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In terac t ion  between pla te le ts  and the collagen components of the connec t ive- t i s sue  ma t r ix  of the injured 
vesse l  wall  is the key fac tor  in initiation of h e m o s t a s i s  and t h rombos i s .  Four  genetic types  of collagen, namely  
I, III,  IV, and V (CI, CIII, CIV, and CV) a re  found in a r t e r i e s  [5, 10]. These  collagens di f fer  in the composi t ion 
of the chains, location in the ves se l  wall,  and capaci ty  for  f ibr i l logenes is  [2, 5, 10]. CV is located on the endo-  
thel ial  sur face  facing the lumen of the vesse l ,  CIV and CV, which do not f o r m  f ib r i l l a ry  s t r u c t u r e s  in vivo, in 
the basement  m e m b r a n e .  CI and CIII f o r m  f ibr i l s  in the int ima, media ,  and adventi t ia  [2, 5, 10]. The abili ty 
of different  collagens to induce platelet  aggregat ion  in suspens ion depends on the f o r m  in which the collagens 
a r e  p resen t  - monomer i c  ( tr iple-chain) and f ib r i l l a ry ,  for  only f ib r i l l a ry  collagens induce aggregat ion  [3, 4, 7, 
11, 14]. 

In this  invest igat ion scanning e lec t ron  mic roscopy  (SEM) and radioisotopic  methods were  used to  study 
pla te le t  adhesion on su r faces  coated with m o n o m e r i c  human collagens CI, CIII, CIV, and CV, p o l y m e r i c - f i b r i l -  
l a ry  CI and CIII, or  p o l y m e r i c - a m o r p h o u s  CIV and CV. The collagen subs t r a t e s  di f fer  cons iderably  in the i r  
genera l  level  of adhesion and in the i r  abil i ty to  induce changes in shape of adherent  p la te le ts  and the fo rmat ion  
of la rge  s t ra t i f ied  ( thrombus- l ike)  aggrega tes .  These d i f ferences  a r e  ent i re ly  due to the genet ic  type of collagen 
and are  independent Of whether  the immobi l ized  col lagen is in the po lymer ic  or  m o a o m e r i c  fo rm .  Br ie f  detai ls  
about these  cul tures  were  published in the f o r m  of a b s t r a c t s  [9]. 

E X P E R I M E N T A L  M E T H O D  

CI, CIII, CIV, and CV were  isolated f r o m  a pepsinized homogenate  of human placenta  by different ia l  sal t ing 
out with 0.7-4.5 M NaC1 at neut ra l  and acid pH values ,  followed by chromatography  on DEAE-ee l lu lose  [6, 13]. 
Wells (16.4 m m  in d iameter )  in "Multiwell ~ No. 3008 cul tural  p la tes  (Falcon P las t i c s ,  USA) were  coated with 
monomer i c  CI, CKI, CIV, and CV, po lymer i c  f ib r i l l a ry  CI and C]II, po lymer i c  amorphous  CIV and CV, ge la t in -  
denatured CI or CIII, and ovalbumin.  The collagens were  dissolved in 100 mM acet ic  acid (pH 2.8) in a concen-  
t r a t ion  of 1-4 m g / m l .  Gelatin was p r e p a r e d  by heating solutions of collagens in acet ic  acid fo r  1 h at 56~ To 
p r e p a r e  the m o n o m e r i c  coating an aliquot of an acid solution of collagen or gelat in was diluted with 200 mM c a r -  
bonate buffer (pH 9.6) to a final concentra t ion of 10 p g / m l ,  poured into the wells  in a volume of 0.5 ml ,  and in-  
cubated for  12-18 h at 4~ Wells coated with monomer i c  col lagen and gelat in  were  t r ea t ed  additionally with 
ovalbumin to bind with a r ea s  of the polys tyrene  that  were  not coated with collagen [12]. The ovalbumin was d i s -  
solved in 30 mM phosphate buffer containing 150 mM NaC1 (pH 7.4) in a concentra t ion of about 1 m g / m l ,  poured 
into the wells in a volume of 0.5 ml,  and incubated for  30 rain at 22~ [12]. To obtain a po lymer i c  coating 0.3- 
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T A B L E  1. A d h e s i o n  of S l C r - l a b e l e d  P l a t e -  
l e t s  on V a r i o u s  C o l l a g e n  S u b s t r a t e s  

Adherent plate- 
Substrate lets, O]o P 

7,44-0,6 Ovalbumin 
Collagens: 

gelatin 
CV 
CIV 
CIII 
CI 

L e g e n d .  

