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ABSTRACT 

BYLOCK, A., THE AR TERIAL SU RFACE ULTRASTRUCTURE. Effects of cholesterol 
feeding and m echanical injury. Page 1-53. 
Department of Histology, University of Göteborg, Box 330 31, S- 400 33 Gö
teborg, Sweden. Thesis defended De cember 19, 1981. 

For a number of years, endothelial injury has been con sidered to be a poten
t ially important factor for the development of intimai thickenings and the 
formation of thrombi on the arterial wall . The objects of these investi
gations were to study surface ultrastructural changes occuring after de-endo-
thelialization induced by mechanical injury and to study the integrity of 
the endothelial l ining in experimental hypercholesterolemia in rabbits. 
Scanning electron microscopy served as the basic method for the studies and 
a preparational scheme, particularly suitable for arteries, was developed 
in order to provide optimal reproducibil i ty and r esolution. Light microsco
py, interference contrast microscopy, fluorescence microscopy and trans
mission electron microscopy were o ther methods that were used. The signs of 
endothelial injury seen by the different methods were compared. A ne w me 
thod for the staining of specimens f or transmission electron microscopy 
was developed, providing an enhanced co ntrast and me mbrane d elineation. Im
munofluorescence was used f or the detection of IgG and f actor VIII. A dye-
exclusion test allowed a macroscop ic evaluation of endothelial integrity 
as w ell as localization of endothelial injury on the cellular level. 

The effects of direct mechanical trauma to the endothelial l ining was 
studied in aortae of rabbits. Endothelial cells were desquamated and adhe
ring platelets, leukocytes, erythrocytes and f ibrinous strands were seen on 
injured areas. 7 days after injury, a characteristic cell type was observed 
at de-endothelialized parts of the vessels. This, so-called "pseudoendothe
l ial" cell, could be seen c overing some sites even one year after injury. 
In contrast to the intima covered by normal endothelial cells, these areas 
permitted uptake of Evans blue. Immunoglobulin G-immuno reactive m aterial was 
also seen under the pseudoendothelium. The pseudoendothelial cells did not 
contain detectable amounts o f coagulation factor VIII and We i bei-Palade bo
dies were absent. These two f indings, taken together, make an endothelial 
origin of this cell type unlikely. It is suggested that these cells were 
derived from smooth muscl e cells of the arterial wall. They d id not, how
ever, resemble either of the two de fined phenotypic states of such cells: 
the contracti le or the synthetic. The p ossible existence of a third pheno
typic state, the pseudoendothelial, is discussed. 

In femoral arteries of rats, the response to the application of a surgi
cal clamp, was s tudied. Signs of endothelial injury and desquamation wer e 
seen, accompanied by an adhesion of platelets, erythrocytes, leukocytes and 
fibrinous strands. The f ibrinolytic activity of the vessel was me asured and 
was found to be reduced. A re turn to pre-injury levels was noted when r e-
endothelialization was completed, 3 weeks after clamping. 

In rabbits with dietary induced moder ate h ypercholesterolemia, intimai 
thickenings were found in the aortae, predominantly at branching points.On 
such le sions, a discontinuous intimai l ining with swollen endothelial cells 
and IgG -containing cells, could be n oted. Signs of injury were most fre
quent along the borders of the thickenings. Leukocytes were oc casionally 
seen adh ering to the thickened areas. 

The possible significance of endothelial injury for the development o f 
atherosclerotic lesions is discussed in the l ight of these and othe r stu
dies. 
Key words: Endothelial injury, mechanical arterial injury, scanning e lect
ron microscopy, transmission electron microscopy, dye-exclusion test, IgG, 
coagulation factor VIII, bismuth, f ibrinolytic activity, hypercholesterole
mia. 
ISBN: 91-7222-439-8. Correspondence to Anders Bylock, Dept o f Histology, Uni
versity of Göteborg, Box 330 31, S- 400 33 Göteborg, Sweden. 
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ABSTRACT 

BYLOCK, A., THE AR TERIAL SU RFACE ULTRASTRUCTURE. Effects of cholesterol 
feeding and mechanical injury. Page 1-53. 
Department of Histology, University of Göteborg, Box 330 31 , S- 400 33 Gö
teborg, Sweden. Thesis defended Dec ember 19, 1981. 

For a number o f years, endothelial injury has been c onsidered to be a poten
t ial ly important factor for the development o f intimai thickenings and th e 
formation of thrombi on the arterial wall .  The ob jects of these investi
gations were to study surface ul trastructural changes oc curing after de-endo-
theli  a1ization induced by mechanical injury and t o study the integrity of 
the endothelial l ining in experimental hypercholesterolemia in rabbits. 
Scanning e lectron microscopy served as the basic method f or the studies and 
a preparational scheme, particularly suitable for arteries, was developed 
in order to provide optimal reproducibi l i ty and re solution. Light microsco
py, interference contrast microscopy, f luorescence m icroscopy and t rans
mission electron microscopy were ot her methods that were used. The sig ns of 
endothelial injury seen by the different methods were compar ed. A ne w me
thod for the staining of specimens for transmission electron microscopy 
was developed, providing an enhanced co ntrast and m embrane d elineation. Im
munofluorescence wa s used fo r the detection of IgG and factor VIII .  A dye-
exclusion test al lowed a macroscopic evaluation of endothelial integrity 
as w ell  as localization of endothelial injury on the cel lular level. 

The ef fects of direct mechanical trauma to the endothelial l ining was 
studied in aortae of rabbits. Endothelial cel ls were desq uamated and adhe
r ing platelets, leukocytes, (erythrocytes and f i br inous strands were seen on 
injured areas. 7 days a fter i 'njury, a c haracterist ic cel l  type was observed 
at de-endothelial ized parts of the vessels. This, so-called "pseudoendothe
l ial" cel l ,  could be seen co vering some sites even one year after injury. 
In contrast to the intima covered by normal endothelial cel ls, these areas 
permitted uptake of Evans b lue. Immunoglobulin G-immunoreactive ma terial was 
also seen under the pseudoendothelium. The pseudoendothelial cel ls did not 
contain detectable amounts of coagulation factor VIII  and Weibel-Palade bo
dies were abs ent. These two f indings, taken together, make an endothelial 
origin of this cel l  type unlikely. I t  is suggested that these cel ls were 
derived from smooth muscle c el ls of the arterial wall .  They did not, how
ever, resemble e ither of the two d efined phenotypic states of such c el ls: 
the contracti le or the synthetic. The pos sible existence of a third pheno
typic state, the pseudoendothelial,  is discussed. 

In femoral arteries of rats, the response t o the application of a surgi
cal clamp, was s tudied. Signs of endothelial injury and desquam ation were 
seen, accompanied by an adhesion of platelets, erythrocytes, leukocytes and 
f ibrinous strands. The f ibrinolyt ic activity of the vessel was measur ed and 
was found to be re duced. A re turn to pre-injury levels was noted when re -
endothel ial ization was completed, 3 weeks after clamping. 

In rabbits with dietary induced moderate h ypercholesterolemia, int imai 
thickenings were found in the aortae, predominantly at branching points.On 
such l esions, a discontinuous int imai l ining with swollen endothelial cel ls 
and IgG -containing cel ls, could be n oted. Signs of in jury were most fre
quent along the borders of the thickenings. Leukocytes were oc casionally 
seen adherin g to the thickened areas. 

The possible signif icance of endothelial injury for the development o f 
atherosclerotic lesions is discussed in the l ight of these and oth er stu-
di es. 
Key words: Endothelial in jury, mechanical arterial injury, scanning elect
ron microscopy, transmission electron microscopy, dye-exclusion test, IgG, 
coagulation factor VIII ,  bismuth, f ibrinolyt ic activity, hypercholesterole
mia. 
ISBN: 91-7222-439-8. Correspondence to Anders Bylock, Dept of Histology, Uni
versity of Göteborg, Box 330 31, S- 400 33 Göteborg, Sweden. 
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I: INTRODUCTION 

1:1 ATHEROSCLEROSIS 

Atherosclerosis is one morphologica l variant within the group o f diseases 

called arteriosclerosis. An ath erosclerotic lesion is formed by an accumu

lation of cells, connective t issue and l ipids in the intima of an e lastic 

or muscular artery. The intimai thickening causes, in the late stages, a re

duction of the cross-sectional area o f the artery, an event which leads to 

an impaired blood f low. This may caus e a disturbed nutrit ion of peripheral 

t issues, among which the myocardium an d the brain are the two m ost impor

tant from a c l inical point of view. Infarctions as well as mo re slow ly de

veloping symptoms o f impaired f unction may thus develop as an ef fect of 

atherosclerosis (Herrick 1912, Schwartz and Mit chell 1962, Baroldi 1965, 

Chapman 1968, Roberts and Buja 1972), even i f  local factors also may be sig 

nif icant (Waldenström 1976). 

Several r isk factors have bee n pos tulated for atherosclerosis. Besides 

age and sex, tobacco smokin g, high blood pressure and hyper lipidemia have, 

due to statistical relationships, been considere d to be major r isk factors 

(Stamler 1972, Kannel and Gor don 1973, Wilhelmsen et al. 1973, The Pooling 

Project Research Gro up 1978). 

A s tatistical relationship between a disease an d a r isk factor does, 

however, not necessarily mean t hat a d irect cause-effect connection e xists. 

Many hypot heses on what caus es a therosclerosis have bee n propose d. Vir-

chow (1856) observed that atherosclerotic lesions were not randomly distri

buted over the a rterial surface. The lesi ons occurred predominantly i n areas 

where disturbed blood flow could be expected, i .e. in the aortic arch and 

close to branching po ints. From these an d m any other studies a "response-

to-injury" hypothesis has emerged, according to which injury to cells of 

the inner surface of arteries is important for atherogenesis (Björkerud and 

Bondjers 1971, Ross and Glom set 1976). Anitschkov (1912, 1913 ) discovered 

that feeding rabbits cholesterol l ed to a deve lopment o f intimai thickenings 

in arteries. This served as the basis for the "1ipid-fi1tration" hypothesis. 

Filtration of l ipids from pla sma i nto the vessel wall is, in this case, con

sidered to be the main event (Page 1954). 

Many oth er theories and modi fications of the above ment ioned have be en 

proposed, but the knowledge on the me chanisms underlying the development 

of atherosclerotic lesions is sti l l  incomplete. Only a b etter understanding 
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of these processes can result in an e fficient search for therapeutical aids 

against this important disease. Further studies on th e cellular response to 

some o f the risk factors were considered necessary. Some co mments w ill first 

be m ade on the properties of the cells and tis sue components involved in 

atherogenes!s. 

1:2 THE S TRUCTURE O F T HE N ORMAL AR TERIAL W ALL 

The main com ponents of the arterial wall are elastin, collagen, glycos-

aminoglycans, g lycoproteins and ce lls. The e lastic tissue forms the "skele

ton" of the wall. It consists of interconnected tubes, which i n sections 

through the wall appear l ike laminae, lying 6 to 19 pm a part. 

The i nternal elastic membrane and th e tissue components on its luminal 

side constitute the tunica intima. In newborn h umans, this compartment s olely 

consists of endothelial cells lying.on the internal elastic membrane. Hypo-

thetically, smooth muscl e c ells, SMCs, are considered to penetrate through 

this membrane, populating the subendothelial space. Due p artly to the in

crease i n cell number, the tunica intima may, in adults, reach a thickness 

of over 1 mm at certain sites (review: Robertson 1977). 
The compa rtment exten ding from the outer part of the internal elastic 

membrane to the external elastic membrane is called the tunica media. In 

this part of the wall, the so-called "musculoelastic system is found (Wo-

linsky and Gl agov 1967). This word is used to describe the interacting sys

tem of elastic lammellae and SMC 's. This system, together with the collagen net

work, are the main st ress-bearing components of the wall. 

The tunica adventitia is found ou tside the external elastic membrane. 

This layer is externally vascularized by vasa vasorum, small vessels that 

also penetrate the outer layers of the tunica media. The tunica adventitia 

consists of ordinary connective tissue. Its most common c ell type is the 

fibroblast. 

In the gelatinous matrix that surrounds the organized components of 

the wall, several families of macromolecules can be found. Glycosaminogly-

cans (acid mucopolysaccharides, GAGs) and proteoglycans are probably the 

most important (review: Radhakrishnamurthy et al. 1981). It has been sugg es

ted that such stationary molecules ma y interact in a comp lex ma nner w ith 

the transport of other molecules through the wall (Iverius 1972^ Hoff et al. 

1975, Camejo et al. 1975). 

In large arteries, the intima and the media depe nd up on d iffusion over 

long distances for their nutrition. The growth c onditions in the center 
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of the wall may be impaired if the distance exceeds about 0.5 mm, the"cri-

tical depth"according to Geiringer (1951) (see al so: Adams 1964, Wolinsky 

and Glag ov 1967). 

