
©
Det här verket är upphovrättskyddat enligt Lagen (1960:729) om upphovsrätt till litterära och 
konstnärliga verk. Det har digitaliserats med stöd av Kap. 1, 16 § första stycket p 1, för forsk-
ningsändamål, och får inte spridas vidare till allmänheten utan upphovsrättsinehavarens 
medgivande. 

Alla tryckta texter är OCR-tolkade till maskinläsbar text. Det betyder att du kan söka och kopie-
ra texten från dokumentet. Vissa äldre dokument med dåligt tryck kan vara svåra att OCR-tolka 
korrekt vilket medför att den OCR-tolkade texten kan innehålla fel och därför bör man visuellt 
jämföra med verkets bilder för att avgöra vad som är riktigt.

This work is protected by Swedish Copyright Law (Lagen (1960:729) om upphovsrätt till litterära 
och konstnärliga verk). It has been digitized with support of Kap. 1, 16 § första stycket p 1, for 
scientific purpose, and may no be dissiminated to the public without consent of the copyright 
holder.  

All printed texts have been OCR-processed and converted to machine readable text. This means 
that you can search and copy text from the document. Some early printed books are hard to 
OCR-process correctly and the text may contain errors, so one should always visually compare it 
with the images to determine what is correct.

0
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20                                                
21

22
23

24
25

26
27

28
29

30
C
M

0
1

2
3

4
5

6
7

8
9

10
11

12
IN
C
H



/éO 

Endothelial Integrity and Cholesterol 
Transfer in the Aorta of the Rabbit 

Cholesterol content, accumulation and elimination in morphologically 

defined experimental atherosclerotic lesions and normal tissue 

By 

GÖRAN BONDJERS 

GÖTEBORG 1972 





Endothelial Integrity and Cholesterol 
Transfer in the Aorta of the Rabbit 

Cholesterol content, accumulation and elimination in morphologically 

defined experimental atherosclerotic lesions and normal tissue 

AKADEMISK AVHANDLING 

SOM FÖR VINNANDE AV MEDICINE DOKTORSGRAD, 

MED VEDERBÖRLIGT TILLSTÅND AV MEDICINSKA FAKULTETEN 

VID UNIVERSITETET I GÖTEBORG, KOMMER ATT OFFENTLIGEN 

FÖRSVARAS Å AULAN, SAHLGRENSKA SJUKHUSET, 

ONSDAGEN DEN 24 MAJ 1972 KL. 9 F.M. 

A v  

G Ö R A N  B O N D J E R S  
MED. KAND. 

GÖTEBORG 1972 
ELÄNDERS BOKTRYCKERI AKTIEBOLAG 





From the Departments of Histology and Medicine I, Medical Faculty, 
University of Göteborg, Göteborg, Sweden. 

Endothelial Integrity and Cholesterol 
Transfer in the Aorta of the Rabbit 

Cholesterol content, accumulation and elimination in morphologically 

defined experimental atherosclerotic lesions and normal tissue 

By 

GÖRAN BONDJERS 

GÖTEBORG 1972 



2 

The present thesis is based upo n the following research papers: 

I. BONDJERS, G., and S. BJÜRKERUD: Fluorometric determination of cholesterol 

and cho lesteryl ester in tissue on the nanogram lev el. Anal. Biochem. 42: 

363 (1971 ). 

II. BJÜRKERUD, S., and G. BONDJERS: Endothelial integrity and viability in the 

aorta of the normal rabbit and r at as evaluated with dye exclusio n tests 

and in terference contrast microscopy. Atherosclerosis J_5: 285 (1972). 

III. BONDJERS, G ., and S. BJÜRKERUD: Cholesterol accumulation and conte nt in 

regions with defined endothelial integrity in the normal rabbit aorta. 

(1972). Accepted for publication in Atherosclerosis. 

IV. BJÜRKERUD, S., and G. BONDJERS: Arterial repair and at herosclerosis after 

mechanical injury. Part 1. Permeability and l ight microscopic characteris

tics of endothelium in non-atherosclerotic and a therosclerotic lesions. 

Atherosclerosis _1_3: 355 (1971 ). 

V. BONDJERS, G., and S. BJÜRKERUD: Arterial repair and at herosclerosis after 

mechanical injury. Part 3. Cholesterol accumulation and remov al in morpho

logically defined regions of aortic atherosclerotic lesions in the rabbit. 

(1972). Accepted for publication in Atherosclerosis. 

VI. BONDJERS, G., and S. BJÜRKERUD: Arterial repair and at herosclerosis after 

mechanical injury. Part 4. Uptake and composition o f cholesteryl ester in 

morphologically defined regions of atherosclerotic lesions. Atherosclerosis 

J_5: 273 (1972). 

These papers w ill be re ferred to in the text by their roman numerals. 

Abbreviations: CEFA -

LCAT -

TLC -

cholesteryl ester fatty acid 

lecithin cholesteryl acyl transferase 

thin layer chromatography 



C O N T E N T S ,  
PAGE 

1 INTRODUCTION 5 

1.1 Atherogenesis 5 

1.2 Déposition of cholesterol 5 

1.3 The endothelium and atherogenesis 6 

1.4 Experimental atherosclerosis induced by mechani cal trauma 6 

1.5 Purpose o f the study 7 

2 SUMMARY O F T HE R ESULTS 8 

2.1 Structural and functional aspects o f the normal aortic 

endothelium 8 

2.2 Mechanisms for the transfer of cholesterol into the normal 

aortic t issue 9 

2.3 Structure of the endothelium i n different aort ic lesions 

induced by mechanic al injury in the rabbit 9 

2.4 Mechanisms for the accumulation o f cholesterol in athero

sclerotic lesions induced by mechan ical injury in the rabbit 9 

2.5 Cholesterol transfer in morphologically defined regions of 

aortic experimental atherosclerotic lesions induced by 

superficial mechanical injury 10 

3 METHODOLOGY 11 

3.1 Experimental animals 11 

3.2 Experimental atherosclerosis 11 

3.3 Cholesterol determination and fra ctionation 12 

3.4 Morphology 13 

3.5 Studies with labelled cholesterol 14 

3.6 Statistical methods 16 

4 ENDOTHELIAL INTEGRITY 17 

4.1 Endothelial integrity in the normal aorta 17 

4.2 Permeabil ity characteristics of normal aortic endothelium 19 

5 CHOLESTEROL TRANSFER 23 

5.1 The o rigin of cholesterol in the normal arterial t issue 23 

5.2 The o rigin of excess cholesterol in atherosclerotic lesions 25 

5.3 Cholesterol transfer in arterial t issue with intact endo :  

thelium 27 

5.4 The c holesterol barrier 29 

5.5 Cholesteryl ester composition in atherosclerosis 31 

5.6 Cholesterol removal and a therosclerosis 34 



4 

PAGE 

6 ENDOTHELIAL INTEGRITY AND EXPERIMENTAL ATHEROSCLEROSIS 37 

6.1 Experimental atherosclerosis induced by mechanical trauma 37 

6.2 Dietarily induced experimental atherosclerosis 37 

6.3 Endothelial integrity and the filtration hypothesis 38 

7 ABSTRACT 39 

8 ACKNOWLEDGEMENTS 41 

9 REFERENCES 42 



5 

1 ,  I N T R O D U C T I O N  

1 . 1  A t he rogenes i s  

A th e rosc l e ro t i c  changes  a r e  n o w gene r a l l y  cons ide r ed  t o  be  o f  mu l t i f ac to r i a l  

