ; Na-  
c i t r a t e  0 .32%,  E D T A  0.1%) was  pe r fu sed  b y  a p ro p o r -  
t i o n i n g  p u m p  c i rcu la t ing  b lood  or  p l a s m a  f r o m  a reser-  
vo i r  v i a  a h e a t i n g  coil t h r o u g h  t h e  ao r t i c  s e g m e n t  a n d  
b a c k  to  t h e  reservoir .  All  b lood  a n d  p l a s m a  pe r fus ions  
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Fig. 1. Electronmierographs of rabbit aorta. Normal wall is shown in (A) cross and (B) longitudinal section. An endothelial cell (E) with 
nucleus and pinocytotic vesicles is seen in close contact with the subendothelial surface. 3 morphologic components can be distinguished in 
the subendothelial area: Electron dense microfibrils (->), approximately 110 A wide and oriented longitudinally; electron-lucent elastic 
tissue of internal elastic lamina (IEL); amorphous electron dense material ().) which is irregularly distributed. (C) in cross and (D) in longi- 
tudinal section show platelets (P) adhering to the subendothelial surface after denudation of endothelium and exposure to native blood. 
x 35,000. 
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Fig. 2. Eleetronmicrograph of rabbit aorta denuded of endothelium and subsequently perfused with (A) citrated blood, or (B and C) citrated 
platelet-rich plasma. A tight platelet layer forming a 'pseudoendothelium' is seen in (A), whereas in (B) the subendothelial surface remains 
naked. Insert (C) shows the naked subendothelial surface at higher niagnification. Additional symbols: L, lumen; SM, smooth muscle cell 
of media. A and B × 8,000; C × 36,500. 

were of 10 m i n  d u r a t i o n  a n d  were  m a i n t a i n e d  a t  37°C. 
I m m e d i a t e l y  a f t e r  exposu re  to  b lood  or p l a sma ,  t h e  
ao r t i c  s e g m e n t  was  f ixed b y  per fus ion  w i t h  2.5 % Glu t a r a l -  
d e h y d e  in 0 . 1 M  p h o s p h a t e  buf fe r  p H  7.4 a t  37°C. T h e  
f low ve loc i ty  of al l  pe r fusa t e s  used was s imi lar ,  a n d  
a m o u n t e d  to  a b o u t  1 0 m l / m i n .  P l a t e l e t  c o u n t s  were  
t a k e n  f r o m  t h e  r e se rvo i r  before,  a n d  f rom t h e  b i f u r c a t i o n  
t u b i n g  a f t e r  per fus ion .  A midd le  p o r t i o n  of t h e  ao r t i c  
s e g m e n t  was  processed  for  e l ec t ron  microscopy ,  d i s t a l  
a n d  p r o x i m a l  p o r t i o n s  for  l i gh t  microscopy .  T h e  e x t e n t  
of p l a t e l e t  a d h e s i o n  was  e v a l u a t e d  in cross  sec t ions  b y  
l i gh t  mic roscopy ;  e l ec t ron  mic roscopy  was  used  for  
q u a l i t a t i v e  differences,  a n d  as c o n f i r m a t i o n  of f ind ings  
a t  t h e  l i g h t  level.  

Af te r  pe r fus ion  of t h e  d e n u d e d  a o r t a  w i t h  n a t i v e  blood,  
a t i g h t  a n d  c o n t i n u o u s  p l a t e l e t  l aye r  f o r m e d  w i t h i n  
10 min,  a n d  in severa l  spec imens  m u r a l  p l a t e l e t  t h r o m b i  
w i t h  d i a m e t e r s  up  to  100 t tm were  encoun t e r ed .  A f t e r  
pe r fus ion  w i t h  hepa r in i zed  or  c i t r a t e  whole  blood,  s imi la r  
f ind ings  were  obse rved ,  a l t h o u g h  t h e  t h r o m b i  were  less 
p r o m i n e n t  in  t h e  p resence  of c i t ra te .  These  o b s e r v a t i o n s  
d e m o n s t r a t e  t h e  r e a c t i v i t y  of t h e  s u b e n d o t h e l i u m  e v e n  
a f t e r  p ro longed  wash ing .  