1:3 THE E NDOTHELIUM 

The endothelium i s a layer of flat, polygonal cells constituting the l i

ning of the inner surface of blood vessels. The e ndothelial cells are 25 to 

50 ym long, 10 to 15 ym wide and have a thickness of about 0.1 to 3 ym over 

their cytoplasmic parts and 5 to 10 ym in the nuclear area (reviews: Simio-

nescu and Simio nescu 1977, Majno and Joris 1978, Thorgeirson and Robe rtson 

1978). 

The long axis of the endothelial cells is oriented in the direction of 

the blood flow as judged from l ight microscopy (Fry 1968), Häutchen prepa

rations (Silkworth and Stehbens 1975) and scanning e lectron microscopy s tu

dies on vessels (Reidy and Bo wyer 1977) and on vascular casts (Reidy and 

Levesque 1977). A deformation from the longitudinal shape takes place in 

areas of secondary flow, i.e. close to branching points (Reidy and Bo wyer 

1977, Langille and Ad amson 1981). 

The e ndothelial cells contain all the usual cytoplasmic organelles (re

views: Majno and Joris 1978, Thorgeirson and Robe rtson 1978). Scattered, 

rounded mitochondria are seen as well as some rough endo plasmic r eticulum. 

Free riboso mes are also found w ithin the cytoplasmic matrix. The gol g i  com

plex is located in the vicinity of the nucleus. In capillaries the endothe

lium contains vesicles with a diameter of 6 to 7 nm (Sim ionescu and Simio

nescu 1977, Johansson 1979). They sh ow fusio n with each other as w ell as 

with the cellular membranes (Frökjär-Jensen 1980). Results from s erial sec

tioning have in dicated that this fusion leads to communicating canaliculi 

(Simionescu et al. 1975). A rod-sh aped cytoplasmic component, the Weibel-

Palade body (Weibel and Palade 1964), can be found i n endothelial cells. 

It is thought to be s pecif ic for this cell type and i t consists of a bundle 

of microtubules enveloped by a un ilaminar, t ight membrane, The orga nelle 

is up t o 3 ym long and about 0.1 ym thick. It is present in highly variable 

numbers i n different parts of the vascular bed and i n different species. 

Its function is unknown. 

Contractile proteins l ike actin and myos in have be en demon strated i n en

dothelial cells (Becker and Na chman 1973). Thin (diameter 4 to 7 nm) f i la

ments are considered t o represent the actin (Gabbiani et al. 1975), while 
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t h e  m y o s i n  i s  s e e n  a s  t h i c k  ( d i a m e t e r  a b o u t  1 5  n m )  f i l a m e n t s  ( M o o r e  e t  a l .  

1 9 7 7 ) .  I n t e r m e d i a t e  ( d i a m e t e r  a b o u t  1 0  n m )  f i l a m e n t s  o f  u n c e r t a i n  c o m p o s i 

t i o n  h a v e  a l s o  b e e n  d e s c r i b e d  ( B l o s e  a n d  C h a c k o  1 9 7 6 ) .  

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

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

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

t e r i a l  w a l l , w i t h i n  c e r t a i n  l i m i t s  ( B o n d j e r s  a n d  B j ö r k e r u d  1 9 7 3  a  a n d  b ) .  

T h e  c e l l s  a r e  c o n n e c t e d  w i t h  e a c h  o t h e r  b y  w e l l  o r g a n i z e d  t i g h t  j u n c t i o n s  

a n d  g a p  j u n c t i o n s  ( c o m m u n i c a t i n g  j u n c t i o n s ) ( H l i t t n e r  e t  a l .  1 9 7 3 ,  S i m i o n e s c u  

e t  a l .  1 9 7 6 ) .  L a n d i s  a n d  P a p p e n h e i m e r  ( 1 9 6 3 )  s u g g e s t e d  t h a t  r o u t e s  a l l o w i n g  

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

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

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

s u c h  a s  l a c t o p e r o x i d a s e  ( M W  8 2 . 0 0 0 )  a n d  f e r r i t i n  ( M W  4 6 0 . 0 0 0  t o  7 5 0 . 0 0 0 )  

c o u l d  b e  f o u n d  s o l e l y  w i t h i n  t h e  v e s i c l e s  m e n t i o n e d  a b o v e  ( S t e i n  a n d  S t e i n  1 9 7 2 ,  

J o h a n s s o n  1 9 7 8 b ) .  S m a l l e r  m o l e c u l e s ,  l i k e  h o r s e r a d i s h  p e r o x i d a s e ,  H R P  ( M W  

4 0 . 0 0 0 ) ,  h a v e  b e e n  l o c a l i z e d  a l s o  t o  s p a c e s  b e t w e e n  e n d o t h e l i a l  c e l l s  ( F l o -

r e y  a n d  S h e p p a r d  1 9 7 0 ,  H ü t t n e r  e t  a l .  1 9 7 3 )  b u t  t h i s  l a t t e r  f i n d i n g  h a s  n o t  

b e e n  r e p r o d u c i b l e  i n  a l l  e x p e r i m e n t a l  s y s t e m s  u s e d  ( J o h a n s s o n  1 9 7 8 b ) .  T h e  

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

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

( S t e i n  e t  a l .  1 9 7 3 ) .  

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

t e - r i c h  l a y e r ,  t h e  c e l l - c o a t  o r  t h e  e n d o - e n d o t h e l i  a 1  l a y e r  ( L u f t  1 9 6 6 ,  1 9 7 6 ,  

W e b e r  e t  a l .  1 9 7 3 ,  G e r r i t y  e t  a l .  1 9 7 7 ) .  I t  h a s  a  v a r y i n g  t h i c k n e s s  r a n g i n g  

f r o m  b e l o w  1  n m  t o  a b o u t  8 0  n m .  T h e  i n t a c t  e n d o t h e l i a l  c e l l  h a s  a  n e g a t i v e  

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

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

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

a c t e d  b y  t h i s  n e g a t i v e  c h a r g e  ( r e v i e w :  S a w y e r  e t  a l .  1 9 7 3 ) .  T h e  r e l e v a n c e  

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

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

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

S k u t e l s k y  1 9 7 6 ) .  

E n d o t h e l i a l  c e l l s  p r o d u c e  p r o s t a g l a n d i n  I 2 ,  ( p r o s t a c y k l i n ) ,  w h i c h  i s  v e r y  

p o t e n t  i n h i b i t i n g  p l a t e l e t  a g g r e g a t i o n  ( G r y g l e w s k i  e t  a l .  1 9 7 6 ,  M o n c a d a  e t  

a l .  1 9 7 6 ,  W e k s l e r  e t  a l .  1 9 7 7 ,  r e v i e w :  S m i t h  1 9 8 0 ) .  P l a s m i n o g e n  a c t i v a t o r s  
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(PA) (Todd 1959), the antihemophil ic factor, factor VIII (Jaffe et al. 1973, 

Hoyer et al. 1973) as well as the angiotensin converting enzyme (Ody an d Ju-

nod 1977) are al l produced by endothelial cells. The prese nce of factor VIII 

and th e angiotensin converting enzyme hav e been us ed fo r the identification 

of endothelial cells in culture (Ody an d Jun od 1977). 

The ra te of turnover and growth o f endothelial eel Is in vivo has been 

studied with labelled thymidine. The avera ge pro portion of cells undergoing 

mitosis during 24 hours has been found to be bet ween 0,7 and 0,9% in the 

guinea-pig (Payling-Wright 1972) and betw een 0,3 and 1,5% in the r at 

(Schwartz and Be nditt 1973). 

1:4 NORMAL A ND A BNORMAL VA RIATIONS IN TH E S TRUCTURE O F T HE H UMAN A RTERIAL 

WALL 

Even in the youn g human, focal changes in the tunica intima can be seen. 

One of these, the "f ibromuscular intimai thickening", consists of an accu

mulation of smooth mu scle ce lls, intercel1ular substances and f ibers. I t  

is generally considered to be an e ssentially normal structure (review: Mc-

Gi11 1974). "Fatty streaks", mainly consisting of l ipid-laden cells, can a l

so be found. I t  is not known whet her these represent early stages of athero

sclerosis, or not, and i f  they are r eversible (review: McGill 1974). The 

"f ibrous plaque" i s a lesion which i s f irst seen in the third decade of l i fe. 

It is preferentially found at ostia of brances and in the aortic arch. 

Extracellular l ipid surrounded by collagen, elastin and n ecrotic smooth 

muscle c ells,are i ts main co mponents. I t  is a co mmon opin ion, that this kind 

of lesion may continuou sly increase in size (McGill 1974). I t  may even re 

lease the contents of the core, an event which m ay lea d to thrombosis, u l

ceration or even the formation of aneurysms. 
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2 AIM O F T HE P RESENT S TUDY 

The aim of the present study was: 

To inv estigate the significance of endothelial injury for the develop

ment o f intimai lesions in experimental atherosclerosis. 

To impro ve the meth ods for preparation of arterial specimens for scan

ning electron microscopy. 

To develop a method for staining of specimens allowing an improve d deli

neation of cellular membranes and in tracellular structures as seen i n trans

mission electron microscopy. 
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3 MATERIALS AND M ETHODS 

3:1 ANIMALS 

Male albino rabbits of the Swedish c ountry strain (paper I  and I I) or 

of the New Zealand white strain (paper I I I, V and VI) were used. They were 

fed.fibre-enriched standard pellets (Maintenance Food, Astra-Ewos, Söder

tälje). Theirweight at the beginning of the experiments were between 2,0 

and 2,5 kg. They had been kept at the department for at least two wee ks in 

order to avoid stress reactions. 

Sprague-Dawley r ats of both sexes were used i n some s tudies (paper IV). 

They weighed between 200 and 300 g and were fed ordinary rat-pellets (Ast

ra-Ewos, Södertälje). 

3:2 ANAESTHESIA 

In the experiments on hypercholesterolemia rabbits (paper I  and I I), 

the animals were a naesthetized by intravenous injection of sodium pento bar

bital (MebumalR, AC0, Stockholm, Sweden). 

In all other experiments on rabbits (paper I II, V and VI) inhalation of 
R 

NgO and f luothan (Halothan ,  Hoechst, Frankfurt, West Germ any) was used 

The r ats (paper IV) were an aesthetized by inhalation of ether. 

3:3 EXPERIMENTAL SY STEMS F OR IND UCTION O F AR TERIAL INJ URY 

3:3:1 DIETARY INDUCTION O F INTI MAL THICKENINGS 

Fibre-enriched standard rabbit pellets (Maintenance Food, Astra-Ewos, 

Södertälje) were used as basic food (papers I  and I I). For induction of hy

percholesterolemia, 0,1 to 0,3% cholesterol was added (Brattsand 1977). The 

serum ch olesterol levels were k ept stable in each animal by adjusting the 

cholesterol of the diet. The ma jority of the hypercholesterolemic rabbits 

were k ept at serum c holesterol levels between 200 and 400 mg % (5, 0 to 10,0 

mmol/1) for a p eriod of about 18 months. 

3:3:2 MECHANICAL INDUCTION O F LE SIONS 

1 In rats, injury to the femoral artery was induced by the application of 

a Diffenbach clamp f or 30 sec (paper IV). The clamp wa s placed transversely 
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o v e r  t h e  v e s s e l .  

I n  p a p e r  V  a n d  V I ,  a  m i c r o s u r g i c a l  i n s t r u m e n t  ( B j ö r k e r u d  1 9 6 9 )  w a s  u s e d .  

I t  c o n s i s t e d  o f  a  n y l o n  c a t h e t e r  ( e x t e r n a l  d i a m e t e r :  1 , 0  m m )  i n  w h i c h  a  n y 

l o n  m o n o f i l a m e n t  ( d i a m e t e r :  0 , 3 5  m m )  w a s  l o c a t e d .  T h e  c a t h e t e r  w a s  c l o s e d  

a t  o n e  e n d  b y  h e a t i n g  a n d  a  6  m m  l o n g  o p e n i n g  w a s  m a d e  a t  a  d i s t a n c e  o f  5  m m  

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

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

c i r c l e .  A t  t h i s  l o c a t i o n ,  i n d u s t r i a l  d i a m o n d s  ( s i z e  1 0 0 / 1 2 0  M D A )  i m m e r s e d  i n  

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

t h e  l e v e l  o f  t h e  g l u e .  