o r ig in  ( r ev i ew s :  s ee  1 ,  2 ,  3 ,  4 ) .  H ow eve r ,  mos t  r e s ea r ch  on  a t he rosc l e ro s i s  ha s  

been  i n f l uen ced  by  t h e  f i l t r a t i on  hypo the s i s  o f  a t he r ogene s i s .  I n  i t s  f i r s t  

fo rm ,  a s  p r e sen t ed  by  V i r cho w 1856  ( 5 ) ,  t h i s  hypo the s i s  a t t r i b u t e d  t h e  fo rma

t i o n  o f  a t he rosc l e ro t i c  depo s i t s  t o  i m b i b i t i o n  o f  t he  a r t e r i a l  wa l l  w i th  b l ood  

co ns t i t uen t s ,  whe rea s  t he  l oca l i z a t i on  o f  t he se  depos i t s  wa s  suppo sed  t o  b e  de 

t e rmined  by  t e a r i ng  and  s t r e t ch in g  due  t o  t he  " f o rc e  o f  t he  b lood" ,  i . e .  b y  

hemo dyna m i c  f a c to r s .  

The  f i l t r a t i on  hypo the s i s  ga ine d  muc h  supp o r t  f r om t he  s t ud i e s  o f  An i t schkow ,  

w ho  191 2  su cced d ed  i n  p roduc in g  expe r imen t a l  a t he r o s c l e ro t i c  l e s ions  b y  f e ed 

ing  r abb i t s  cho l e s t e ro l  ( 6 ) ,  an d  subsequen t l y  i de n t i f i e d  cho l e s t e ro l  c ry s t a l s  

i n  t he  l e s i ons  ( 7 ) .  An i t s ch kow p re s umed  t ha t  a  r a t he r  c ons t a n t  s t r e am o f  nu t r i 

en t  l i qu id  con t a i n i ng  " l i po id "  m a te r i a l  was  f i l t e r ed  th rough  t he  a r t e r i a l  wa l l  

f r om t he  b l ood  ( 8 ) .  Depos i t i o n  o f  cho le s t e ro l  was  a t t r i bu t ed  t o  " f l o c c u le n t  

p r e c ip i t a t i on  o f  l i po id s " .  Th i s  v i ew  has  d i r ec t ed  t he  i n t e r e s t  o f  ma ny  r e s ea r ch 

e r s  t o  t he  r e l a t i onsh ip  b e t ween  s e rum l i p i d s ,  e sp ec i a l l y  s e rum c h o l e s t e ro l ,  

a nd  a t he r o sc l e ro s i s .  O n  t h e  o th e r  hand ,  t he re  a r e  m any  o b s e r v a t i o n s  wh i ch  a r e  

d i f f i c u l t  t o  accoun t  f o r  o n l y  by  i nc r ea s ed  c ho l e s t e ro l  c on t en t  i n  f i l t e r e d  

se r um pas s i ng  t h r ough  t he  a r t e r i a l  w a l l  ( s ee  1 ,  2 ,  3 ) ;  t h e  p r e f e r en t i a l  l o ca l 

i z a t i o n  o f  a t h e rosc le ro t i c  l e s ions  ( 8 ,  9 ,  1 0 )  c anno t  be  exp l a ined  by  f i l t r a t i o n  

th rough  a  pa s s ive  f i l t e r  a s  ou t l i ned  above ,  an d  t h e  i nduc t i on  o f  a t h e ros c le ro t i c  

chan g es  i n  expe r imen t a l  an im a l s  ha s  i nvo lved  i nc r emen t s  i n  b l ood  cho l e s t e ro l  

l eve l s  t o  h igh ly  unphys io log i ca l  l ev e l s ,  i . e .  200 0  mg / 1 00  m l  ( 3 ) .  T he re fo r e ,  

many  i n ve s t i ga t o r s  have  qu es t i o n ed  t he  f i l t r a t i on  hypo t h e s i s  ( r ev i ews :  1 ,  2 ,  3 )  

a nd  empha s i zed  t h e  impor t ance  o f  o th e r  f ac to r s ,  such  a s  hemo dynamic  s t r a i n  

(11 ,  12 ,  13 ) ,  e nc r u s t a t i on  o f  su r f a c e  t h ro mb i  ( 14 ,  15 ,  16 )  l oca l  me t abo l i c  

chan g e s  ( 4 ,  1 7 ,  1 8 ,  19 ) ,  o r  immuno log i ca l  f a c to r s  ( 20 ) .  

1 . 2  D e pos i t i on  o f  c ho le s t e r o l  

The  dep os i t i on  o f  f r e e  and  e s t e r i f i e d  cho l e s t e ro l  i s  one  o f  t he  mos t  cha r ac t e r 

i s t i c  f ea tu r e s  o f  t he  a t he rosc l e ro t i c  l e s i o n  ( 2 ,  21 ,  22 ,  23 ) .  I n  1951 ,  B iggs  

a nd  Kr i t chevsky  demons t r a t ed  t ha t  l abe l l ed  c ho l e s t e ro l  g iven  pe r  o s  c ou l d  be  

r e cove red  i n  t he  a r t e r i a l  t i s sue  o f  n o r ma l  and  hype rch o l e s t e r o l a e m ic  r a bb i t s  

( 24 ) .  Th i s  f i nd i ng  ha s  been  con f i rmed  by  m an y  i nves t i g a to r s ,  b o th  i n  hum a ns  

a nd  i n  expe r imen t a l  a n im a l s ,  i n  no r m a l  a r t e r i a l  t i s sue  a s  we l l  a s  i n  a t h e ro -
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sclerotic t issue (reviews: 2, 25, 26, 27). These r esults have be en considered 

to be a strong argument in favour of the hypothesis that f i l tration of plasma 

is the primary factor causing c holesterol deposition in atherosclerotic lesions 

(2, 25, 27). 