6,5-+0,5 
5,94-0,9 
9,0-+1,0 

16,4• 
18,3-+1,3 

H 
<0,05 
<0,05 
<0,00I 
<0,001 

P l a t e l e t  a d h e s i o n  d e t e r m i n e d  in 
f ive  d o n o r s  in t h r e e  p a r a l l e l  m e a s u r e m e n t s  
and  e x p r e s s e d  a s  a p e r c e n t a g e  of the  n u m -  
b e r  of p l a t e l e t s  a d d e d .  S i g n i f i c a n c e  of d i f -  
f e r e n c e s  shown r e l a t i v e  to  o v a l b u m i n  s u b -  
s t r a t e .  D i f f e r e n c e s  be tween  g r o u p s  C I / C I I I  
and  CIV, P < 0.001. N) Not s i g n i f i c a n t .  

T A B L E  2. 
l a g e n  of T y p e s  IV and V 

P l a t e l e t  A d h e s i o n  to  S u r f a c e s  of M o n o m e r i c  and P o l y m e r i c  (Amorphous )  C o l -  

At 
Ac 
Dlscoid, % 
Spherical, % 
Spreading, % 

Monome~ic collagen 

CV(12) 

3970--+1450 
3890_+ 1460 
53,3-+7,4 
44,44-6,8 
2,34-2,1 

CIV (13) [ (CV 6) 

32 590• 460** 
17 940• 820** 

7,5• 
18,6+_5,5" 
73,94-7,l** 

7644-180 
760-t-180 

57,24-11,7 
38,2--+10,9 
4,6• 

Platelets 

Amorphous collagen 

CIV (8) 

8 460• 770** 
6 380• 770 ~* 

7,1• 
42,7~3,7 
50,2• 

L e g e n d .  S ign i f i c ance  of d i f f e r e n c e s  b e t w e e n  g r o u p s  CV and CIV: * P  < 0.01, * * P  < 0.001.  
A c and A t on a m o r p h o u s  ( p o l y m e r i c )  CIV and CV 3-5  t i m e s  l e s s  t han  on m o n o m e r i c  CIV 
and CV r e s p e c t i v e l y  (P < 0.001). H e r e  and in  T a b l e  3, n u m b e r  of d e t e r m i n a t i o n s  shown in 
p a r e n t h e s e s .  

0.5 m l  (400-800 pg) of a s o l u t i o n  of c o l l a g e n  in  30 m M  s o d i u m - p h o s p h a t e  buf fe r  (pH 7.4),  was  i n t r o d u c e d  in to  
t he  w e l l s ,  h e a t e d  fo r  6 h a t  37~ and d r i e d  [1]. U n d e r  t h e s e  cond i t ions  a f i b r i l l a r y  s u b s t r a t e  i s  f o r m e d  f r o m  
CI  and CIII ,  and an a m o r p h o u s  s u b s t r a t e  f r o m  CIV and CV. 

U n l a b e l e d  and S i C r - l a b e l e d  p l a t e l e t s  w e r e  ob t a ined  by g e l - f i l t r a t i o n  on  S e p h a r o s e  2B [1]. The  p l a t e l e t  
s u s p e n s i o n  (3 �9 107 c e l l s  p e r  wel l )  was  i n t r o d u c e d  in  a vo lume  of 250 pl in to  t h e  w e l l s  c o a t e d  wi th  c o l l a g e n ,  
g e l a t i n ,  o r  ova lbumin ,  and m i x e d  fo r  40 min  at  36 r p m  and 37~ in a h o r i z o n t a l  i n c u b a t o r - s h a k e r .  