E x p e r i m e n t s  w i t h  hepa r in i zed  spec imens  were  d iscon-  
t i n u e d  because  of mas s ive  a g g r e g a t i o n  of free p la te le t s ,  
a r eac t i on  n o t  seen in t h e  o t h e r  b lood  p r e p a r a t i o n s ,  t h e  
p l a t e l e t  c o u n t  of w h i c h  r e m a i n e d  u n c h a n g e d .  P l a t e l e t  
a d h e s i o n  was  in f luenced  b y  t h e  low c o n c e n t r a t i o n  of 
d i v a l e n t  ca t ion ,  s ince  E D T A - a n t i c o a g u l a t e d  whole  b lood  
gave  m a r k e d l y  d i m i n i s h e d  adhes ion ,  w i t h  large  a reas  of 
t h e  s u b e n d o t h e l i a l  sur face  r e m a i n i n g  p la te le t - f ree .  W h o l e  
b lood  e v i d e n t l y  p r o v i d e d  a c o n t r i b u t o r y  f ac to r  or  factors ,  
s ince  c i t r a t e d  p l a t e l e t - r i c h  p l a s m a  pe r fus ion  was  fol- 

lowed b y  l i t t l e  or no  p l a t e l e t  adhes ion .  T h e  c i t r a t e  i tself  
was  n o t  a n  ef fec t ive  i n h i b i t o r  of adhes ion ,  s ince c i t r a t e d  
whole  b lood  gave  a b u n d a n t  p l a t e l e t  adhes ion .  T h e  a b o v e  
o b s e r v a t i o n s  are  i l l u s t r a t ed  in  F igu re  2 a n d  d o c u m e n t e d  
in t h e  Table .  

T h e  a d h e s i o n  of p l a t e l e t s  to  t h e  s u b e n d o t h e l i a l  sur face  
a p p e a r s  to  be  in f luenced  b y :  a) The sur/ace itsel/ w h i c h  
cons is t s  of a t  l eas t  non -co l l agenous  microf ibr i l s ,  e l a s t i n  
a n d  a m o r p h o u s  m a t e r i a l ;  m o s t  l ike ly  t h e  v a r i e t y  of 
b i o ch emi ca l  en t i t i e s  is fa r  g rea te r .  E v i d e n t l y  Ca++ or  
Mg ++ are  r equ i r ed  for  p l a t e l e t  adhes ion  to  some of t he se  
ma te r i a l s ,  s ince  E D T A  was  i n h i b i t o ry .  A d h e s i o n  of 
p l a t e l e t s  in  E D T A  p l a t e l e t - r i c h  p l a s m a  was  r ead i ly  

Platelet adhesion to subendothelial surface of rabbit aorta 

Perfusate No. of Extent of platelet adhesion 
aortas P0 P1 P2 
studied 

Native blood 4 0 0 16 
Heparinized blood 3 0 0 12 
Citrated blood 3 0 1 11 
EDTA blood 3 1 11 0 
Heparinized PRP 1 0 4 0 
Citrated PRP 4 13 3 0 

Two randomly selected cross sections of each distal and proximal 
portion of perfused vessel segment were examined by light micro- 
scopy. P0, platelets absent; P1, few platelets adhering; P2, loose- 
tight continuous platelet layer. 
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d e m o n s t r a b l e  to  f r a g m e n t s  of r a b b i t  Achi l les  t endon .  
b) Factors in whole blood w h i c h  are  mi s s ing  f rom p la te l e t -  
r i ch  p l a sma ,  as s h o w n  in spec imens  pe r fused  w i t h  c i t r a t e d  
p r e p a r a t i o n s .  W h e t h e r  t h i s  is H~LLEM'S 8 f ac to r  ' R '  of 
r ed  cells w h i c h  was  l a t e r  iden t i f i ed  as A D P  9, or  a labi le  
p r o t e i n  i n a c t i v a t e d  d u r i n g  p r e p a r a t i o n  of p l a t e l e t - r i ch  
p l a sma ,  or  a rheologic  p h e n o m e n o n  r e m a i n s  to  be  
e s t ab l i shed .  