1.3 The endothelium and atherogenesi s 

The en dothelial cell layer forms th e boundary betw een the blood and the suben

dothelial arterial t issue (review: 28). Thus, a l l substances which e nter the 

arterial t issue from th e lumen, must pass through the endothelium (28). By 

virtue of their anatomical posit ion, the endothelial cells are also connected 

to the formation of mural thrombi (28, 29). In addition, i t  seems very l ikely 

that the endothelial cell layer should be the f irst structure influenced by 

increased hemodynamic f orce (29), for example due t o turbulance. I t  follows 

that hypotheses on athero genesis, such as the f i l tration hypothesis, the en

crustation hypothesis, and the hemodynamic stress hypothesis, must take the 

properties of the endothelium into account. However, the morphology o f the 

arterial endothelium i s diff icult to study by me ans of histological sections, 

as i t  is arranged i n cylinders. Studies on en fac e preparations may, on t he 

other hand, pro vide more re presentative information on the structure of the endo

thelium in normal and a therosclerotic arteries. The e laboration of new, simple 

techniques for the preparation of such mat erial (30), with decreased r isks for 

art ifacts, may, therefore, be o f great potential signif icance for the advance

ment o f our knowledge of atherosclerosis and i ts origin. 

1.4 Experimental atherosclerosis induced by mechan ical trauma 

Much evidence has been presented to support Virchow's view that hemodynamic 

trauma i s one important factor in atherogenesis (reviews: 1, 2, 3, 12). To im i

tate the effect of hemodynamic injury, Björkerud constructed a micro surgical in

strument for the induction of defined mechanical trauma t o the lumenal surface 

of rabbit aortae (31). With this instrument i t  was poss ible to show tha t diffe

rent types of mechanical trauma e licit different t issue responses in the arte

rial wall: ( i) A su perficial mechanical injury with small area (longitudinal 

injury) induces a t issue reaction suggestive of progressive int imai thickening 

(31); ( i i) A su perficial mechanical injury with large area (transverse injury) 

init iates changes, mor phologically similar to those i n early human athe roscler

osis (32); ( i  i  i  ) A t otal, local necrosis (deep i njury with small area) causes 

cell death, calcif ication, encapsulation and c apil larization (33), i .e. changes 

similar to those i n media sclerosis or advanced at herosclerotic lesions. The 

sequential morphological changes during the progression and regressio n of these 

lesions have bee n systematically studied. In the lesions, different regions 
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with characterist ic and rep roducible morphological propert ies have bee n i den

t i f ied by l ight microscopy (34) , transmission electron microscopy (35), and 

scanning e lectron microscopy (36). These r esults indicate that experimental 

arterial lesions with predictable morphological propert ies and o f known age, 

may be pro duced a t wi l l  by d efined mechanical injury. 

The s election of material may exert a determining inf luence on the relevance 

of results obtained from morphological ly heterogeneous o r undefined t i ssues. 

Variable composit ion of the t issue samples investigated may obs cure tr ue charac

terist ics (27, 37), and a t the same t ime produce a rt i factual results (37). 

These con siderations may be esp ecial ly relevant for studies on at herosclerotic 

lesions which are focally distr ibuted, structural ly variable, of dif fering 

age, and have a mar ked in tr insic heterogeneity (reviews: 2, 3). Therefore, 

the possibi l i ty of inducing experimental atherosclerotic lesions with defined 

morphological propert ies by me ans o f mechanical injury may al low workers in 

this f ield to obtain part icularly relevant information about biochemical and 

other propert ies of atherosclerosis. 

1. 5 Purpose o f the study 

The general aim of the present investigation was to study two fa ctors intimately 

related to current concepts on atherogenes!'s, as discussed above: ( i )  structural 

and functional propert ies of the endothelium in normal and at herosclerotic t issue; 

and ( i i )  local transfer mechanisms for free and e sterif ied cholesterol in normal 

arteries and i n atherosclerosis. For this purpose i t  was necessary to develop 

new techniques for the study of endothelial cel l  v iabi l i ty ( I I) ,  and mo re sen

sit ive methods for the determination of cholesterol in t issue ( I) .  These t ech

niques were com bined and applied to normal aorta and morpho logical ly defined 

atherosclerotic lesions induced by mechan ical trauma i n normo-1ipidemic rabbits, 

in an attempt to contribute to the knowledge concerning the fol lowing more spe

cif ic problems: 

1) Is the normal aort ic endothelium of rabbit and r at structurally and func

t ionally homogeneous? ( I I ,  I I I) .  

2) What is the nature of the local mechanisms involved i n the transfer of chol

esterol into the normal rabbit aorta? ( I II) .  

3) Are the structural and pe rmeabil i ty characterist ics of the endothelium 

related to morphological propert ies of dif ferent aort ic lesions induced by 

defined mechanical trauma i n the rabbit? (IV). 



8 

4) What local mechanisms ma y be involved in the accumulation o f cholesterol in 

experimental atherosclerotic lesions induced by defined mechanical injury 

in the rabbit? (V). 

5) Are th e characteristics of accumulation, removal and composition of free 

and es terif ied cholesterol related to selected morphological properties of 

mechanically induced at herosclerotic lesions in the rabbit? (V, VI). 

2 ,  S U M M A R Y  O F  T H E  R E S U L T S  

2.1 Structural and fun ctional aspects o f the normal aortic endothelium 

2.1.1 Structure of the normal aortic endothelium 

11 :  Cell viabil i ty in rabbit and ra t aorta was evaluated by me ans of dye exc lu

sion tests, which re sulted in a d ifferential staining of the aortic surface. 

Unstained areas were covered w ith normal, intact endothelial cells. Stained 

areas were covered w ith defective endothelium, containing endothelial cells 

with structural properties, indicating irreversible injury or cell death. Micro-

thrombi were frequently seen adhering to injured endothelial cells. Medial smooth 

muscle cells underlying defective endothelium wer e a lso injured, as judged from 

their morphological and s taining characteristics. The presence of injured endo

thelium and medi a cells in regions, where increased hemodynamic strain is l ike

ly to occur, and which constitute predilection sites for atherosclerosis, indi

cate that localized areas i n the normal artery may be precond itioned for addi

t ional injury leading to atherosclerosis. 