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

l o c a l  i n f i l t r a t i o n  w i t h  l i d o c a i n  0 , 1 %  ( X y l o c a i n  ,  A s t r a ,  S ö d e r t ä l j e ) .  T h e  

v e s s e l  w a s  o p e n e d  a n d  a  m i x t u r e  c o n t a i n i n g  0 , 5  m l  l i d o c a i n  0 , 1 %  a n d  0 , 5  m l  

p a p a v e r i n  ( A C 0 ,  S t o c k h o l m ,  S w e d e n )  w a s  s l o w l y  i n j e c t e d  i n t o  t h e  l u m e n  i n  o r 

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

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

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

p r e s s e d  o u t .  T h e  d i s t a n c e  b e t w e e n  t h e  i n j u r i e s  w a s  1 5  t o  2 0  n t n .  T h e s e  o p e r a 

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

a s  s u p e r f i c i a l  c i r c u m f e r e n t i a l  i n j u r i e s  o f  a  l a r g e  a r e a  ( t r a n s v e r s e  i n j u 

r i e s )  ( B j ö r k e r u d  a n d  B o n d j e r s  1 9 7 1 ) .  

3 : 4  P R E P A R A T I O N  O F  S P E C I M E N S  

3 : 4 : 1  E X SA N G U I N A T I O N  A N D  T H E  D Y E  E X C L U S I O N  T E ST  

I n  a l l  e x p e r i m e n t s ,  t h e  t h o r a x  o f  t h e  a n i m a l  w a s  o p e n e d  d u r i n g  g e n e r a l  

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

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

t o u c h  a n y  p a r t  o f  t h e  a o r t a .  R i n g e r ' s  g l u c o s e  s o l u t i o n  ( p a p e r  I ,  I I ,  I I I ,  

I V  a n d  V )  o r  R i n g e r ' s  g l u c o s e  s o l u t i o n  c o n t a i n i n g  1 0  m M  H E P E S  ( M - 2  h y d r o x y  

e t h y l p i p e r a z i n e - N ' 2 - e t h a n e - s u l p h o n i c - a c i d )  p H  7 , 3 5  ( F l o w  l a b . ,  I r v i n e ,  S c o t 

l a n d )  ( p a p e r  V I )  w a s  u s e d  f o r  r i n s i n g  t h e  v e s s e l s  f r o m  b l o o d .  T h e  f i r s t  

s t e p  o f  f l u s h i n g  c o n t i n u e d  f o r  5  ( I ) ,  3  ( I I )  o r  2  ( I V ,  V  a n d  V I )  m i n  a t  a  

p r e s s u r e  o f  1 0 0  m m  H g .  I n  p a p e r  I I I ,  t h e  e f f e c t s  o f  v a r y i n g  t h i s  t i m e  i n t e r 

v a l  w e r e  s t u d i e d .  W h e n  p e r f o r m i n g  t h e  d y e - e x c l u s i o n  t e s t  ( p a p e r  I I ,  I I I ,  V  

a n d  V I )  t h e  r i n s i n g  w a s  f o l l o w e d  b y  p e r f u s i o n  w i t h  0 , 1 %  E v a n s  b l u e ,  d i s s o l 

v e d  i n  t h e  g l u c o s e  s o l u t i o n ,  f o r  1  m i n  a t  1 4  m m  H g .  T h e  v e s s e l s  w e r e  t h e n  

a g a i n  r i n s e d  f o r  1  t o  2  m i n  a t  1 0 0  m m  H g .  F i x a t i o n  f o l l o w e d  ( s e e  b e l o w ) .  
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The dye exclusion test was used f or the ident i f icat ion of areas of endo

thel ial  injury or of areas covered by pseudoendothel i  um. Such pa rts of the 

arter ies were sta ined blue. In the microscope, injured endothel ia l  cel ls 

could be i dent i f ied due to their  uptake of the dye ( for further detai ls and 

comments, see: Björkerud et a l .  1981). 

3:4:2 PREPARATION F OR SEM 

The vess elsdescribed in paper I  and so me specimens i n paper I I  were f ixed 

for one hour in M, formaldehyde ( freshly prepared by alkal ine hydrolysis of 

paraformaldehyde) (KEBO, Stockholm, Sweden) in a sodium cacody late buffer 

(Karnovsky 1965), pH 7,35. Otherwise, (paper I I  (some specimens), I I I ,  IV, V 

and VI ) a combined f ixat ive was used, containing both formaldehyde, I t ,  and 

glutar aldehyde, 2,5%, (U1trastructural Grade,Polaren, Watford, England) 

in a sodium caco dylate buffer,  pH 7,35 (Karnovsky 1965). The a rter ies were 

f ixed in si tu at a pressure of 100 mm Hg for one hour i f  only formaldehyde 

was used and f or 20 min i f  the combined f ixat ive was used. After being dis

sected out,  the specimens were imm ersed i n the same f ixat ive over night.  In 

paper I I I ,  the results of a comparison betwee n d i f ferent methods are de

scr ibed. After dehydrat ion in a graded series of ethanol solut ions, amyl 

acetate (Analyt ical grade, Merck AG., Darmstadt,  West Ger many) was used as 

intermediate f lu id. This step was fol lowed by c r i t ical  point drying as de

scribed by Anderson (1951) using C02  as transit ional f luid. The specime ns 

were then glued onto specimen holder s with si lver or carbon conduc t ives and 

coated with copper in a v acuum evaporator (JEOL, Tokyo, Japan) (paper I ,  

I I  and pa rts of paper I I I )  or coated with gold in a sputter coater (Edwards 

S 150, Edwards High Vacuum, Crawley, Sussex, England) (paper IV, V, VI and 

parts of paper I I I ) .  A cooled specimen stage as wel l  as a fract ionated sput

ter ing procedure wa s used i n paper IV, V and V I.  This means t hat the high 

tension was ap pl ied for three one min long periods. Thus h eating of the spe

cimens could be reduced. For addit ional comments, see paper I I I .  

3:4:3 PREPARATION F OR T EM 

After perfusion and f ixat ion in s i tu as described above for SEM, speci

mens were excised for TEM a nd immersed f or two t o four hours in a f ixat ive 

simi lar to that used dur ing the perfusion. They were th en kept in 0,15 M 

sodium cacod ylate over night.  Postf ixat ion in 2% osmium te troxide (Analyt i 

cal Standards, Kungsbacka, Sweden) fol lowed for one hou r, with better re-
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suits obtained at 4° C than at room te mperature (see also paper VI). A modi

f ication of the ordinary preparation procedure was tried on som e specimens 

(paper VI). These were stained en b loc by immersion i n 1% uran.yl acetate in 

dist i l led water after osmif ication, in order to improve c ontrast. Al l  t issue 

blocks were dehydrated in a graded s eries of ethanol solutions. 

Some o f the specimens studied in paper V and VI were emb edded i n Epon 

812 (Polaron, Watford, England) after immersion i n propylene oxide. Insuff i

cient penetration into the t issue led, however, to cracking during ultra-

thin sectioning. Therefore, Spurr's resin (Taab lab., Reading, England) was 

tr ied due i ts lower viscosity (Spurr 1969). Immersion in propylene oxide 

was, in the latter case, not necessary. Sectioning was faci l i tated when 

Spurr 's resin was used. Semithin (1 um) and u ltrahin (50 to 80 nm) sections 
D 

were ma de on LK B Ultrot omes type I I I  and V (LKB, Stockh olm, Sweden) using 

a Jumdi diamond k nife (Juniper, Stockholm, Sweden). The semithin sections 

were s tained with Richardson's methylene-blue-azur I I  solution (Richard

son et al.  1960) and s tudied in a l ight microscope. The u ltrathin sect ions 

were l a id on copper grids with a hexagonal meshwork. Specimens n ot stained 

en b loc were l aid on d roplets containing saturated solut ions of uranyl ace

tate and le ad citrate for 5 min each (Reynolds 1963). The specimens that 

had been st ained en blo c with uranyl acetate were cou nterstained with an 

alkal ine bismuth solution (Ainsworth and Karnovsky 1972). The bis muth sub-

nitrate staining solution was ma de by dissolving 400 mg sodium t artrate in 

10 ml 2 N sodium hydro xide. The a lkal ine tartrate solution was added dro p-

wise to 200 mg bismuth subnitrate (K and K lab. Inc., Plainview, N.Y., USA) 

with constant st irr ing. Upon the addit ion of 6-8 ml sodium ta rtrate, the 

solution began to clear and w ith the further addit ion of sodium tartrate 

(10 ml total), al l  of the bismuth was ch elated and th e f inal solution clear. 

Prior to use, a sample s tock solution was di luted 1:50 with dist i l led wa

ter. For further comments on the histochemical propert ies of bismuth, see 

Riva (1974) and Locke and Huie (1977). 

3:5 SCANNING E LECTRON M ICROSCOPY 

Most o f the specimens described in paper I ,  I I  and som e i n paper I I I ,  

were s tudied in a JE0L JSM 35 scanning electron microscope (JE0L, Tokyo, 

Japan). A Zeiss Novascan electron microscope was used as a complement . 

Al l  specimens in papers IV, V and VI as well  as some i n paper I I I  were 

examined in a JE0L 100 CX temsca n e lectron microscope (JE0L, Tokyo, Japan) 

equipped w ith a scanning electron microscopy unit .  This microscope was al-
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so equippe d w ith an anti -contamination device cooled w ith l iquid nitrogen. 

The ac celerating voltage used wa s i n all cases 15 to 25 kV. 

3:6 TRANSMISSION E LECTRON M ICROSCOPY 

The u ltrathin sections were st udied in a JEOL 100 CX ele ctron microscope 

in transmission mode. Accelarating voltage was 60 to 80 kV. 

3:7 CHOLESTEROL AN ALYSIS 

Serum chole sterol levels in the rabbits studied in the experiments de

scribed in paper I  and I I were determined manu ally w ith the enzymatic me 

thod described by Röschlau et al. (1974). The tissue cholesterol contents 

in the rabbit aortae (paper I I) was determ ined f luorometrically (Bondjers 

and Björkerud 1971) after separation on t hin layer chromatography following 

extraction of l ipids by choloroform: ethanol (2:1) and was hing. Both free 

and e sterified cholesterol was determi ned and the specimens were fre eze-

dried and weighed. 

3:8 HISTOCHEMICAL DE TERMINATION O F F IBRINOLYSIS (IV) 

The vessels were rin sed with Ringer's solution, carefully dissected, 

soaked in the same s olution and immediately froz en in carbon-dioxide snow. 

Plasminogen ac tivator activity (PA) was determined using a slightly modi

fied version of Todd's histochemical method (Todd 1959, Risberg 1975). 

Eight um thick sections were m ade i n a c ryostate and t ransferred to glass 

slides. Duplicate samples were cove red wit h a plasminogen rich fibrinogen 

fi lm and incubated in a moi st chamber a t 37° C for 30-45-60 and 90 min. Af

ter processing, areas of fibrinolysis were i dentified as unstained zones in 

the bluish film. The a ctivity was estimated semiquantitatively according 

to the following scheme: 

Grade 1: no f ibrinolysis visible (0 points) 

- " - 2: punctuate zones of fibrinolysis (1 point) 

- " - 3: larger but not confluent zones of fibrinolysis (2 points) 

- " - 4: confluent zones of fibrinolysis (3 points) 

The p oint score from eac h vessel was recorded at the sum of all points re

gistered from the different incubation times. In separate specim ens, p las-

minogen-free fi lms were use d in order to exclude non -specific proteolytic 

activity. 
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3:9 QUANTITATION O F TH E NUMBER O F E VANS BL UE-POSITIVE CE LLS 

Aortae were s ubjected to the dye e xclusion test as described above (pa

per I I) .  They were r insed with Ringer's glucose solution and f ixed at 100 

mm H§ in a b uffered formaldehyde s olution (Karnovsky 1965). Embedding in 

starch hydrolysate (Björkerud 1972) fol lowed and th e specimens were st udied 

in a dissecting microscope and i n an interference contrast microscope. The 

number of Evans b lue-posit ive cel ls per unit surface area was counted. 

3:10 IMMUNOFLUORESCENCE 

3:10:1 DETECTION O F IgG 

Following the dye-exclusion test the specimens were f rozen in hexane im 

mersed in l iquid nitrogen. 

Paper I I :  Fourym thick cryostate sections were p repared, f ixed in 95% 

ethanol and a ir dried in -20°C. The sections were in cubated with antiserum 

to rabbit immunoglobulin G (Nordic Immunology, London, Great Britain) which 

was conjugated with FITC (f luorescein isotiocyanate), di lut ion 1:20. Washing 

in phosphate-buffered sal ine fol lowed and a fter this the sections were mo un

ted in Pertex (Histolab., Bethlehem trading, Göteborg, Sweden). 