These  cons ide r a t i ons  a re  in  c o n t r a s t  to  t h e  p l a t e l e t -  
co l lagen  a d h e s i o n  r e a c t i o n  w h i c h  occurs  equa l ly  wel l  in  
who le  b lood  or  p l a t e l e t - r i c h  p l a s m a  w i t h  or  w i t h o u t  
d i v a l e n t  ca t ion .  S tud ies  o n  t h e  m e c h a n i s m  of p l a t e l e t  
a d h e s i o n  to  co l lagen  is t h u s  n o t  suf f ic ien t  for  c o m p l e t e  
u n d e r s t a n d i n g  of p l a t e l e t  h e m o s t a t i c  r e a c t i o n s ;  o t h e r  
biologic ma te r i a l s ,  such  as  non-co l l agenous  microf ibr i l s ,  
a n d  fac to r s  i n f luenc ing  p l a t e l e t  adhes ion ,  such  as  r ed  
cells, dese rve  a d d i t i o n a l  a t t e n t i o n .  

Zusammen/assung. Das  s u b e n d o t h e l i a l e  Gewebe  von  
K a n i n c h e n a o r t e n  b e s t e h t  zur  H a u p t s a c h e  aus  Mikro-  

f ibri l len,  E l a s t i n  u n d  a m o r p h e m  Mater ia l .  Die  Adhes ion  
yon  B l u t p l / i t t c h e n  a n  s u b e n d o t h e l i a l e m  Gewebe  is t  v o n  
der  Pr / i senz yon  E r y t h r o z y t e n  u n d  che l i e rba r en  I o n e n  
abhgngig .  Dies  s t e h t  im Gegensa t z  zur  Adhes ion  v o n  
Pl~i t tchen a n  Kol lagen .  
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Effect of S t imula t ion  on Synaptic  Vesicles  in the Super ior  Cervical  Gangl ion  of the Cat 

Physiologicala ,* ,  morphologica l3 ,  4 a n d  b iochemica l5  
ev idence  sugges ts  t h a t  s y n a p t i c  vesicles m a y  p l a y  a n  
i m p o r t a n t  role  in  t h e  s to rage  a n d  release of n e u r o t r a n s -  
m i t t e r  subs t ances .  F u r t h e r m o r e ,  severa l  i nves t i ga to r s  6-s 
h a v e  r e c e n t l y  r e p o r t e d  t h a t  p ro longed  (15-90 min)  s t i m u -  
l a t i o n  c a n  u n d e r  c e r t a i n  cond i t i ons  cause  a r e d u c t i o n  in  
t h e  n u m b e r  of vesicles  in  chol inerg ic  n e r v e  t e r m i n a l s .  
I n  some  of  t he se  l a t t e r  e x p e r i m e n t s  ev idence  of t r a n s -  
mi s s ion  fa i lu re  was  o b t a i n e d  a n d  t h i s  p h e n o m e n o n  
a p p e a r e d  to  b e  r e l a t ed  to  t h e  dep l e t i on  of s y n a p t i c  
vesicles.  Howeve r ,  no  a t t e m p t  was m a d e  to  co r r e l a t e  
these  c h a n g e s  in  t h e  vesicle p o p u l a t i o n  w i t h  t h e  t i s sue  
c o n t e n t  of ace ty l cho l ine  (ACh). 

S ince  we 9 h a d  p rev ious ly  d e m o n s t r a t e d  t h a t  pre-  
gangl ionic  s t i m u l a t i o n  a t  60/see for  4 m i n  could  r educe  
t h e  ACh  c o n t e n t  b y  a b o u t  30%,  we t h o u g h t  i t  wou ld  
be  of i n t e r e s t  to  a s c e r t a i n  w h a t  effects  such  a s h o r t  
pe r iod  of s t i m u l a t i o n  would  h a v e  on  s y n a p t i c  vesicles  
in  t h e  c a t ' s  super io r  ce rv ica l  gangl ion.  I f  t he se  vesicles  
are  t h e  s to rage  s i tes  for  ACh,  t h e n  one  m i g h t  e x p e c t  
t h a t  a s ign i f i can t  dep l e t i on  of ACh would  be  a c c o m p a n i e d  
b y  a co r r e spond ing  r e d u c t i o n  in  t he  n u m b e r  of vesicles.  