2.1.2 Permeabil ity of the normal aortic endothelium 

II I: To study the signif icance of endothelial integrity for the transfer of 

cholesterol, the concentration and uptake in vivo of free and e sterif ied chol

esterol was determined in regions with intact and d efective endothelium in the 

aorta of normal rabbits. The c holesterol content and the uptake o f labelled 

free and es terif ied cholesterol was higher in regions with defective endothel

ium. The hi gher uptake o f labelled esterif ied cholesterol suggests f i l tration 

of l ipoproteins in regions with defective endothelium. The re sults indicate that 

the intact endothelial l ining may represent a structural barrier against ex

cessive transfer and depo sition of cholesterol in arterial t issue. 
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2 . 2  M e c h a n i s m s  f o r  t h e  t r an s f e r  o f  c h o l e s t e r o l  i n t o  t h e  n o r m a l  a o r t i c  t i s s u e  

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

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

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

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

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

b e tw e e n  t h e  f r a c t i o n s  o f  2 0 : 1 .  T h i s  i s  c o n s i s t e n t  w i t h  a c t i v e  t r a n s p o r t  o f  

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

b y  o t h e r s  ( 3 8 )  o n  t h e  b a s i s  o f  i n  v i t r o  s t u d i e s .  I n  r e g i o n s  w i t h  d e f e c t i v e  e n d o 

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

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

2 .  3  S t r u c t u r e  o f  t h e  e n d o t h e l i u m  i n  d i f f e r e n t  a o r t i c  l e s i o n s  i n d u c e d  b y  m e c h 

a n i c a l  i n j u r y  i n  t h e  r a b b i t  

I V :  A t h e r o s c l e r o t i c  a n d  n o n - a t h e r o s c l e r o t i c  a r t e r i a l  l e s i on s  w e r e  i n d u c e d  b y  

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

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

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

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

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

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

a l b um i n  c o m p l e x .  T h e  n o n - a t h e r o s c l e r o t i c  l e s i on s  w e r e  c o m p l e t e l y  r e - e n d o t h e l i a -

l i z e d  a f t e r  4  w e e k s ,  w h e r e a s  t h e  a t h e r o s c l e r o t i c  l e s i o n s  w e r e  p a r t i a l l y  d e v o i d  

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

2 . 4  Me c h a n i s m s  f o r  t h e  a c c u m u l a t i o n  o f  c h o l e s t e r o l  i n  a t h e r o s c l e r o t i c  l é s i o n s  

i n d u c e d  b y  m e c h a n i c a l  i n j u r y  i n  t h e  r a b b i t  

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

d e f i n e d  s a m p l e s  o f  e x p e r i m e n t a l  a t h e r o s c l e r o t i c  l e s i on s  i n  n o r m o - 1 i p i d e m i c  
3  

r a b b i t s  w a s  i n v es t i g a t e d .  T h e  u p t a k e  o f  H - c h o l e s t e r o l  f r o m  t h e  b l o o d  w a s  1 5  

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

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

f o r m e r  w a s  c a .  3  t i m e s  t h a t  i n  p l a s m a  o r  i n  e n d o t h e l i a l i z e d  a r t e r i a l  t i s s u e .  

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

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

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

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

l y i n g  t h e  e n d o t h e l i a l  d e f e c t s .  
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2 . 5  C h o l e s t e r o l  t r a n s f e r  i n  m o r p h o l o g i c a l l y  d e f i n e d  r e g i o n s  o f  a o r t i c  e x p e r i 

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

2 . 5 . 1  C h o l e s t e r o l  t r an s f e r  a n d  c h o l e s t e r o l  c o n t e n t  

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

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

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

f e c t i v e  e n d o t h e l i u m  w a s  3  t i m e s  t h a t  o f  t h e  c o n t r o l s ,  w h i l e ,  o n  t h e  o t h e r  h a n d ,  

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

h ad  b e e n  r e s t o r e d ,  w a s  e q u a l  t o  t h a t  o f  t h e  c o n t r o l s .  T h i s  i n d i c a t e s  t h a t  c h o l 

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

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

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

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

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

t i s s u e .  

2 . 5 . 2  E s t e r i f i e d  c h o l e s t e r o l  

\l_: The ratio of esterified cholesterol to total cholesterol was increased in 

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

m e t e r  a n d  e n d o t h e l i a l  i n t e g r i t y .  

2 . 5 . 3  C h o l e s t e r y l  e s t e r  c o m p o s i t i o n  

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

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

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

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

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

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

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

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

l e s io n s .  

2 . 5 . 4  M e c h a n i s m s  f o r  c h o l e s t e r o l  e l i m i n a t i o n  

V I  :  T he  s p e c i f i c  a c t i v i t i e s  o f  c h o l e s t e r y l  e s t e r s  w i t h  f a t t y  a c i d s  c o n t a i n i n g  

t h r ee  o r  m o r e  d o u b l e  b o n d s  w a s  l o w e r  t h a n  t h a t  o f  t h e  m o r e  s a t u r a t e d  e s t e r s ,  

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

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

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

i s  i n v o l v e d  a t  l e a s t  i n  t h e  p r i m a r y  s t a g e s  o f  c h o l e s t e r o l  e l i m i n a t i o n .  
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3 .  M E T H O D O L O G Y  

3.1 Experimental animals 

3.1.1 Rabbits 

In a systematic study involving a large number of animals, i t  was found th at 

albino rabbits of the Danish co untry strain have a very low incide nce of 

arteriosclerotic changes in the descending thoracic and abdo minal aorta (39). 

Male rabbits of this strain, obtained from on e bree der, fed 125 gms d ai ly of 

low-calorie, high f iber-content rabbit pel lets, and weighing 2.4-3.5 kg, were 

used i n I I ,  I I I,  V an d VI. Serum chol esterol levels of the animals used f or 

cholesterol transfer experiments were 27-55 mg/100 ml. In IV, female, albino 

rabbits of the Swedish country strain, obtained from one breeder, fed ad 1 ibi-

tum on ordin ary rabbit pel lets, and weighing 3.6-4.3 kg, were used. The re sults 

from IV have bee n confirmed by studies on male, albino rabbits of the Danish 

country strain, both with l ight microscopy (34), transmission electron micro

scopy (35), and scanning ele ctron microscopy (36). 

3.1.2 Rats 

Male, Sprague-Dawley r ats, fed ordinary rat pellets ad l i bitum, and weighing 

between 400 and 500 gms, were use d i n I  and I I .  They we re f ree from chroni c 

respiratory disease, as judged by inspection post mortem. 