Paper VI: 10 um thick cryostate sections were mad e, f ixed in 95% ethanol 

and was hed in phosphate-buffered sal ine (PBS) at a pH of 7,6. Treatment 

with 0,1 Evans b lue (Merck AG , Darmstadt, West Germ any) dissolved in PBS, 

pH 7,6, fol lowed for 5 min in order to el iminate the green autofluorescence. 

The sec tions were then incubated with unconjugated goat-ant i- immunoglobulin 

G(Fc) (Nordic Immunology, London, Great Britain), di lut ion 1:20. Repeated 

r insing in PBS, pH 7,6, fol lowed for one hour and a fter this the sections 

were i ncubated with FITC-conjugated rat-anti-goat-immunoglobulin G (Meloy 

lab., Springfield, Virginia, USA), d i lut ion 1:20. A f inal r inse was ma de in 

PBS a t pH 8,0. The se ctions were moun ted i n Kaisers glycerin-gelat in (Merck 

AG, Darmstadt, West Germany) . Specimens incubated with antibodies absorbed 

to IgG as well  as specimens where the f i rst incubation had been excluded 

served as controls. 

3:10:2 DETECTION O F F ACTOR V II I  (paper VI) 

The ra bbit aortae were treated according to the dye-exclusion test and 

frozen as described above. 10 um thick cryostate sections were mad e, f ixed 
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in 95% ethanol and w ashed i n phophate bu ffered saline (PBS), pH 7, 6. Treat

ment w ith 0,1% Evans blue dissolved in PBS follo wed in order to reduce au to-

fluorescence. The sections were incubated w ith unconjugated goat-anti-human-

factor VIII antibodies (Nordic Immunology, London, Great B ritain), dilution 

1:20. Rinsing in PBS follow ed for one hour and,after this, incubation with 

FITC-conjugated rat-an ti-goat-immunoglobulin G (Meloy lab., Springfield, 

Virginia, USA), d ilution 1:20, took place. A f inal rinse in PBS, pH 8, 0, 

followed, and the sections were mo unted in Kaisers glycerin-gelatin. As cont

rols, specimens which had not been subjected to the f irst step of antibodies 

or sections treated with goat-anti-human IgG(Fc) (Nordic Immunology) as the 

f irst antibody, were used. 

3:11 FLUORESCENCE M ICROSCOPY 

The spec imens were exa mined i n a fluorescence microscop e using interfe

rence f i l ters which gav e e xcitation at 450-500 nm wavelength and ba rrier 

f i lters which allowed transmission of emitted fluorescence at 528-560 nm 

for detection of FITC (paper II and VI ). 

For d etection of Evans blue fluorescence (paper I I), fi lters that allowed 

excitation at 536-556 nm a nd tr ansmitted fluorescence with a waveleng th 

above 590 nm, were used. 

3:12 STATISTICAL M ETHODS 

Wilcoxon's test was us ed f or calculation on diffe rences in fibrinolytic 

activity between vessels from ra ts of different groups (paper I V). 
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4 RESULTS AN D D ISCUSSION 

4:1 ELECTRON M ICROSCOPY IN STUDIES O F AR TERIES 

4:1:1 SCANNING E LECTRON M ICROSCOPY (SEM) 

SEM is part iculary wel l  suited for studies of the surface structure of 

the int ima of large blood vessels. High resolut ion can no w be obtained, 

and th e results are reproducible (Bowyer et a l .  1977, paper I I I ,  Gerr i ty 

and Nai to 1980 b).  

When these invest igat ions started, a scheme f or preparat ion of speci

mens for SEM was lacking. This resulted in presentat ion of diverging data 

by di f ferent groups, even re garding the normal surface morphology (discus

sions: Clark and Glag ov 1976, Bowyer 1977). SEM-studies subsequently be

came subj ect to discredi t .  Therefore we, as wel l  as o ther groups (Clark 

and Glago v 1976, Bowyer 1977) considered i t  necessary to improve the tech

nique for preparat ion. 

Clark and Glago v (1976) discovered and rep orted upon sever al p i t fal ls.  

They suggested that other invest igators had taken crystals, mounting glue, 

serum pr oteins, vapor bubbles and gly cerol for normal t issue const i tuents. 

Changes in osmolal i ty,  physical manipulat ion l ike freezing and hea ting, 

shrinkage due to drying and sol vent exchange c ould a l l  cause d istort ion of 

the detai ls of cel l  and t i ssue surfaces. Heating and chargin g dur ing view

ing were al so mentioned as sources o f artefacts. 

A basi c preparat ional scheme w as l ater publ ished and t his led to more 

uniform results between d i f ferent groups(Bowyer et a l .  1977). This scheme 

has been f urther modif ied ( I I I )  and co mments w i l l  be m ade on some c r i t ical  

steps. 

The prep arat ive procedure can be divided into six steps: 1: Rinsing and 

staining prior to f ixat ion. 2: Fixat ion. 3: Drying. 4: Mounting. 5: Coating 

6: Exposure to the electron beam. 

I t  was found that,  i f  the t ime interval before f ixat ion exceeded 5 min , 

microvi l lous project ions occurred on t he surface of some e ndothel ial  cel ls 

( I I I ) .  The num ber of cel ls showing such protrusions increased wi th increa

sing t ime. Oxygenation o f the r insing solut ion did not al ter the appearance 

of the surface within detectable l imits,  when com pared w ith when b r ief r in

sing wi th Ringer 's solut ion was immediately fol lowed by f ixat ion. Neither 

did the addit ion of a one min long period of staining with Evans b lue after 

r insing. I t  was s t i l l  necessary, however, to keep the t ime before f ixat ion 
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below 5 min, as has e arl ier been mentioned. 

In pi lot studies i t  was found, that f ixat ion at physiological pressure 

was necessary whe n pr eparing large arter ies for SEM ( I I I) .  This was a lso 

emphasized by other invest igators (Davies and Bow yer 1975, Clark and Gla-

gov 1976, Swinehart et  al .  1976). I f  arter ies were f ixed at atmospheric 

pressure, longitudinal r idges occurred. These caused a wave-l ike surface 

which was d i f f icul t  to study in the SEM (I I I ) i  This artefact may be the re

sult  of retract ion of elast ic t issue as w el l  as o f contract ion of SMC's of 

the media. I f  the specimens had been excised from the rabbit  within 24 

hours af ter induct ion of mechanical injury, wrinkl ing of the arter ies was 

observed even a fter pressure f ixat ion, however, I t  was suggested, that a 

contract ion of the vessel had occurred as a response to the mechanical in

jury and t hat this could not be overc ome by the high f ixat ion pressure(pa-

per V).  

As f ixat ive, a sodium-cacodylate-buffered formaldehyde solut ion was used 

in the f i rst  experiments ( I  and I I ) .  A comb ined f i xat ive which contained 

both glutar aldehyde and formaldehyde dissolved in the same k ind of buffer 

was used i n al l  other experiments ( I I I ,  IV, V and V I) .  When formaldehyde 

was used alone, perfusion under pr essure had t o last for at least one hour 

in order to avoid the longitudinal r idges. When th e f ixatives were used to

gether, the t ime could be reduced t o 20 min, st i l l  avoiding these artefacts. 

The a ddit ion of glutar aldehyde thus seemed to improve th e preservat ion of 

the artery in i ts dilated condit ion. This may pos sibly be due to the cross-

l inking propert ies of this dialdehyde (review: Hayat 1S70). Formaldehyde 

was not excluded from the solut ion since i t  has been conside red to pene

trate more r apidly through t issue blocks. 

The combined f ixat ive (Karnovsky 1965) is very hyperosmolal ic per se 

but isotonic wi th regard to the buffer included. The r esul ts obtained with 

this technique ( I I I ,  IV, V and VI ) demonstrated good pr eservat ion and h igh 

reproducibi l i ty even at high levels of magnif icat ion (10 000 X to 30 000 X) 

Variat ions in the concentrat ion of formaldehyde o glutar aldehyde ( I I I )  

did not affect the results.  This spoke i n favour of the hypothesis that 

the osmolal i ty of the buffer vehicle was more im portant than that of the 

f ixat ive in regulat ing the preservat ion of cel l  volume (review: Hayat 1970). 

The f ixat ives used, provided a good stabi l izat ion of the surface cel ls since 

the specimens bec ame s trong enough t o withstand dehydrat ion in solut ions of 
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ve ry  va ry ing  o sm o la l i t y .  Pos t f i xa t ion  wi th  os miu m t e t rox ide  d id  no t  a l t e r  

t he  r e s u l t s  w i th in  de t ec t ab l e  l im i t s .  A s l i gh t l y  impro ved  s t ab i l i t y  unde r  

t he  e l ec t ron  beam was ,  howeve r ,  no t ed .  

Dehy dra t i on  and  d ry ing  p rocedu re s  we re  found  t o  be  c r i t i c a l .  F reeze -

d ry ing  r e su l t ed  i n  bad  r ep roduc ib i l i t y  due  t o  t he  depos i t ion  o f  l a rge  a -

mo un t s  o f  an  amo rpho us  ma te r i a l  on  t he  su r f ace  o f  t he  spec imens .  Th i s  was  

pa r t i c u l a r l y  p ronou nced  wh en  t he  t i s sue  had  bee n  f i xed  wi th  g lu t a r  a lde 

hyd e  ( com me n t s  i n  pape r  I  and  I I I ) .  

Fo l lowin g  a i r -d ry in g  a f t e r  immers ion  i n  abso lu t e  e thano l  o r  ace tone ,  d i s 

con t inu i t i e s  and  c r a t e r - l i ke  s t ruc tu re s  o f t en  occu r r ed  ( I  and  I I I ) .  I t  was  

a l so  found  t ha t  t he  f r equency  o f  such  de fe c t s  va r i ed  acco rd ing  t o  t he  t ime  

used  f o r  t he  subsequen t  coa t i ng  p rodedu re .  S ince  t he  spec imens  be came  sub 

j ec t ed  t o  hea t  du r ing  t h i s  s t ep ,  i t  was  cons ide red  p robab l e  t h a t  a i r -d r i ed  

spec imens  we r e  mor e  s ens i t i ve  t o  such  phys i ca l  s t r e s s .  I t  i s  pos s ib l e  t ha t  

t he  a i r -d r i ed  ves se l s  we re  i n s u f f i c i en t l y  d r i ed  s i nce  mo i s t  l e f t  i n  t he  

spec imens  r e su l t ed  i n  t he  same  a r t e f a c t s  ( I I I ) .  

C r i t i c a l -po in t  d ry ing  p rov ided ,  i n  ou r  hands ,  t he  be s t  r ep r oduc ib i l i t y  

and  r e so lu t i o n .  Th e  s t ab i l i t y  o f  t he  spec imen s  unde r  t h e  e l ec t ron  beam was  

a l so  supe r io r  and  depos i t s  on  t he  su r f ace  o f  t he  spec imens  we re  r a r e  ( I I I ) .  

Wh en  t h e  d ry  p i ece s  we re  t o  be  mo un ted  on  spec ime n  ho lde r s  o the r  a r t e 

f ac t s  were  fou nd  t o  occu r  i f  t oo  much  g lue  was  u sed  ( I I I ) .  Th e  l i qu id  base  

o f  t he  g lues  a s  we l l  a s  t he  conduc t ive s  u sed  bec ame  abso rbed  by  t he  hyg ro 

s cop i c  spec ime ns .  A d i s t u rbed  su r f ace  morp ho l ogy  cou ld  be  no t ed  i f  t he  l i 

qu id  pene t r a t e d  th roug h  t he  t i s su e .  Th i s  was  mos t  p ronounce d  i f  t he  spec i 

me ns  had  been  a i r -  o r  f r eeze -d r i ed .  

Th e  u se  o f  non -con duc t ive  g lue s  was  aband oned  s i nce  i t  was  fou nd  t h a t  

t he  conduc t ive  ma te r i a l  r educe d  t he  amoun t  o f  cha rg ing  i n  t he  e l ec t ron  

mic ros cope  and  a  h ighe r  s i gna l / no i s e  r a t io  cou ld  t hus  be  ob t a ined  ( I I I ) .  

Coa t ing  o f  spec imens  was  i n i t i a l l y  pe r fo rm ed  i n  a  vacuum evapo ra to r .  

Hea t ed  coppe r  was  u sed  a s  sou rce  f o r  me ta l  a toms  ( I ,  I I  and  pa r t s  o f  pa 

pe r  I I I ) .  Cra t e r s  and  ho l e s  we re  found  t o  occu r  i n  pa ra l l e l  w i th  p ro longed  

exposu re  o f  t he  spec imens  t o  t h i s  coa t i ng  p rocedu re  ( I I I ) .  Th e  dec rea sed  

r ep roduc ib i l i t y  was  sugges t ed  t o  be  an  e f f ec t  o f  h igh  t empera tu re .  Coa t i ng  

was  l a t e r  pe r f o rmed  i n  a  spu t t e r  coa t e r ,  equ ip ped  w i th  a  wa t e r - coo l ed  spe 

c im en  ho lde r  ( IV ,  V ,  V I  and  pa r t s  o f  pape r  I I I ) .  The  t ime  u sed - fo r  coa t i ng  

was  a l so  min imi zed  and  d iv ided  i n to  t h r ee  pe r iods .  Wi th  t he se  mod i f i ca -
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t ions, the number o f artefacts was reduce d. 