P l a t e l e t  a d h e s i o n  was  d e t e r m i n e d  by SEM us ing  a P h i l l i p s  PSEM 500x m i c r o s c o p e  (the N e t h e r l a n d s )  [1, 8]. 
No f e w e r  t h a n  100 p l a t e l e t s  in  50 s c a n n i n g  f i e l d s  u n d e r  a m a g n i f i c a t i o n  of 5000 w e r e  coun ted  on CIV and CV, and 
the  t o t a l  n u m b e r  of a d h e r e n t  p l a t e l e t s  was  c a l c u l a t e d  by the  equa t ion  A t = Uc + Se + Us;  the  n u m b e r  of  p l a t e l e t s  
a d h e r e n t  to  the  c o l l a g e n  s u b s t r a t e  ( in i t i a l  adhes ion)  was  g i v e n  by A c = Uc + Sc,  w h e r e  U c d e n o t e s  the  n u m b e r  of 
n o n s p r e a d i n g  (d i sco id  and s p h e r i c a l )  p l a t e l e t s ,  Sc the  n u m b e r  of s p r e a d i n g  p l a t e l e t s  a d h e r e n t  to  co l l agen ,  and 
U s t h e  n u m b e r  of n o n s p r e a d i n g  p l a t e l e t s  a d h e r e n t  to  s p r e a d i n g  p l a t e l e t s  (al l  v a l u e s  c a l c u l a t e d  p e r  s q u a r e  m i l l i -  
m e t e r )  [8]; the  p e r c e n t a g e  of d i s c o i d ,  s p h e r i c a l ,  and s p r e a d i n g  p l a t e l e t s  was  c a l c u l a t e d  r e l a t i v e  t o  A c.  On CI 
and CII I  a t  l e a s t  100 t h r o m b u s - l i k e  a g g r e g a t e s  w e r e  counted  in  10-20  s c a n n i n g  f i e l d s  unde r  a m a g n i f i c a t i o n  of 
320. S t r a t i f i e d  (at l e a s t  two l a y e r s  of n o n s p r e a d i n g  p l a t e l e t s )  a g g r e g a t e s  wi th  a b a s e  a r e a  o f n o t l e s s  t h a n 7 5 ~ m  2, 
w e r e  t a k e n  a s  t h r o m b u s - l i k e  a g g r e g a t e s .  To c o n s t r u c t  a d i s t r i b u t i o n  f r e q u e n c y  po lygon  of the  t h r h o m b u s - l i k e  
a g g r e g a t e s  by  s i z e ,  the  a r e a  of  the  b a s e s  of 400 t h r o m b u s - l i k e  a g g r e g a t e s  was  m e a s u r e d  b y  m e a n s  of a s e m i -  
a u t o m a t i c  M O P - 2  s y s t e m  ( f rom R e i e h e r t - J u n g ,  A u s t r i a ) .  The e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  in the  M ~ m  
f o r m .  The s i g n i f i c a n c e  of  d i f f e r e n c e s  b e t w e e n  m e a n s  was  c a l c u l a t e d  by  S t u d e n t ' s  t t e s t .  
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Fig. i. Platelet adhesion and aggregation on surface coated with monomeric collagens of 
different genetic types: a) CV: adherent platelets are discoid and spherical. Scale i0 pm; 
b) CIV: adherent platelets are actively spreading, spherical forms with pseudopodia more 
numerous than discoid forms, nonspreading platelets adherent to spreading platelets. 
Scale i0 pro; e)CIII: stratified thrombus-like aggregates alternate with single spreading 
and nonspreading platelets. Scale 50 pm. 

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

The general  level of platelet adhesion (deposition) on monomeric  collagen subst ra tes  was determined by 
the use of 51Cr-labeled platelets.  Adhesion of platelets on CV was about one-third of that on CI and CIII, and two- 
thirds of that on CIV, and negligibly less than on gelatin and ovalbumin (Table 1). Collagen subst ra tes ,  gelatin, 
and ovalbumin did not induce liberation of 51Cr f rom the platelets .  The level of free 5~Cr, not bound with pla te-  
lets, after  incubation of the platelets with these subst ra tes  (from 2.1 • 1.1 to 2.5 • 1.1%, n = 5) did not exceed 
the level of free 51Cr in the original preparat ion of gel - f i l tered platelets (2.9 • 1.7%, n = 5). 

The morphological  picture of platelet adhesion on the different collagen subst ra tes  was studied by SEM 
and a stage by stage morphometr ic  analysis of the adhesion p rocess  was undertaken. Platelets  adherent to CV 
were mainly single discoid and spher ical  platelets (Fig. la) .  Not more  than 5% of the adherent platelets were 
spreading (Table 2). 

Adhesion of platelets to CIV took place more  actively: The general  level of adhesion was much higher than 
on CV (Table 2); the subst ra te  induced spreading of adherent platelets (Fig. lb; Table 2); single platelets f rom 
the suspension adhered to the upper surface of the spreading platelets (Fig. 2a). Adhesion on monomeric  CV 
and CIV was significantly more marked than on polymeric  amorphous CV and CIV. However, regard less  of 
whether these  collagens were in monomer ic  or amorphous fo rms ,  CIV was a more  adhesive subst ra te  than CV 
(Table 2). SEM revealed much grea te r  differences between levels of platelet  adhesion to CIV and CV compared 
with radioisotopic method (Tables 1 and 2). This dispar i ty  can evidently be attributed to the relat ively more 
rigorous procedure of rinsing during preparation of specimens for SEM, as a result of which mainly the weakly 
adherent nonspreading platelets were removed. 
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Fig. 2. Platelet adhesion from suspension to upper surface of platelets spreading on mono- 
meric CIV (a) and CI (b), and thrombus-like aggregates adherent to fibrillary (c) and mono- 
meric (d) CI (spreading platelets can be seen at the base of the aggregates). Scale: a, b) 
5 pm; c, d) i0 pm. 