3.2 Experimental atherosclerosis 

Atherosclerotic lesions were induced (IV, V, VI) by me ans o f a superf icial mech

anical injury with large area (transverse injury) with the m icrosurgical instru

ment described by Björkerud (31). In a study on the morphology of this type of 

atherosclerotic lesion at dif ferent t imes after the operation, we found that a 

large segment of the aort ic surface was in it ial ly denuded o f endothelial l ining 

by t he trauma (34). During r e-endothelial ization of this defect, regions, with 

dif ferent, specif ic morphological propert ies developed in the init ial ly injured 

segment (34) (see schemat ic i l lustrations; V: F ig. 1 and VI: Fig. 1). These 

regions constitute consecutive stages i n the repair of the t issue(34). 

i -  The c entral region of the lesions is moderately elevated, st i l l  devoid o f en

dothelial l ining, and conta ins abundant, f inely dispersed, extracellular l ipid 

(34). This region was designated YA RD (34). 

i  i.The surrounding, heavily thickened region is partly covered w ith endothelium, 

and p art ly devoid o f endothelial l ining (34). In endothelial ized parts, both 
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the int ima and t he media sh ow a varyin g degree of necrosis, with intracellular 

l ipid in shoals o f foam ce l ls (34). The mor phology o f such p arts is very simi

lar to that of fatty streaks (34). The whole regions were designated BANKS (34). 

i i i .  In some por t ions of the init ial ly injured segment, the normal arterial wall  

structure has been m ore or less completely restored. The en dothelial l in ing 

is continuous, and the int imai thickening has regressed in such re gions (34). 

They we re designated ST AGES (34). 

In the cholesterol transfer studies (V, VI) defined samples of YARD, non-end o-

thel ial ized BANK, endothelial ized BANK an d ST AGE we re c ut out with microscissors, 

freed from adv ential t issue with microdissection, and analyzed as described 

below. 

3.3 Cholesterol determination and fractionation 

3.3.1 Cholesterol determination 

Previous me thods for the determination of cholesterol were e ither not sensit ive 

enough ( for review: see e. g. 40) or too laborious (discussion: see I ),  taking 

account for the large number of very small t issue samples. Therefore, a simple 

ultramicro-method for the determination of free and e ster if ied cholesterol in 

the nanogram ran ge wa s developed. I t  is described in detai l  in I .  Optimal con

dit ions for the reaction and pos sible interference by a number of other sterols 

were in vestigated. The recovery of cholesterol added t o an a rter ial t issue 

l ipid extract was 101.5±2.1 % (S.D.) ( I).  

3.3.2 Fractionation of free and e sterif ied cholesterol 

Free and es terif ied cholesterol were separated (IV, V, VI) by t hin layer chrom

atography on a 250u lay er of si l ica gel H, as described by Glo ster and Fle tcher 

(41), with the sl ightly modif ied solvent: n-hexane: diethyl ether; acetic acid 

(80:20:2)(42). The recovery of added f ree cholesterol was 99.0±1.9 I(S .D.), 

and the recovery o f added c holesteryl ester was 100.0±2 .7 % (S.D.) after TLC ( I) .  

3.3.3 Fractionation of dif ferent cholesteryl ester classes 

Different cholesteryl ester fractions were separated (VI) by t hin layer chrom

atography on a 250u lay er of si l ica gel G as described by Ai l ing et al .(43). 

They charact erized the different cholesteryl ester fractions in serum l ip ids by 

gas chromatography (44). Fraction 1 contained almost exclusively cholesteryl 

esters with saturated fatty acids; fraction 2 cholesteryl esters with mono-

unsaturated fatty acids; fraction 3 cholesteryl esters with di-unsaturated 

fatty acids; fraction 4 cholesteryl esters with tr i-  and t etra-unsaturatfd 



1 3  

fatty acids; and f ract ion 5 consisted mainly (ca. 90 % ) of cholesteryl esters 

with penta- and hexa-unsaturated fatty acids. The recovery of total choleste

ryl ester after this fractionation procedure wa s in our hands 93.2±5.2 Ï  (S.D.) 

(VI), as determined by compar ison wit h the total cholesteryl ester fraction 

obtained after TLC according to Gloster and Fle tcher (41), modif ied as described 

above. 

3.3.4 Recovery o f cholesterol 

In the assay o f material containing radioactive cholesterol, the radioact ivity 

in an al i quot of the or iginal washed t iss ue l ipid extract was determin ed. The 

recovery of total radioactive cholesterol after fractionation, extraction from 

the si l ica gel, and washing, was 98.0±4.2 /  (S.D.) (I I) and 96.1±6.8 % (S.D.) (V). 

3.4 Morphology 

3.4.1 Cell  v iabi l i ty tests 

Cell  v iabi l i ty in the aort ic endothelium w as evaluated (I I,  I I I ,  V, VI) by dye 

exclusion tests as described in I I .  In prel iminary experiments we tested a num 

ber of dyes used by othe rs for cel l  viabi l i ty tests (for reference: see 45). 

The dyes were: l issamine green, erythrosine A, erythrosine B, water-soluble 

eosin, trypan blue and nigr osin. Only nig rosin and try pan blue yielded satis

factory contrast and s taining intensity. The t issue distr ibution of these s tains 

on the l ight microscopical level was studie d i n detai l ,  as we ll  as that of the 

non-toxic structural isomer of trypan blue, Evans b lue. The general staining 

pattern of these com pounds w as si milar, and those of trypan blue and Eva ns blue 

were almost identical. Uncomplexed Ev ans blue under these co ndit ions has entirely 

different staining propert ies compared t o Evans blue used i n vivo (IV). Under 

in vivo condit ions Evans blue is complexed to albumin (46) and may be us ed as a 

marker for increased pe rmeabil i ty for albumin through the endothelium (review:46). 

3.4.2 Si lver staining and pe rmeabil i ty for plasma p roteins 

The endothelium of experimental atherosclerotic lesions, induced by superf icial 

mechanical injury with large area (transverse injury) (see above), and o f non-

atherosclerotic lesions, induced by s uperf icial injury with small area ( longi

tudinal injury) was studied after si lver staining by a meth od sl i ghtly modif ied 

from th at described by Poole et al_. (47) (IV). The pe rmeabil i ty for serum albumin 

in these l esions was studie d after inject ion of Evans blue on 2 successive days 

before ki l l ing the animals (IV). 
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3.4.3 Preparat ion and microscopy of  ar ter ia l  t issue 

Whole segme nts o f  ar ter ial  t issue were mou nted i n a p ur i f ied starch hydrolysate 

with a high proport ion of  polymeric sachar ides ( I I ,  IV),  as descr ibed by Björkerud 

(30).  In th is mount ing mediu m even wh ole-thickness preparat ions of  rabbi t  aorta 

are t ransparent and al low microscopy at  the theoret ical  resolut ion l imi t  of  

the l ight  microscope. The t issue samples were studied by interference contrast  

microscopy according to Nomarsk i  (48),  using a Zeiss interference contrast  micro

scope, equipped w i th large working distance immersion o bject ives.  

3.5 Studies with label led cholesterol  

3.5 .1 Radiochemical  pur i ty 

O 
H-(G)-cholesterol  was obtained from the Radiochemical  Centre,  Amersham, England. 