A gold cathode wa s used i n the sputter coater. In the SEM, gold coating 

gave a higher signal/noise ratio as compared to copper. Thus, be tter reso

lution and/or reduced thermic stress could be achieved i n the SEM. I t was 

therefore possible to further improve re producibil ity and prolonged obser

vation on small areas could be performe d wi thout overheating the specimen 

(III). 

The optimal method f or preparation described i n this thesis (III, VI) 

led to a c lear demarcation of cellular borders. In the latter experiments 

(III, IV, V and V I), the level of resolution was hig h, allowing magnifica

tion up t o about 30 000 X. S ilver staining, a met hod us ed by ma ny other 

groups (Collatz-Christensen and Gar basch 1973, de Bruijn et al. 1974, Da-

vies and Bow yer 1975, Reidy and B owyer 1977) in order to delineate cell 

borders, was not found necessary. 

I t should a lso be add ed th at the power of resolution obtained i n routine 

work showed a remarcable v ariability between d ifferent microscopes. 

4:1:2 TRANSMISSION E LECTRON M ICROSCOPY (TEM) 

TEM. served in this thesis as a complement to SEM (paper V and VI). It 

made i t possible to compare e xtra- and i ntracellular signs of injury and 

thus i t provided an int egrated view on the three dimensional arrangement 

of injured cells and formed elem ents o f the blood over the arterial surface. 

Limitations for TEM al one were both the small size of each spec imen and 

the difficult ies occurring when the frequency of luminal structures was to 

be estima ted, a p articularly important question in studies of this kind. 

This led to problems of sampling s ince large areas had t o be excluded. The 

combination of SEM and TE M therefo re proved to be of great value. 

A strong contrast and a good prese rvation of endothelial plasma me mbranes 

is crucial when ea rly cell reactions to injury are to be s tudied. This was, 

however, diff icult to achieve using conventional methods for preparation 

of specimens for TEM. 

The use o f bismuth as a c ounterstain was or iginally recommended for en

hancement of the electron density of ferritin particles (Ainsworth and Kar-

novsky 1972). In studies not included in this thesis i t was found, however, 

that i t also could be used fo r conventional specimens (Bylock and Hansson, 

in preparation). The combination of counterstaining with bismuth and s tai-
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FIGURE LEGENDS 

These pictures and diagrams are examples on the improvement in contrast 
and delineation of membranes and filaments achieved using the new method 
for perparation described in paper VI. An optical densitometer has been 
utilized, allowing a semiquantitative estimation of the d.egree of cojitrast. 

Fig. la. The endothelium of a white, not injured area of a rabbit aorta. 
The intercellular space and some vesicles can be discerned. The membranes 
show a low degree of contrast in relation to the cytoplasmic contents. This 
specimen was prepared according to the conventional method, using ur'cytyl acetate 
and lead citrate. The line indicates the area measured by the densitometer 
(see fig. lb). Transmission electron micrograph. 20 000 X. 

Fig. lb. In this diagram, the result of a photometric evaluation of the 
density of the photographic plate used in fig. la, is shown. The total 
length of the curve is 646 arbitrary units. Along the y-axis, the degree 
of optical density is demonstrated. 

Fig. 2a. An endothelial cell of a white, not injured area of a rabbit 
aorta. From the same animal as fig. X Membranes and ribosomes are densely 
stained while the cellular matrix has a low electron density. This specimen 
was stained en bloc for one hour immediately after osmification, using 2% 
uranyl acetate (see Materials and Methods , 3:4:2), The ultrathin section 
was counterstained with bismuth for 50 min. ( The swelling of the rough eivio-
plasmic reticulum and the mitochondrion are signs of injury, probably occu-
virvg as a response to a prolonged time lapse (30 min.) between rinsing and 
fixation in this particular experiment). The line indico.tes the area measu~ 
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Figure legends oont. 

red by the densitometer (see figs. 2b). Transmission electron micrograph . 
16 000 X. 

Fig 2b. This diagram shows the results of a photometric evaluation of 
the photographic plate (fig.2a). The total length of this curve is 2670 
arbitrary units. The y-axis shows the degree of optical density. To be 
compared with lb. 

ning en blo c using uranyl acetate gave an in creased electron density and 

an improved del ineat ion of endothel ial  cel l  membranes and f i laments (VI).  

The c ytoplasmic matr ix remained vir tual ly unstained i f  lead ci t rate was ex

cluded as a counterstain and t his also resulted in enhanced c ontrast.  Den

si tometr ie evaluat ion al lowed a semiquanti tat ive est imation of the degree 

of contrast obtained after the dif ferent al ternat ives investigated (Bylock 

and Hansson, in preparation) (see also f igs la,  b, 2a, b).  

The f inal procedure also included postf ixation in osmium te troxide at 

4° C, instead of at room te mperature, which resulted in a reduced apparent 

thickness of cel lular membranes. 

Staining en blo c with uranyl acetate as w el l  as counterstaining with bis

muth alone both resulted in low electron density of al l  cel lular structures. 

4:2 STUDIES O N T HE I  NT IMAL SURFACE O F U NMANIPULATED AR TERIES 

Normal endothel ia l  cel ls have served as control  specimens throughout the 

experiments. In the scanning e lectron microscope they showed the characte

r is t ics described in the introduct ion. 

At areas remote from branching points, SEM-studies showed th at the nor

mal endothel ial  cel l  had a f lat ,  polygonal shape and a nucleus which bul ged 

gently into the lumen. Cel l  borders were seen as rows of protruding f laps 

or microvi l l i .  Interdigi tat ion of these structures was oc casional ly seen. 

The cel ls of rabbits and ra ts appeared s imi lar.  

4:3 DETECTION O F INT IMAL INJURY 

In studies on int imai injury, the possibi l i ty of studying large speci

mens would be an advantage. Information about m inor ul trastructural chanqes 

both within cel ls as wel l  as on their  surface should also be possible to ob

tain. No s ingle method corr esponding to this has y et been found. Several di f 

ferent methods suitable for detect ion of injur ies to the int imai l ining have 
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therefore been used i n the studies included in this thesis. The m ethods 

have also been c orrelated to each o ther in order to provide a more complete 

view over the character ist ics of an i njured surface. 

A dye- exclusion test ( I I ,  I I I ,  V and VI) was performed in order to make 

i t  possible to detect areas not covered by an intact endothel ial  l in ing al

ready during dissect ion. 

The dye wa s introduced into the vessel afterexsanguinat ion (Björkerud 

and Bondjers 1972). An in tact endothel ial  l ining excluded most of the dye 

but binding to exposed pro teins within injured endothel ial  cel ls as w el l  as 

to t issue below such cel ls could occur. The dye s eemed to become trapped within 

the basement m embrane o r bound t o the elast ic t issue i f  access to these 

t issue components was gained. Blue areas correlated also to parts of the 

vessel covered by pseudoendothel ial  cel ls ( I I ,  I I I ,  V and V I) .  

In control  vessels, an uptake could also be d etected. This was seen pre 

ferent ial ly at areas near ost ia of branches, i .e.  the si tes where the early 

lesions of the hypercholesterolemic rabbits were found ( I  and I I ) .  This may 

suggest a connect ion between en dothel ial  injury and the in i t ial  formation 

of dietary induced experimental atherosclerosis. 

On th e cel lular level,  an i ntracel lular uptake was a lso seen. To de tect 

th is,  whole mou nt specimens were s tudied by interference contrast micro

scopy accordin g to Nomarski (1955) (paper I I ) .  After excitat ion by ul tra

violet l ight,  Evans blu e emitted red f luorescence. In this way, also f luo

rescence microscopy could be used fo r detect ion of cel ls and si tes having 

accumulated the dye. Swel l ing of endothel ial  cel ls correlated to Evans blue 

uptake. Swollen cel ls could be de tected by interference contrast microscopy 

and, to some extent,  by conventional l ight microscopy. Elevation of endothe

l ial  cel ls has al so by other authors been suggested t o be a sign cf injury. 

Both l ight microscopy (Fry 1968, Björkerud and Bondjers 1972), SEM (Reidy 

and Bow yer 1977) and S EH on va scular casts (Reidy 1979) are methods by which 

such chan ges have been de tected, for example at areas of high hemodynamic 

stress. 

The presence of immunoglobul in G, IgG, within endothel ia l  cel ls is evi

dence for cel lular in jury (paper I I ,  see al so: Hansson et al .  1979, 1980). 

Lately, also immunoelectron microscopy has been used t o conf irm this (Hans-

son et al .  1980). I t  is probable, that these molecules have gained access t o 

the cytoplasm of the injured cel ls in vivo, since the blood was remov ed 

from the vessel as a f i rst  step in the preparat ion procedure. Postmortal  
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a r t e f a c t u a l  i n j u r y  c o u l d  i n  t h i s  w a y  h a r d l y  b e  c o n s i d e r e d  t o  r e s u l t  i n  u p 

t a k e  o f  I g G  ( I I  a n d  V I ) .  I g G  c o u l d  b e  f o u n d ,  n o t  o n l y  i n  i n j u r e d  c e l l s ,  b u t  

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

l y i n g  p s e u d o e n d o t h e l i a l  c e l l s  ( p a p e r  I I  a n d  V I ) .  I t  m a y  b e  s u g g e s t e d ,  t h a t  

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

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

t h e  f i r s t  s i g n s  o f  i n j u r y  ( V  a n d  V I ) .  I t  a l s o  e n a b l e d  u s  t o  i d e n t i f y  c e l l s  

i n v o l v e d  i n  t h e  h e a l i n g  p r o c e s s  a f t e r  m e c h a n i c a l  t r a u m a  ( V  a n d  V I ) .  T h e  

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

( 1 9 7 0 ) .  A c c o r d i n g  t o  t h i s ,  m i n i m a l  i n j u r y  w a s  r e c o g n i z e d  b y  t h e  o c c u r e n c e  

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

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

w h i r l s  c o u l d  b e  d e t e c t e d .  M o r e  s e v e r e  i n j u r y  w a s  c h a r a c t e r i z e d  b y  d i l a t a 

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 ,  c y t o p l a s m i c  v a c u o l i z a t i o n  a n d  

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

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

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

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

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

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

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 ,  S E M ,  h a s  b e e n  t h e  b a s i c  m e t h o d  f o r  d e t e c 

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

A  g r a d a t i o n  o f  c e l l u l a r  i n j u r y  s i m i l a r  t o  t h a t  d e s c r i b e d  f o r  T E M  h a s  n o t  

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

h o l e s  i n  t h e  c e l l  m e m b r a n e  w e r e  t w o  S E M  f i n d i n g s  t h a t  c o r r e l a t e d  t o  t h e  

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

V I ) .  

T h e  m o s t  s e v e r e  d e g r e e s  o f  i n j u r y  w e r e  d e t e c t e d  b y  S E M  a s  l a r g e  r u p t u r e s  

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

c e l l u l a r  d e s q u a m a t i o n  ( I V ,  V  a n d  V I ) .  F o l l o w i n g  t h i s ,  p l a t e l e t s ,  p o l y m o r 

p h o n u c l e a r  g r a n u l o c y t e s  ( P M N s )  a n d  m o n o c y t e s  a d h e r e d  t o  s u c h  a r e a s .  T h e  

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

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

T h e  m a i n  a d v a n t a g e  w i t h  S E M  w a s  f o u n d  w h e n  t h e  t h r e e  d i m e n s i o n a l  a r r a n g e 

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

l a r g e  s p e c i m e n s .  
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In the studies on the react ions fol lowing clamping (paper IV),  i t  was 

found that endothel ia l  injury and desqu amation wa s accompanied by a re duc

t ion of the f ibr inolyt ic act iv i ty in sect ions of the vessel wal l .  A r e-

growth of the endothel ium was fol lowed by a r eturn to a normal act iv i ty .  

The h istochemical method f or est imation of f ibr inolyt ic act ivi ty used (Todd 

1959, modif ied according to Risberg 1975), may th erefore also be used for 

detect ion of areas of damage to the endothel ium. Detect ion of f ibr inolyt ic 

act ivi ty at the cel lular level is st i l l  not possible, however. 

In conclusion, several di f ferent methods may be used f or the detect ion 

of endothel ial  in jury. They a l l  give di f ferent information and the choice 

of a suitable method must depe nd on the purpose f or the invest igation that 

is to be ma de. 