Methods. Cats  we igh ing  1.5-2.5 kg  were  a n e s t h e t i z e d  
w i t h  ~-chloralose  i.p. (80 mg/kg) .  Super io r  ce rv ica l  
gang l i a  were  exposed  b y  carefu l  d i ssec t ion  so t h a t  t h e  
n a t u r a l  b lood  s u p p l y  to  these  t i s sues  was  preserved .  
P regang l ion i c  n e r v e  t r u n k s  were  s t i m u l a t e d  a t  a fre- 
q u e n c y  of 60/see w i t h  pu lse  d u r a t i o n s  of 2 msec.  T h e  
vo l t age  (5-10 V) was  a d j u s t e d  to  o b t a i n  a m a x i m u m  
re sponse  as  j u d g e d  b y  t h e  degree  of  m y d r i a s i s  a n d  t h e  
i some t r i c  con t r ac t i l e  r e sponse  of t h e  n i c t i t a t i n g  m e m -  
b rane .  G a n g l i a  were  f ixed  b y  pe r fus ion  v i a  t h e  ca r o t i d  
a r t e r y  w i t h  2 %  (w/v) g l u t a r a l d e h y d e  a n d  were  pos t  
f ixed  in 1 %  (w/v) o s m i u m  te t rox ide .  

Results and discussion. E l e c t r o n m i c r o g r a p h s  of con t ro l  
u n s t i m u l a t e d  n e r v e  end i ngs  a re  p r e s e n t e d  in F igu res  A 
a n d  ]3. These  p i c tu r e s  r evea l  p r e s y n a p t i c  n e r v e  t e r m i n a l s  
w i t h  t h e i r  n o r m a l  c o n t e n t  of vesicles  a n d  F igu re  B also 
i l l u s t r a t e s  t h e  t y p i c a l  s t r u c t u r e  of m i t o c h o n d r i a  w h i c h  
are  f r e q u e n t l y  f o u n d  in  these  n e r v e  end ings  x°. Pre-  
gangl ionic  s t i m u l a t i o n  a t  60/see for 4 m i n  d id  n o t  cause  
a n y  a p p a r e n t  fa i lure  of gangl ionic  t r ansmis s ion ,  b u t  d id  

i n d u c e  m a r k e d  a l t e r a t i o n s  in t h e  u l t r a s t r u c t u r e  of n e r v e  
e n d i n g s  a n d  a 30% r e d u c t i o n  in t h e  ACh c o n t e n t .  
I n v a r i a b l y  t h i s  b r ie f  pe r iod  of s t i m u l a t i o n  caused  a 
d e p l e t i o n  of s y n a p t i c  vesicles a n d  m a n y  of those  re-  
m a i n i n g  a p p e a r  to  h a v e  los t  t h e i r  cha r ac t e r i s t i c  c o n f o r m a -  
t i o n  (Figures  C a n d  D). I n  add i t ion ,  t he se  s t i m u l a t i o n  
p a r a m e t e r s  f r e q u e n t l y  caused  t h e  swel l ing a n d  d i s r u p t i o n  
of m i t o c h o n d r i a  in  p r e s y n a p t i c  n e r v e  end ings  ( compare  
m i t o c h o n d r i a  in  F igu res  B a n d  D). O t h e r  i n v e s t i g a t o r s  7, s 
h a v e  also r e p o r t e d  s imi l a r  changes  in  m i t o c h o n d r i a ,  b u t  
t h e y  s t i m u l a t e d  n e r v e s  for  a longer  pe r iod  of  t i m e  
(15-90  rain).  I n  t h i s  regard ,  we f o u n d  t h a t  s t i m u l a t i o n  
for  4 m i n  a t  5/see d id  n o t  r educe  t h e  ACh  c o n t e n t  no r  
d id  t h i s  lower  f r e q u e n c y  of s t i m u l a t i o n  induce  s ign i f i can t  
a l t e r a t i o n s  in  t h e  f ine  s t r u c t u r e  of n e r v e  t e rmina l s .  

I n  severa l  p r e l i m i n a r y  e x p e r i m e n t s  gangl ia ,  wh ich  h a d  
p rev ious ly  been  s t i m u l a t e d  a t  60]sec for  4 min ,  were 
a l lowed to  res t  for 2 ra in  in  o rder  to  d e t e r m i n e  w h e t h e r  
t h e  n u m b e r  of vesicles  would  increase  t o w a r d  con t ro l  
values .  A l t h o u g h  t he  ACh c o n t e n t  was  res to red  d u r i n g  
t h i s  res t  per iod,  m a n y  n e r v e  end ings  sti l l  h a d  no t  re- 
cove red  t h e i r  q u o t a  of vesicles.  I n  v iew of these  l a t t e r  
resu l t s  t h e  d a t a  m u s t  be  i n t e r p r e t e d  w i t h  cau t ion .  
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