According to speci f icat ions the isotope was 98 % radiochemical^ pure.  Thin 

layer chromatography, according to Gloster and Fle tcher (41) (see above),  of  

an a l iquot of  the isotope wi th an int ima l ip id extract  as carr ier  showed th at  

more than 99 % of  the radioact iv i ty was in the f ree cholesterol  f ract ion.  

3.5.2 Inject ion of  label led cholesterol  

Label led cholesterol  was incorporated into serum l i poproteins in v i tro,  as 

descr ibed by Whereat and S taple (49),  and in jected intravenously in to the rab

bi ts ( I I I ,  V, VI).  Blood samples were taken from f ive rabbi ts at  regular inter

vals fo l lowing the in ject ion,  for  determinat ion of  speci f ic  act iv i t ies in free 

cholesterol  ( I I I ,  VI) ,  tota l  cholesteryl  ester ( I I I )  and in div idual  cholesteryl  

ester f ract ions (VI) .  Al iquots were al so taken for  electrophoresis of  serum 

l ipoproteins on agar gel  p lates (50).  The la bel led cholesterol  was rather 

evenly d istr ibuted between th e a and th e combined ß-,  pre-ß f ract ions at  a l l  

t ime intervals after  the in ject ion (51).  

The speci f ic  act iv i ty of  f ree cholesterol  decreased from an i n i t ial  high value 

one hour af ter  the in ject ion of  the isotope and le vel led of f  af ter  12 hours 

( I I I :  Fig.  1;  VI:  Fig.  3).  The speci f ic  act iv i ty of  cholesteryl  ester reached 

a max imum af ter  4-8 hours,  and then decreased and l evel led of f  at  values c lose 

to those of  f ree cholesterol  ( I I I :  Fig.  1) .  The same p at tern was found in the 

di f ferent sub-fract ions of  cholesteryl  ester,  wi th some minor quant i tat ive 

di f ferences (VI:  Fig.  3).  Exchange o f  t r i t ium label  between c holestero l  and 

other l ip id classes was negl ig ib le,  as indicated by the recovery af ter  separa

t ion by th in layer chromatography ( I I I ,  V).  
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3 .5 .3 .  The  ev a lua t i on  o f  s t u d i e s  w i t h  l abe l l ed  c ho l e s t e ro l  

Quan t i t a t i ve  i nv es t i ga t i o n s  on  t he  me tabo l i sm  o f  c ho l e s t e ro l  i n  t he  a r t e r i a l  

wa l l  a r e  bo th  d i f f i cu l t  t o  pe r fo rm  and  t o  ev a l ua t e .  T h i s  i s  r e f l e c t ed  i n  t he  

d i f f i c u l t y  t o  i n t e r p re t  many  o f  t he  r e su l t s  ob t a ined  f rom i so t ope  s t ud i e s  w i th  

cho l e s t e r o l  ( s ee  r ev i ews :  25 ,  26 ,  2 7 ) .  A t  p r e sen t  t r an s f e r  r a t e s  f o r  t h e  move 

men t  o f  cho l e s t e ro l  f rom  t he  b lood  i n to  t he  a r t e r i a l  t i s sue  c a nno t  be  de t e r 

mined  f rom i so tope  s t u d i e s .  Thus ,  t h e  l a be l l e d  cho l e s t e ro l  found  i n  t h e  a r t e 

r i a l  wa l l  m ay  have  accum ula t ed  bo th  by  t he  ac tu a l  t r an s f e r  o f  ch o le s t e r o l  and  

by  phys i ca l  ex ch a n g e  o f  l abe l l e d  c ho l e s t e ro l  be tw een  t h e  b l ood  poo l  and  t h e  

t i s sue  poo l  ( s e e :  2 5 ,  2 6 ,  27 ,  I I I ) .  I t  h a s  s o  f a r  no t  be en  pos s ib l e  t o  de t e r 

min e  t he  r e l a t i ve  co n t r i bu t i on  o f  e a c h  o f  t he se  two  p roce s se s  i n  v i vo  o r  in  

v i  t r o  (d i s c us s ion :  s ee  I I I ) .  Ho we ve r ,  a s  phys i c a l  excha nge  i s  p robab ly  r e s t r i c 

t ed  t o  t hose  t i s sue  l i p op ro t e in s  a t  t he  lumena l  s u r f a ce  o f  t h e  a r t e ry ,  wh ich  

have  d i r ec t  co n t ac t  w i th  s e r um l i popro t e in s  ( s ee  I I I  an d  be low) ,  i t  see ms  r e a 

sonab l e  t o  a s sum e  t ha t  t h i s  f a c to r  may  no t  va r y  t o o  muc h  wh en  t h e  r e su l t s  a r e  

exp r e s sed  a s  r ad ioac t iv i t y  pe r  un i t  o f  su r f a ce  a r ea .  Thus ,  more  ex t ens iv e  va r i 

a t i o ns  b e tween  d i f f e r en t  ao r t i c  r eg ions  m ay  b e  r e l a t ed  t o  d i f f e r en t  r a t e s  f o r  

t he  ne t  t r a n s fe r  o f  cho le s t e r o l  i n t o  t he  a r t e r i a l  t i s sue .  In  a dd i t i o n ,  i f  t h e  

me thod s  u se d  a r e  s ens i t i ve  eno ugh  t o  a l l ow  i nve s t i ga t i on s  on  t h e  accumula t i on  

o f  e s t e r i f i e d  c h o l e s t e ro l ,  t he  r e su l t s  conce rn ing  t h i s  ch o le s t e r o l  f r ac t i on  

m ay  be  mor e  e a s i l y  i n t e rp r e t ed ,  a s  i t  i s  no t  i n f l ue nc ed  b y  phys i ca l  e xc ha nge  

( 52 ,  53 ,  54 ;  d i s cu s s ion :  s ee  I I I  an d  V ) .  