CI and CIII are thrombogenic. This means that besides active spreading and adhesion of single nonspread- 
ing platelets to spreading platelets (Fig. 2b) which are processes characteristic of platelet adhesion to CIV (Figs. 
ib and 2a), large stratified (thrombus-like) aggregates, with spreading platelets at their base (Fig. ic, Fig. 2c, d) 
were formed on CI and CIII. The dimensions of the thrombus-like aggregates varied within wide limits (Fig. 3). 
No difference was found betweea the thrombogenicity of CI and CIII and the thrombogenicity of monomeric and 
fibrillary forms of these collagens (Fig. 2c, d; Table 3). Thrombus-like aggregates never formed on CIV and 
CV (Table 3). 

Differences in principle were thus found between platelet adhesion on substrates formed by different genet- 
ic types of eollagea. On CV only the stage of initial adhesion was realized, but no spreading of the platelets. On 
CIV the spreading process took place actively, and single platelets from the suspension adhered to the upper 
surface of the spreading platelets. On CI and CIII, besides the stages of adhesion characteristic of CIV and CV, 
large, thrombus-like aggregates also formed on layers of spreading platelets. The ability of collagen sub- 
strates CI and CIII to induce platelet aggregation is entirely determined by the genetic type of collagen and is 
independent of whether the collagen is monomeric or fibrillary in form. Platelet aggregation in suspension was 
induced only by CI and CIII, organized into fibrillary structures [3, 4, 7, Ii, 14]. Evidently to induce platelet 
aggregation by means of CI and CKI simultaneous multivalent platelet - collagen interaction is required, and it 
is realized either by immobilization of collagen on the surface or by the formation of fibrils in suspension. CIV 
and CV are incapable in principle of inducing platelet aggregation. 

Surfaces coated with different types of collagen are convenient models with which to study the various 
stages of platelet - substrate interaction: initial adhesion (CV), spreading and adhesion on spreading platelets 
(CIV), the formation of thrombus-like aggregates bound to the surface (CI and C]:II). 

These  r e s u l t s  sugges t  t ha t  exposu re  of CI and CIII in  the  v e s s e l  l u m e n  in  the p r e s e n c e  of s e v e r e  i n j u r i e s  
or  pa tho log ica l  s t a t e s  of the v e s s e l  wal l  is  m o r e  l ike ly  to  lead  to  the f o r m a t i o n  of j u x t a m u r a l  t h r o m b i  and t h r o m -  
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TABLE 3. Format ion of Thrombus- l ike  Ag- 
gregates  on Surfaces Coated with Monomeric 
and Polymer ic  CI, CIII, CIV, and CV 

Number of thrombus-like aggregates " 
Collagen substrate monomerie  polymeric 

collagen collagen* 

C I  
CIII 
civ 
cv  

276--+56 (12) 
330___68 (i0) 

0 (18) 
o (]8) 

388___138 (5) 
327_+92 (3) 

o (7) 
o (63 

* CI and CIII - fibril~ary collagen, CIV and 
CV - amorphous collagen. 
Legend. Differences between groups CI and 
CIII and groups of monomer ic  and poly-  
mer ic  collagens are  not significant.  

~o 

30 

20 

70 

0 L I l l l  I 

500 lO00 

Fig. 3. Frequency polygon of distr ibution of 
thrombus- l ike  aggregates  adherent to mono- 
mer i c  CUI by s ize .  Abscissa ,  a rea  of base 
of thrombus- l ike  aggregates  (in #m2); ordinate, 
percentage of thrombus- l ike  aggregates  with 
given base a rea  (in % of total number  of ad-  
herent  aggregates) .  Results of one typical  ex-  
per iment  for  400 thrombus- l ike  aggregates  
are given. Mean area  of base 260 pm2; 17% 
of surface a rea  of substrate covered by 
thrombus- l ike  aggregates .  Distribution is 
approximated best of all by a lognormal  d i s -  
tr ibution with pa r ame te r s  p = 5.249 and a = 
0.794. Significance of difference by c02 c r i -  
te r ion 0.128, by Ko lmogorov -Smi rnov  c r i -  
te r ion 0.326. 

boembolic compositions than exposure of CIV in the presence  of desquamation of the endothelium or surface 
injuries .  Interact ion of platelets with CV localized on the surface  of the endothelium of the vascular  wall facing 
the lumen [10] is not accompanied by spreading of platelets or by the format ion of thrombus- l ike  aggregates.  
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