4:4 ENDOTHELIAL AL TERATIONS FO LLOWING C HOLESTEROL FE EDING 

Several years ago, i t  was discovered that rabbits fed a cholesterol en

r iched diet developed int imai thickenings (Anitschkoff  1912). Deposits of 

cholesterol were found in these plaques (Anitschkoff  1913). Many e xperi

ments concerning the connect ion between cho lesterol feeding and th e develop

ment of atherosclerosis- l ike lesions have since then been done. In several 

of these, however, h igh concentrat ions of cholesterol have been add ed to 

the diet of the animals in order to rapidly produce lesions. The serum 

cholesterol levels have often ranged betwe en 1000 and 2000 mg% (25 to 50 

mmol/1) despite the fact that these levels are far beyond those seen i n un-

manipulated animals and i n man. 

Constant inides (1965) suggested th at the results of such experiments of

ten merely ref lected a general ized cholesterol overload. Further evidence 

for th is was give n by Bondjers et a l .  (1976) who sho wed that endothel ium 

remote fro m bra nching points could retain i ts normal barr ier funct ion only 

i f  the serum cho lesterol levels were kep t below 400 mg % (10,0 mmol/1).  

In order to induce atherosclerosis- l ike lesions with the lower levels, 

i t  was necessary to feed the animals the d iet described above f or long pe

r iods of t ime ( I  and I I ) .  The les ions obtained by this method show ed a more 

pronounced p referent ial  local izat ion to areas of hemodynamic trauma, as 

compared t o when high serum ch olesterol levels were used. 

On t he dietary induced lesions (paper I  and I I )  the endothel ia l  cel ls 

had a quadrangular shape. Ma ny of them also appeared swol len in SEM. This 

sign, together with the discontinuit ies seen in the luminal cel l  membrane, 
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w a s  p a r t i c u l a r l y  f r e q u e n t  i n  t h e  p e r i p h e r y  o f  t h e  l e s i o n s .  T h e s e  a r e a s  h a d  

a l s o  t h e  h i g h e s t  n u m b e r  o f  E v a n s  b l u e - p o s i t i v e  c e l l s  a n d  a n  i n c r e a s e d  I g G -

l i k e  i m m u n o r e a c t i v i t y  ( I I ) .  

I t  w a s  p r o p o s e d  | b y  F r y  ( l y 6 8 )  t h a t  a u g m e n t e d  h e m o d y n a m i c  t r a u m a  m a y  

r e s u l t  i n  e n d o t h e l i a l  i n j u r y .  P a p a h a d j o u p o u l o s  ( 1 9 7 4 )  c o n s i d e r e d  i t  p o s s i b l e  

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

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

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

a r e a s  o f  t u r b u l e n t  b l o o d  f l o w  ( I  a n d  I I ) .  

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

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

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

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

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

m a y  a l s o  b e  i m p o r t a n t .  

4 : 5  M E C H A N I C A L  I N J U R Y  

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

p o r t a n t  l i n k  i n  t h e  d e v e l o p m e n t  o f  a t h e r o s c l e r o s i s  ( r e v i e w s :  F r e n c h  1 9 6 6 ,  

B j ö r k e r u d  a n d  B o n d j e r s  1 9 7 6 ,  R o s s  a n d  G l o m s e t  1 9 7 6 ) .  T h e  e n d p o i n t  f o r  e n 

d o t h e l i a l  c e l l  i n j u r y  i s  l y s i s  a n d  d e s q u a m a t i o n  ( T s â o  1 9 7 0 ) .  E v e n  i f  i t  

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

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

c o n s t i t u e n t s  i n t o  t h e  v e s s e l  w a l l .  I t  h a s  b e e n  s h o w n ,  t h a t  d e - e n d o t h e l i  a l  i  -

z a t i o n  p r o d u c e s  a t h e r o s c l e r o s i s - l i k e  l e s i o n s  ( r e v i e w :  B j ö r k e r u d  a n d  B o n d 

j e r s  1 9 7 6 ,  R o s s  e t  a l .  1 9 7 7 )  a n d  i t  h a s  t h e r e f o r e  b e e n  s u g g e s t e d  t h a t  t h e  

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

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

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

E n d o t h e l i a l  c e l l  i n j u r y  a n d  d e s q u a m a t i o n  w a s  i n d u c e d  t h r o u g h  r o t a t i o n  

o f  a  m i c r o s u r g i c a l  i n s t r u m e n t  i n s i d e  t h e  a o r t a  o f  r a b b i t s  ( p a p e r  V  a n d  V I )  

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

L a r g e  n u m b e r s  o f  p l a t e l e t s  a n d  l e u k o c y t e s  w e r e  s e e n  t o  h a v e  a d h e r e d  a l 

r e a d y  w i t h i n  t h e  f i r s t  h o u r .  A f t e r  a b o u t  3  d a y s ,  t h e  l e s i o n s  w e r e  d e m a r c a 

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

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

c e l l s  w e r e  s e e n  a t  t h e  l u m e n .  T h e s e  f o r m e d  a  s u r f a c e  w h i c h  h a d  s o m e  o f  
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the character ist ics of endothel ium: f lat tened cytoplasms l in ing the int i 

ma. A c l early def ined border towards the normal endothel ium was s t i l l  no

ted, however. 

IN TEM , the cytoplasms of these new int imai cel ls contained densely 

packed t hin f i laments (diameter between 4 and 7 nm) immediately below the 

surface. Below these, large amounts o f rough endoplasmic r et iculum was found. 

The nucleus of these cel ls was lo cated at varying distances from the lumen. 

The deeper p ort ion of the cytoplasm had some o f the character ist ics de

scribed for the smooth muscle c el l  whi le i t  is in i ts so-cal led "synthet ic 

state" (review: Campbell  et  a l .  1981). The ce l ls had few , scattered bund

les of thin f i laments seen am ong l arge numbers o f organel les known to be i n

volved in the synthet ic act iv i ty of a c el l .  This cel l  type was c al led "the 

pseudoendothel ial  cel l" ,  a name o r iginal ly derived from studies by Pugatch 

(1964) (see also separate chapter).  Some areas remained covered by such 

cel ls even one year af ter injury. Adhesion o f leukocytes and p latelets, a l

so spherical,  was then st i l l  seen. Signs of d i latat ion of the vessels were 

also noted after one yea r. 

Zones of endothel ial  in jury were seen a t certain si tes along the borders 

to the areas covered by pseudoendothel ial  cel ls ,  at al l  t ime intervals. 

Fibrinous strands wi th an appare nt banding o f approximately 23 nm we re a l

so occasional ly noted adhering to the surface fol lowing mechanical in jury. 

These stran ds were predominantly found i n large aggregates and thrombi.  

The response to appl icat ion of a Dif fenbach clamp over the femoral arte

ry of rats was also studied (paper IV).  This clamp i s used als o cl inical ly 

during surgery. The morpholog ical f indings wereinthis study correlated to 

changes in f ibr inolyt ic act ivi ty of the vessel wal l .  The f ibr inolyt ic sys

tem is important for the regulat ion of f ibr in deposit ion and the resolu

t ion of thrombi.  Fibr inolysis is st imulated plaminogen a ct iv itors (PA) de

r ived from endothel ial  cel ls (Todd 1959). 

The vessels were, in the present study (paper IV),  subjected to clamping 

for 30 sec. They were excised and prepared for the studies after di f ferent 

t ime intervals: from 1 hour to 7-8 weeks. At t ime intervals within one day 

after appl icat ion, denuded a reas, endothel ial  cel ls which were alm ost de

tached as wel l  as large numbers o f platelets, were seen. Some leuko cytes 

could also be noted as w el l  as deposit ion of small  amounts of f ibr inous 

strands and ery throcytes. After 24 hours, a l l  remaining endothel ial  cel ls had 

an i ntact appearance. Re-endothel i  al  izat ion was alm ost completed a fter one 

week and a fter three weeks the surface showed f ul l  rest itut ion of endothe-
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l i a i  i n t e g r i t y .  A  m a r k e d  t h i c k e n i n g  o f  t h e  w a l l  w a s  s e e n  a t  t h e  i n j u r e d  

s i t e s  t w o  m o n t h s  a f t e r  a p p l i c a t i o n  o f  t h e  c l a m p .  O n  t h e s e  t h i c k e n i n gs ,  s o m e  

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

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

r e  -  e n d o t h e l i a l i z e d  a n d  r e a c h e d  p r e - i n j u r y  l e v e l s  a f t e r  t h r e e  w e e k s ,  i . e .  

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

A s h f o r d  a n d  F r e i m a n  ( 1 9 6 8 )  s h o we d  t h a t ,  i f  a n  i n h i b i t o r  o f  t h e  f i b r i n o 

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

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

r a t e d  i n  d e - e n a o t h e l i a l i z e d  a r e a s  i n  t h e s e  a n d  o t h e r  s t u d i e s  ( I V ,  S i l v e r  

1 9 6 9 ) ,  r e l a t i v e l y  s m a l l  a m o u n t s  o f  f i b r i n  w e r e  f o u n d  i n  t h e  s t u d i e s  i n c l u d e d  

i n  t h i s  t h e s i s  ( I V ,  V  a nd  V I ) .  T h e o re t i c a l l y ,  t h i s  m a y  b e  d u e  t o  t h e  r e 

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

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

n a t i o n  t o  t h i s .  

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

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

o f  t h e  r a t s  s h o we d  c o m p l e t e  r e - e n d o t h e l i a l i z a t i o n  a f t e r  t h r e e  w e e k s .  N o  

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

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

t h e  r a bb i t s .  A  t h i c k e n i n g  o f  a l l  p a r t s  o f  t h e  v e s s e l  w a l l  w a s  s e e n  i n  t h e  

r a t s  w h i l e  o n l y  t h e  i n t i m a i  c o mp a r t m e n t  s h o w e d  t h i c k e n i n g  i n  t h e  r a b b i t s .  
2 U p  t o  5 0  l e u k o cy t e s / mm  c o u l d  b e  f o u n d  o n  t h e  i n j u r e d  a r e a s  i n  t h e  r a t s  

2  
w h i l e  b e t w e e n  5 0 0  a n d  5 0 0 0 / mm  w e r e  s e e n  i n  t h e  a o r t a e  o f  t h e  r a bb i t s .  

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

t h e s e  d i v e r g i n g  r e s u l t s .  A  c o m pa r i s o n  w i t h  e x p e r i m e n t s  p e r f o rm e d  b y  o t h e r  

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

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

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

d r y i n g  t h e  e n d o t h e l i u m  ( C l o w e s  e t  a l .  1 9 7 8 ) .  

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

o f  s t u d y .  S e v e r a l  m e t h o d s  h a v e  b e e n  u s e d :  P r i o r  a nd  H ar t m a n n  ( 1 9 5 6 )  s t u 

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

t h e  a o r t a  o f  r a b b i t s .  P o o l e  e t  a l .  ( 1 9 5 8 ) ,  w ho  u s e d  a  b r a s s  r o d ,  d e s c r i b e d  

a  r a p i d  p h a se  o f  r e s t i t u t i o n  o f  t h e  i n t i m a i  l i n i n g .  T h i s  w a s  t h e n  f o l l o w e d  

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

c e l l s .  I n  t h e  l i g h t  o f  l a t e r  s t u d i e s ,  t h e  f i r s t  p h a se  s e e m s  t o  c o r r e l a t e  
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to the development o f the pseudoendothel ium, but a discr iminat ion between 

endothel ia l  and pseudoendothel ial  cel ls was not done by Poole and co-workers. 

Friedman and Byers (1963) studied the response to the insert ion of an i nt-

ra-aort ic coi l .  Baumgartner (1963) developed the bal loon-catheter model:  

at  present the dominating system for induct ion of mechanical in jury ( for 

references, see: Ross et al .  1977 and 4:8).In 1965, Friedman and Byers de

scr ibed persist ing lesions fol lowing the insert ion of a w ire-st i f fened vi

nyl tubing into the aorta of rabbits.  Björkerud (1969) presented the micro

surgical instrument used in paper V and V I.  The d i f ferent responses fol low

ing from r otat ing or pul l ing the instrument and using l ight or heavy pres

sure were s tudied ( for references, see: Björkerud and Bondjers 1976). Vas

cular lésions have also been described after the insert ion of a roughened 

metal probe i nto arter ies (Sheppard and French 1971) and a vibrat ing ca

theter f i l led wi th mercury wa s used by Hirsch and Robertson (1977). The 

rapid sequence o f heal ing fol lowing a l ight and narrow s cratch to the en

dothel ial  layer has r ecently been studied (Reidy and Schw artz 1981). 