3 . 5 . 4  T rans fe r  o f  l abe l l e d  c ho l e s t e ro l  

Se ve ra l  i n v e s t i ga to r s  hav e  obse rved  t ha t  t he  up t a ke  o f  l abe l l ed  ch o le s t e r o l  

p e r  t ime  un i t  i s  r a the r  cons t a n t  up  t o  2 4  hou r s  a f t e r  t he  admin i s t r a t i on  o f  

t he  i so tope  (55 ,  56 ,  57 ,  58 ) .  I n  d i e t a r i l y  induc ed  a t he ro s c l e ro t i c  l e s i ons ,  or  

a f t e r  o r a l  a dm in i s t r a t i o n  o f  t he  i so t ope ,  t h i s  cons t an c y  ma y  l a s t  f o r  even  

l onge r  t ime  pe r i ods  (25 ,  55 ,  56 ,  58 ) .  Thus ,  Z i l ve r smi t  emphas i ze d  " t he  abs ence  

o f  a  r e l a t i o n sh ip  be tween  t h e  ca l cu l a ted  r a t e  o f  i n f l ux  an d  t h e  t ime  o f  ex 

posu r e "  ( t o  t he  i so t ope /G . B . )  ( 25 ) .  The  c ons t an t  r a t e  o f  a ccu m u la t i o n  o f  t he  

i so top e  ma y  r e f l ec t  l a rg e  d i f f e r ences  i n  s p ec i f i c  a c t i v i t y  be t w ee n  t he  b l ood  

cho le s t e r o l  poo l  an d  a r t e r i a l  t i s sue  c ho l e s t e ro l  poo l s .  O n  t h e  o the r  h an d ,  

Fe l t  e t  a l .  (58 )  p r e sen t ed  r e su l t s ,  i n d i ca t i ng  t h a t  t he  r a t e  o f  a c c c mu la t i on  

o f  l abe l l ed  c ho l e s t e r o l  dec r ea se d  r ap id ly  a f t e r  2 4  hou r s .  Th i s  ma y  imp ly  t h a t  

a  s t a t e  o f  i so top i c  equ i l i b r i um b e t ween  t h e  b lood  cho l e s t e ro l  poo l  and  an  a r 

t e r i a l  t i s sue  cho l e s t e ro l  poo l  was  app roach ing .  
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In view of the results discussed abov e, i t  was inf erred that observations at 

more than one t ime would not contribute signif icantly to the information obtain

ed from o nly one t ime period after the injection of the isotope. In order to 

obtain maximal radioactivity in the t issue, before equil ibrium specif ic acti

vi t ies between the t issue cholesterol pools and the blood c holesterol pool, 

the animals were ki l led 24 hours a fter the inject ion of the isotope. However, 

due to the dif f iculty in defining in precise, absolute terms the contributions 

of actual transfer and exch ange t o the amount o f labelled cholesterol, we re 

frained from expressing the radioact ivity measurements i n terms of cholesterol 

amounts or serum equiv alents. The r adioactivity in the t issue samples a fter 
3 24 hr of exposure to labelled cholesterol was designated UPTAKE of H-cholest-

erol, and wa s expresse d as ra dioactivity per unit surface area. 

3.5.5 Liquid scinti l lat ion counting 

The ra dioactivity of the samples wa s determined in al iquots of total, free and 

esterif ied cholesterol in a Packa rd Tri- Carb Liquid Scinti l lat ion spectropho

tometer, with a s cinti l lat ion mixture of 0.5 % butyl-PBD (w/v; CIBA L td., Basle, 

Switzerland) in toluene. The samples wer e counted f or at least ten minutes or 

in low-activity samples to a t heoret ical standard de viation of less than 2.5 % 

(more than 2000 registered counts)(59). Quenching wa s corrected for by m eans 

of an extern al standard. 

3.6 Statist ical methods 

3.6.1 Distr ibut ion of the data 

There were no a p riori  criteria indicating that the numerical data of our stu

dies were normally distr ibuted. In some inst ances, there was eve n s trong evidence 

indicating that there was a skewed dis tr ibution (see f or example I I I :  Fig. 2). 

In view of the questionable val idity of the signif icance l imits of the student's 

test and oth er tests for normally distr ibuted populations in populations with 

unknown d istr ibution (60), distr ibut ion-free (non-parametric) tests were used 

throughout t he study. 

3.6.2 Signif icance tests 

For signif icance tests, Wilcoxon's test for paired observations (61) was used . 

This test is almost as eff icient as the student's test in normally distr ibuted 

populations (60), and mo re re l iable and e ff ic ient in other distr ibutions (60). 

In I I I ,  samples from regions with decreased end othelial integrity were pair ed 

with samples from reg ions with intact endothelium from the same pa rt of the ao rta. 
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If more than one sample of either type was present, all possible differences 

were calculated and ranked for Wilcoxon's test. In V, tissue samples from the 

same lesions were paired. 

3.6.3 Regression analysis 

Correlations were tested with Spearman's rank correlation coefficient (62). 

3.6.4 Considerations on the number of samples 

A large number of samples was investigated in III and V, although the total 

number of animals was restricted. In addition, the samples were evenly distri

buted between the animals, and no single animal deviated from the general trend 

of the observations. Therefore, the possible uncertainty introduced by the 

small number of animals does not decrease the validity of the conclusions in 

the studies. 

4 ,  E N D O T H E L I A L  I N T E G R I T Y  

4.1 Endothelial integrity in the normal aorta 

4.1.1 Cell viability tests 

Although there is strong evidence for endothelial changes leading to increased 

endothelial permeability as one central factor in atherogenesis (28, 63), only 

little information has been available on the structural integrity of normal 

arterial endothelium. The results from the application of dye exclusion tests 

to test endothelial cell viability, indicated a marked structural heterogeneity 

in the normal aortic endothelium (II). Areas stained with nigrosin, trypan 

blue and Evans blue were present in the aortae of rabbits and rats, most fre

quently at branching points and in the aortic arch, i.e. in regions where in

creased hemodynamic strain may be expected. 

4.1.2 Intact endothelium 

Unstained areas were covered with cells with a structure conforming to current 

concepts of normal endothelial cells (II) (review: 28). Such cells are attenu

ated and completely flat, in some cases with a slightly bulging nuclear region. 

They are oblong and longitudinally oriented in the aorta. It has been suggested 

that endothelial cells are held together by intercellular junctions, to form 

a continuous layer completely covering the lumenal surface of the arteries 

(28). Most evidence suggests that a basement membrane is absent or rudimentary 
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in the rabbit aorta and other arteries of similar size (reference: 28 ) . 

Studies of the incorporation of labelled thymidine have in dicated that the turn

over of endothelial cells in the normal aorta is very low (67), and i t  has even 

been suggest ed t hat these c ells are replaced only a few times in an anim al's 

l i fespan (67). 

4.1.3 Defective endothelium 

The concept of a continuous endothelial cell layer, completely covering the 

lumenal surface, may ser iously be questioned against the back-ground of the 

results of II . The ex istence of regions with aberrant structural or functional 

properties is suggested also by t he recent reports of isolated areas w ith an 

increased rate of cell divisions in the aorta of guinea-pigs (68, 69, 70). 

Such areas were lo calized to the aortic arch and th e mouths of aortic branches 

(68, 69, 70), and, after local experimental injury, to the damaged regions (70). 