Other metho ds to induce in jury have also been u t i l ized. Part ia l  l iga

t ion was used t o Tsäo (1970) in a paper where he described di f ferent grades 

of int imai in jury. Gertz et a l .  (1981) have re cently also been u sing this 

method. The r eact ion fol lowing the placement o f a suture through the aort ic 

wal l  of  the rat was studied by Poole et al .  (1971) and in the rabbit  th is 

was studied by Webster et  al .  (1974 a and b ).  Fal lon et al .  (1973) found 

signs of in jury within the vessel wal l  after exposing the artery to ul t ra

sound. The effects of el  ectrocautery were st udied by Webster et  al .  (1974 a 

and b) using the rabbit  aorta. Vascular clamps were used by Slayback et a l .  

(1976) and by M ansfield et al .  (1978). Appl icat ion of a cold probe to the 

outside of the aorta of rats was also shown to result  in endothel ia l  inju

ry and desqua mation (Malczak and Bu ck 1977) and th e effects of drying the 

endothel ium were st udied by Fishman et a l .  (1975). In the latter experi

ments, using the rat common c arot id artery, endothel ial  desquamation wa s 

found to occur without accompanying leu kocyte adhesion. 

Mechanical injury.accentuated by cholesterol feeding has al so been an 

object of several studies. Prior and Hartmann (1956) considered the re

sult ing lesions to be very simi lar to early human ath erosclerot ic plaques. 

The lesions produced i n their experiments were als o considered to have m any 

character ist ics in common w ith thickenings result ing from h ypercholestero-

lemia alone. Friedman and Byers also described an a ddit ive ef fect of the 

two comp onents and the result ing lesions were i n their  models found to con

s ist  of neatly arranged SM Cs and ex tracel lu lar l ipids which were deposited 
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in the centre of the plaque (Friedman and By ers 1965). In their experiments, 

however, thickenings induced by hypercholesterolemia alone consisted main

ly of cells containing lipids. Björkerud and Bondjers (1977) found that 

the repair of mechanically induced les ions was delayed i f the animals 

were rendered hypercho lesterolemic. Also in their experiments, the resul

ting lesions were considered to have m any p roperties in common wit h early 

human a therosclerotic plaques. In accordance w ith these r esults it was 

suggested th at high levels of serum choles terol either interfered with re-

endothelialization or caused an overload ing of the tissue beyond it s 

lipid eliminating capacity (Björkerud and Bondjers 1977). 

4:6 SOME A SPECTS O N T HE R OLE O F T HE P LATELET IN ATHEROGENESIS 

Endothelial desquamation has bee n sho wn to lead to platelet adhesion 

(Baumgartner 1972, IV, V an d V I). The p latelets adhere to collagen while 

elastic tissue is considered to be v irtually non-thrombogenic (Hugues 

1960, Baumgartner 1972). According to Groves et al. (1979) the m ajority 

of the platelets adhere w ithin the first 10 min after de-endothelialization. 

The event of degranulation following adhesion to the wall has bee n shown 

to be associated with a r elease of the contents of platelets granules. 

One substa nce,the p latelet derived growth f actor, PDGF, deserves p articular 

mention. Ross et al. (1974) found that it seemed to stimulate mitosis in 

SMC cul tures. The re lease of this substance i nto the arterial wall was 

suggested to provide an ex planation for the high number of SMC's seen i n 

some a therosclerotic lesions (Ross et al. 1977). Recently, a m odified ver

sion of this hypothesis has bee n proposed s ince it was found that PDGF a l

so seems to be chemotactic for SMCs in culture (Grotendorst et al. 1981). 

These autho rs suggested that a m igration of SMC's from the media to the 

intima could result in the formation of plaques and that this was a response 

to PDGF released by p latelets adhering to areas o f endothelial injury. 

Evidence for the relevance of platelet adherance and degra nulation for 

atherogenesis had, in any case, already been given by Mo ore et al. (1976) 

and by Friedman et al. (1977). They sh owed th at animals rendered thrombo

cytopenic after infusion of antiplatelet serum f ailed to respond w ith in

timai hyperplasia after de-endothelialization. An in hibitor of platelet 

aggregation, dipyridamole, has also been sh own t o have a beneficial effect 

in baboons subjected to experimental homocysteinemia where the extent of 

the lesions was reduce d a fter distribution of this drug (Harker et al. 1976). 

The p latelet may thus play an impo rtant role in atherogenesis i f the endo-
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thelium is significantly injured. 

4:7 ADHESION O F L EUKOCYTES T O T HE A RTERIAL W ALL IN EXPERIMENTAL AT HERO

SCLEROSIS 

Leukocyte adhesion to the vessel wall has been sh own to be re lated to 

endothelial injury. In this thesis, i t was found both after induction of 

hypercholesterolemia (III) and a fter mechanical trama (IV, V an d VI). 

It was not possible to determine the type of the leukocytes involved 

in the reaction to hypercholesterolemia (III, see al so Bondjers et al. 

1978). According to similar experiments done by o ther groups, however, a 

large proportion of the cells described ma y be mon ocytes (Haust 1974, Fow-

let et al. 1979, Schaffner et al. 1980, Gerrity and Naito 1980 a and b ). 

If large numbers of leukocytes are involved also in human at herosclerosis, 

one ex planation for the increased cell numbers o f intimai thickenings, may 

be provided . 

In the clamped femoral arteries of the rats (paper I V), 0 to 50 leuko

cytes were found per square mm. L eukocytes wer e seen both on the injured 

areas and on areas covered by normal endothelial cells in the vicinity of 

the injured parts. 

Following mechan ical trauma induced from the inside of the aorta of rab

bits, higher number of leukocytes were o ften found (V and VI). On the de-

endotheliali zed area s, 500 to 5000 leukocytes were counted per square m m. 

The ma jority of the leukocytes involved were a t all time intervals poly

morphonuclear gra nulocytes, PMNs. Also mon ocytes and, in some cases, lympho

cytes, could be found. The leukocytes involved successively showed a mo re 

well defined and cha racteristic pattern of distribution. They wer e seen i n ring

like formations around la rge thrombi and ro ws o f leukocytes were found a-

long intercellular borders of pseudoendothelial cells. Large nu mbers o f 

leukocytes were a lso particularly frequent along borders of lesions. A 

connection betwe en leukocytes and p latelets was a lso noted. These re sults 

are consistent with the findings of Ratcliff et al. (1979), who described 

a process of interaction between p latelets and P MNs i n both balloon-cathe

ter-injured arteries of dogs and ar teries of rabbits and r ats injured by 

infusion of arachidonic acid. In their study, i t was sugge sted th at a 

mechanism of platelet-PMN i nteraction ("cupping") exists, and th at this 

may be an i ntegrated part of the arterial response to injury. 

In a series of studies by Hansson and co-workers i t has been sh own that 
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the immunological system m ay be hig hly significant for the adhesion o f mo

nocytes to injured areas (Hansson 1980). Monocytes bear Fc-receptors on 

their surface (Berken and Ben acerraf 1966) and these are capable o f forming 

tight complexes w ith IgG. IgG ha s been sh own t o accumulate w ithin injured 

endothelial cells, within the intimai compartment under such c ells (II, 

Hansson et al. 1979, 1980 ) as w ell as under pseudoendothelial cells (VI). 

Blocking of the Fc-receptors of the mono cytes by me ans of the addition of 

staphylococcal protein A di d, in an in vitro-system, cause a 50% reduction 

of the number o f monocytes adhering to injured areas o f rabbit aortae 

(Hansson et al. 1981). These data thus suggest, that the adhesion o f mono

cytes may, to a large part, be media ted through an i nteraction between Ig G, 

adsorbed to injured parts of the intima,and the Fc-receptor of the mono

cytes . 

More s pecific data on the role of the 1 eukocytes in human atherogenes!"s 

are sti l l lacking but, since a pseudoendot heli um and adhering leukocytes 

could be seen eve n one year after mechanical injury, i t is suggested that 

a chronic inflammatory process ma y be involved, at least in experimental 

atherosclerosis. 

4:8 THE PSEUDOENDOTHELIAL CELL 

In areas whe re mec hanical injury had bee n induced, a surface cell was 

seen, l acking several of the characteristics common to endothelial cells 

(paper V and V I). As seen from the lumen, the f irst signs of this cell type, 

the so-called pseudoendothelial cell, werenoted 7 days a fter injury. We 

first observed larg e processes which exten ded from un derlying cells up t o 

the luminal surface. The main p art of the cytoplasm as well as t he nucle

us wa s often found 20 to 40 ym below the surface. The lo ng axis of the 

surface of the luminal process wa s o riented at a r ight angle to the blood 

flow. After about 2 weeks, the large processes had formed a relatively ho

mogenous new l i ning of the affected areas. By SEM, the size of the area 

which w as covere d by each process d iffered remarcably, extending up to 

70 x 70 um. The processes showed an arra ngement resembling t hat of roofing-

ti les, i.e. the distal part of each proce ss covered the proximal part of 

its downstream neighbour. Microvillous projections, occasionally bud-like, 

could be found i n large numbers on some of these c ells. Along the luminal 

borders, small interdigitating processes were seen. Among th ese, platelets 

and leukocytes were a lso found. Even on e year after injury, many o f the 
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platelets were s pherical, a sign suggesting that degranulation had no t oc

curred (review: Baumgartner and Muggli 1976). Pseudoendothelial cel ls at the 

border to normal endothelium did not have a different structure from those 

in other non-endothelial ized areas. In the normal endothelium, however, the 

border regions were ch aracterized either by a zone o f necrotic endothelium, 

thrombi or a dema rcation l ine formed by a l ip-l ike swell ing connecting the 

normal endothelial cel ls. A fu sion between e ndothelial and pseudoendothe

l ial cel ls was never observed. 

By TE M, both the interdigitat ing, f inger- l ike, processes along the cel l  

borders and th e smaller, microvi l lous or bud-l ike, protrusions seen by SEM, 

could be confirmed. A condensatio n of thin f i laments which had a diameter 

of about 4 to 7 nm, was seen a t the luminal part of the cytoplasm. Below 

this zone, large quantit ies of rough endoplasmic ret iculum were p resent. 

Vesicles were co mmon along abluminal membranes, b ut no signs suggesting 

the presence o f transcel1ular pathways, were seen. No Weibel-Palade bodies 

could be found and lu minal junctional complexes were absent. Due to the 

deep localizat ion of the nucleus, the luminal surface covered by pseudoen

dothelial cel ls was f lat , in contrast to the bulging appearance seen whe n 

ordinary endothelial cel ls constituted the int imai l ining. 

With the dye-exclusion test, access of Evans blue was gained to compart

ments u nderlying pseudoendothelial cel ls. Likewise, a m aterial showing a 

posit ive reaction to antibodies against IgG co uld be found under these cel ls. 

Björkerud and Bondjers (1971) reported that also when in jecting Evans b lue 

in vivo binding of the dye to these areas occurs. An incre ased transfer of 

H-cholesterol into these blue parts was also found (Bondjers and Björke

rud 1973b),and al l  these data, taken together, indicate a higher permeabi

l i ty to plasma c onstituents. 

The ternTpseudoendothelium" was f i rst used t o describe the sheets of 

cel ls that appeared befo re normal vascular endothelial cel ls in healing 

rabbit ear chambers (Pugatch 1964). In that study, macrophages interspersed 

with f ibroblasts and ot her mesenchymal cel ls constituted the surface. Baum

gartner (1971) used t his descript ion for the layer of platelets which ad

hered to a de-endotheli  al ized blood vessel,but more often i t  has been app

l ied to describe a single layer of cel ls, other than platelets, l ining the 

int ima .  

At present,the most common opin ion about the origin of the pseudoendo

thel ial cel l ,  as defined in this study,seems to be that i t  is derived from 

SMC's (Stehe!kounoff 1936, Friedman and Byers 1965, Stemerman and Ros s 
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1972, Ross and Glomset 1973, Björkerud and Bondjers 1973, Spaet et  a l .  1975, 

Stemerman et al .  1977, Clowes et al .  1S78, Richardson and Moore 1980, El-

dor et a l .  1981),but also other opinions about i ts or igin have p revai led. 

Poole et al .  (1958) considered these c el ls to be o f endothel ial  or igin, 

or iented in a b izarre pattern, whi le French (1966) and Haudenshi ld and St u-

der (1971) thought that f lat tened monocytes const i tuted the surface of le

sions induced by mechanical in jury. Col latz-Christensen and Garb asch (1973) 

considered i t  possible that these cel ls could be de rived either from the 

blood, from the underlying t issue or from both sources. Since implanted non

viable aort ic homografts bec ame covered solely from the si tes of junct ion 

in an experiment by Spaet et al .  (1975), the possibi l i ty of a hema togenous 

or igin of these cel ls was, by these authors, considered unl ikely. 

The smooth muscle cel l  is the main c el lular component of the vessel wal l .  

I t  is capable o f producing al l  extracel lular connect ive t issue components 

present in arter ies (review: Ross and Ka riya 1980). The S MC of the artery 

is spindle-shaped or mult ipolar and has an elongated nucleus which is orien

ted along the long axis of the cel l .  The main comp onents o f the contract i le 

SMC are thin (diameter 4-7 nm) and t hick (diameter 12-18 nm) f i laments con

sist ing of act in and myos in (Gerr i ty and C l i f f  1975, review: Campbel l  et  

al .  1981) and num erous mit ochondria. Occasional ly,  gap j unct ions or less 

wel l-def ined contacts can be seen betwee n n eighbouring cel ls in the normal 

vessel (review: Ross and K ariya 1980). Peripheral dense bo dies, peripheral 

vesicles and a basal lamina are also character ist ic of the contract i le SMC. 

Despite these cr i ter ia, however,the ident i f icat ion of th is cel l  type may 

occasional ly prove to be d i f f icul t  since SMC's adapt to their  enviromental 

condit ions (comments and r eferences: Campbel l  et  al .  1981). I t  has even been 

shown, that the oestrus cykle may a ffect the morphology o f SMC's (Poole 

et al .  1971). 

Arter ial  cel ls in lesions induced by mechanical in jury have proved to 

be d i f f icul t  to ident i fy.  Schwartz et al .  (1975) described for example 

three types of cel ls in heal ing lesions: SMC's, endothel ial  cel ls and, as 

a third type, "probably dedif ferentiated SMC's".  

I t  has a lso been suggested th at endothel ial  cel ls (Crawford 1956, Haust 

et a l .  1960, Eiken and Nor den 1961) or blood-borne cel ls (Jörgensen et al .  

1967) should be able to al ter their  di f ferent iat ion pattern suff ic ient ly 

enough to resemble SMC's in character.  To da te, no d irect evidence has 

been r eported for th is rather unl ikely hypothesis. However, the border 

of non-fusion between e ndothel ial  and pseudoendothel ial  cel ls,  which then 

37 



w o u l d  b e  c o n s i d e r e d  a n  i n t e r m e d i a t e  c e l l  t y p e  ( p a p e r  V I ) , m a y  s u g g e s t  t h e  

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

l a c k  o f  r e a c t i v i t y  t o  a n t i b o d i e s  t o w a r d s  f a c t o r  V I I I  s e e n  i n  t h e  p s e u d o -

e n d o t h e l i u m  o f  r a t s  ( C l o w e s  e t  a l .  1 9 7 8 )  a n d  r a b b i t s  ( p a p e r  V I ) .  

A s  h a s  b e e n  m e n t i o n e d  e a r l i e r ,  t h e  S M C  i s  m u l t i p o t e n t  a n d  c a p a b l e  o f  

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

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

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

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

S M C ' s  o f  a n i m a l s  s u b j e c t e d  t o  e x p e r i m e n t a l  h y p e r c h o l e s t e r o l e m i a  ( r e f e r e n c e s  

a n d  c o m m e n t s :  F o w l e r  e t  a l .  1 9 7 9 ) .  O t h e r  g r o s s  a l t e r a t i o n s  h a v e  b e e n  s e e n  

i n  S M C ' s  s u b j e c t e d  t o  i n  v i t r o  c o n d i t i o n s  ( F o w l e r  e t  a l .  1 9 7 9 ,  r e v i e w  w i t h  

r e f e r e n c e s :  C a m p b e l l  e t  a l .  1 9 8 1 ) .  N o t  o n l y  m o r p h o l o g i c a l  b u t  a l s o  c h e m i c a l  

p r o p e r t i e s  o f  S M C ' s  m a y  c h a n g e  e x t e n s i v e l y  a l o n g  w i t h  a l t e r e d  c o n d i t i o n s  .  

W h i l e  p r e s e n t  w i t h i n  t h e  m e d i a ,  t h e  S M C  p r o d u c e s  o n l y  m i n o r  a m o u n t s  o f  t h e  

a n t f - t h r o m b o g e n i c  s u b s t a n c e  P G ^ .  p r o s t a c y k l i n  ( M o n c a d a  e t  a l .  1  9 7 7 ) .  A f 

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

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

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

l i a l  c e l l s  ( E l d o r  e t  a l .  1 9 8 1 ) .  

T h e  c o n c e p t  o f  m o d u l a t i o n  o f  t h e  S M C  p h e n o t y p e  h a s  r e c e n t l y  b e e n  e m p h a 

s i z e d  ( C a m p b e l l  e t  a l .  1 9 8 1 ) .  A c c o r d i n g  t o  t h i s  c o n c e p t ,  S M C ' s  m a y  c h a n g e  

t h e i r  p h e n o t y p e  a s  a  r e s p o n s e  t o  a l t e r a t i o n s  i n  t h e i r  e nv i r o n m e n t s .  I n  c u l 

t u r e ,  S M C ' s  r e m a i n  i n  a  c o n t r a c t i l e  s t a t e  f o r  a b o u t  o n e  w e e k .  B e i n g  i n  

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

c i a t e d  d e n s e  b o d i e s  ( C a m p b e l l  a n d  C h a m l e y  1 9 7 5 )  a n d  t h e y  a r e ,  d u e  t o  t h i s ,  

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

h a s  b e e n  s h o w n  t o  o c c u r  a f t e r  p r o l o n g e d  c u l t u r e  ( C h a m l e y  e t  a l .  1 9 7 4 )  a n d  

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

n u m b e r  o f  o r g a n e l l e s  i n v o l v e d  i n  s y n t h e s i s ,  m a i n l y  r i b o s o m e s .  T h i s  m o d u l a 

t i o n  m a y  a l s o  f a c i l i t a t e  p r o l i f e r a t i o n  s i n c e  m o s t  S M C ' s  s e e n  u n d e r g o i n g  

m i t o s i s  h a v e  b e e n  i n  t h e  s y n t h e t i c  s t a t e  ( r e f e r e n c e s :  C a m p b e l l  e t  a l .  1 9 8 1 ) .  

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

i f  e i t h e r  a  c o n f l u e n t  l a y e r  o f  S M C ' s  h a s  d e v e l o p e d  o r  i f  a n o t h e r  l a y e r  o f  

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

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

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

i n h i b i t e d  ( C a m p b e l l  e t  a l .  1 9 8 1 ) .  
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T h e  c h a r a c t e r i s t i c s  o f  t h e  p s e u d o e n d o t h e l i a l  c e l l s  s h o w n  i n  t h i s  

t h e s i s  ( p a p e r  V I )  d o  n o t  a l l o w  c l a s s i f i c a t i on  i n  a n y  o f  t h e  t w o  s t a t e s  d e 

s c r i b e d .  T he  l u m i n a l  p a r t  o f  t h e s e  c e l l s  w a s ,  i n  m os t  c a s e s ,  f i l l e d  w i t h  

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

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

o f  t h e  S M C .  I t  i s  p o s t u l a t e d ,  t h a t  a l s o  p h e n o t y p i c  s t a t e s  o t h e r  t h a n  t h e  

p u r e  c o n t r a c t i l e  a nd  t h e  s y n t h e t i c ,  m a y  e x i s t .  W h e t h e r  t h i s  " p s e u d oe n d o 

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

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

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

j u n c t i o n s  m a y  p o s s i b l y  b e  i m p o r t a n t  d u e  t o  t h e  f a c t  t h a t  n o  S M C ' s  i n  t h e  

c o n t r ac t i l e  s t a t e  w e r e  s e e n  c l o se  t o  t h e  l u me n  ( p a p e r  V I ) .  A c c o r d i n g  t o  

t h e  e a r l i e r  m e n t i o n e d  f i n d i n g s  t h a t  S M C ' s  p r e f e r e n t i a l l y  s e e m  t o  g o  i n t o  

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

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

l i z e d  a r e a s ,  m a y  b e  s e e n .  PD G F  r e l e a s e d  f r o m  p l a t e l e t s  a d h e r i n g  m a y  p o s s i b 

l y  a l s o  a f f e c t  t h e  p h e n o t y p i c  s t a t e  o f  t h e  S M C ' s .  

I n  c e l l  c u l t u r e s  i t  h a s  b e e n  s h o w n ,  t h a t  S M C ' s  l o s e  t he i r  a b i l i t y  o f  r e 

t u r n i n g  t o  a  c o n t r a c t i l e  s t a t e  a f t e r  m o r e  t h a n  3  w e e k s  o f  c u l t u r e  ( r e v i e w :  

C a m p b e l l  e t  a l .  1 9 8 1 ) .  I f  s u c h  a n  i n a b i l i t y  o f  S M C ' s  i n  t h e  s y n t h e t i c  s t a t e  

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

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

m e c h a n i c a l  i n j u r y  t o  t h e  i n t i m a  ( p a p e r  I V ) .  
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5. SUMMARY 

Endothelial in jury has, for a number o f years, been considered to be an 

important factor for the development o f atherosclerotic lesions in large 

blood vessels and f or the formation of thrombi on the vessel wall .  The ob

ject of these investigations was to study the surface ultrastructure of ar

teries subjected to mechanical trauma and t o study the integrity of the en

dothelial l in ing in experimental hypercholesterolemia in rabbits. 

Scanning electron microscopy served as the basic method for the studies 

and a preparational scheme, part icularly suitable for arteries, was develop

ed in order to provide optimal reproducibi l i ty and r esolut ion. Transmission 

electron microscopy was used i n some studies where a characterization of 

different cel l  types and a gradation of cel lular injury was found necessary. 

A ne w meth od for staining of specimens for transmission electron microscopy 

was a lso developed, providing an enhanc ed c ontrast and m embrane d elineation. 

Light microscopy, interference contrast microscopy, and f lu orescence micro

scopy were o ther methods that were used i n order to detect endothelial in

jury. A dy e-exclusion test was performed in several experiments, al lowing 

a macroscopic evaluation of the endothelial integrity as well  as localiza

t ion of endothelial injury on the cel lular level. Injured endothelial cel ls 

showed s well ing, desintegrat ion of their cel lular membranes, upt ake of 

Evans b lue and a binding of antibodies against immunoglobulin G. 

The effects of a d irect mechanical trauma to the int imai l ining of the 

aorta of rabbits was studied. Endothelial cel ls became desquamated and ad

hering platelets, leukocytes, erythrocytes and f ibrinous strands were seen 

on injured areas. 7 days a fter injury, a c haracterist ic cel l  type, the 

"pseudoendothelial cel l",  was observed a t de-endotheli  a 1 i  zed pa rts of the 

vessels. At some sites, i t  could be seen l i ning the intima even one year 

after injury. A bin ding of Evans blu e and a posit ive reaction to antibo

dies against immunoglobulin G was seen i n the intimai compartment u nder

lying such c el ls. Since no s pecial ized junctions between the pseudoendothe

l ial cel ls could be seen, i t  was suggested t hat this kind of surface al

lowed an increased leakage of substances of the blood into the vessel wall .  

The pseudoendothelial cel ls did not contain detectable amounts of factor 

VII I  and no Weibel-Palade bodies were seen, two si gns making and endothe

l ial origin unlikely. The zone o f non-fusion between en dothelial and pseu

doendothelial cel ls was also considered to speak against a common or igin. 

I t  is suggested that the pseudoendothelial cel ls were smoo th muscle cel ls 

that had been modi f ied even though they did not resemble e ither of the 
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two d efined phenotypic states of this kind of cell: the contracti le or the 

synthetic state. 

The effects of the application of a surgical clamp to the femoral arte

ry were studied in rats. The e ndothelial surface showed signs of injury 

and desquamation o f cells and an adhesion of platelets, erythrocytes, leu

kocytes and f ibrinous strands, was noted. The f ibrinolytic activity of the 

vessel was measured af ter injury and a reduction to levels not detectable 

with the methods was found. A r eturn to pre-injury levels was noted when 

re-endothelialized was completed, 3 weeks a fter clamping. 

In rabbits, moderate h ypercholesterolemia was induced by the addition 

of cholesterol to their diet. Intimai thickenings were found to occur in 

their aorta. A predomin ance for areas close to ostia of branches was seen. 

On t hese lesions, particularly along their borders, a discontinuous endo

thelial l ining with swollen and immun oglobulin G-containing cells could be 

noted. Leukocytes were a lso occasionally seen adher ing to the intimai sur

face of these hypercholesterolemic rabbits. 

The po ssible connection between endothelial injury and th e formation and 

growth of atherosclerotic lesions has been discussed in the l ight of the 

present studies and ob servations made by other groups. 
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