The i ntracellular uptake o f anionic dyes, such as nigrosin, trypan blue, or 

Evans blue, is probably related to a decrease d integrity of the cell membrane 

during cellular injury or death (45, 71). In the interference contrast micro

scope, stained cells in transparent samples of normal rabbit aorta were ch arac

terized by c ytoplasmic and nucl ear oedema, intracellular vacuolization, and 

changed surface properties (II). In a systematic study of the morphology o f 

injured and dead ce lls of other types in tissue culture, Bessis found t hat these 

characteristics are reproducible components o f pre- and perim ortal changes in 

a variety of different cells (71). The in duction of a local mechanical injury, 

or chemical injury, is followed by similar alterations in vivo in endothelial 

cells, as i ndicated by l ight microscopy of sectioned samples and tran smission 

electron microscopy (r eview and references : 63). Furthermore, swell ing and c yto-

lysis have been described as components o f spontaneous cell death i n arterial 

endothelium (72). All this evidence in dicates that increased uptake o f supra

vital stain in specific regions of the aortic endothelium i s due to an in cre-

sed incidence of damaged or dead c ells in these re gions. 

4.1.4 Endothelial integrity and he modynamic strain 

I t has been observ ed t hat experimentally-increased hemodynamic stress may cau se 

cell injury and death in the aortae of dogs (73, 74). As discussed above, se

veral studies have in dicated that the aortic arch and branching p oints, i .e. 

the regions where sta ined cells were most f requent (II), are subject to increa

sed he modynamic strain also in unmanipulated animals (9, 64, 65, 66). Conse

quently ,  i t  seems reasonable to suggest that injury from such s train may be 

the cause o f increased cell death i n such areas. On the other hand, the in

creased r ate of mitoses at the mouth of aortic branches (68, 69, 70) indicates 
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r e p a r a t i v e  c h a n g e s  i n  r e s p o n s e  t o  t h e  i n j u r y .  T he  r e p a i r  r e a c t i o n s  a f t e r  d i f 

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

m o r p ho l o g i c a l  a l t e r a t i on s  i n  t h e  a r t e r i a l  w a l l  ( r e v i e w :  7 5 ) .  S u p e r f i c i a l  m e c h 

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

r e g r e s s i v e  r e p a i r  r e a c t i o n  ( 3 1 ) ,  i n v o l v i n g  r a p i d  r e - e n d o t h e l i a l i z a t i o n  ( I V ) .  

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

( 3 1 ) .  S u p e r f i c i a l  m e c ha n i c a l  i n j u r y  w i t h  l a r g e  a r e a  w a s  f o l l o w e d  b y  a  p r o t r a c 

t e d  r e a c t i o n  ( 3 2 ,  3 4 ) ,  i n v o l v i n g  d e l a y e d  r e - e n d o t h e l i a l i z a t i o n  ( I V ) .  T h e  m o r 

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

( 3 2 ,  3 4 ) .  A n  i n c r e a s e d  i n c i d e n c e  o f  p r o g r e s s i v e  i n t i m a i  t h i c k e n i n g  a n d  a t h e r o 

s c l e r o s i s  i n  m a n  ( 8 ,  9 ,  1 0 ,  1 2 ) ,  a n d  o f  d i e t a r i l y  i n d u c e d  a t h e r o s c l e r o t i c  l e 

s i o n s  i n  a n i m a l s  ( 1 8 ) ,  h a s  b e e n  o b s e r v e d  a t  b r a n c h i n g  p o i n t s  a n d  o t h e r  a r e a s ,  

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

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

b u t i o n  ( I I )  m a y  s u g g e s t  t h a t  c e l l  i n j u r y  d u e  t o  l o ca l l y  i n c r e a s e d  h em o d y n a m i c  

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

4 . 1 . 5  E n d o t h e l i a l  i n t e g r i t y  a n d  t h r o m b o t i z a t i o n  

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

c o n f i r m s  r e s u l t s  p r e s e n t e d  b y  o t h e r s  ( 2 9 ,  7 6 )  a n d  e s t a b l i s h  t h a t  s u c h  a g g r e 

g a t e s  a r e  p r e s e n t  i n  t h e  a o r t a  o f  n o r m a l  r a b b i t s .  D u r i n g  t h r o m b o t i z a t i o n ,  

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

a g e n t s  ( 2 9 ,  7 7 )  w h i c h ,  i n  t u r n ,  m a y  i n c r e a s e  e n d o t h e l i a l  p e r m e a b i l i t y  ( 2 9 ,  7 7 )  

a n d  e v e n  i n i t i a t e  d e g e n e r a t i v e  c h a n g e s  i n  t h e  e n d o t h e l i a l  c e l l s  ( 7 7 ) .  H ow e v e r ,  

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

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

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

4 . 2  P e r m e a b i l i t y  c h a r a c t e r i s t i c s  o f  n o r m a l  a o r t i c  e n d o t h e l i u m  

4 . 2 . 1  H e t e r o g e n e i t y  i n  p e r m e a b i l i t y  c h a r a c t e r i s t i c s  

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

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

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

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

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

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

l i p o p r o t e i n s ,  a s  t h e r e  i s  s u b s t a n t i a l  e v i d e n c e  t h a t  c h o l e s t e r y l  e s t e r  e n t e r s  
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the ar ter ia l  wal l  mainly in intact  l ipoproteins (78)(d iscussion: see below and 

I I I ) .  This suggest ion is  supported by an analogy wi th the demonstrat ion of  
131 

local ized accumulat ions of  I -  or Evans b lue- label led albumin in the aort ic 

wal l  of  pigs (79) and ra bbi ts(76)>with a d istr ibut ion reminiscent of  that  of  

the defect ive endothel ium in rabbi ts and ra ts ( I I ) .  The correspondance between 

the resul ts of  the former study and those of  the lat ter  is  emphasized by the 
131 demonstrat ion of  s imi lar  permeabi l i ty  character ist ics in vivo for  I -a lbumin 

131 and I - label led serum l ipoproteins (80).  Furthermore, autoradiographic stu

dies on en f ace preparat ions of  rabbi t  aorta ind icated the presence o f  isolated 
32 

areas wi th increased permeabi l i ty  to P- label led plasma const i tuents (81).  

These areas were lo cal ized to branching-points and t o the aort ic arch (81),  

i .e.  to regions where decreased en dothel ia l  in tegr i ty is  present ( I I ) .  

4.2.2 F i l t rat ion of  plasma proteins through the in tact  aort ic endothel ium 

Most i nvest igat ions on e ndothel ia l  permeabi l i ty  concern the s i tuat ion in the 

capi l lar ies,  but there is  evidence suggest ing that  the resul ts from such s tu

dies may be re levant also for  ar ter ies (28).  In the capi l lar ies a high perme

abi l i ty  to plasma p roteins and oth er macromolecules is  associated with dis

cont inui t ies in the endothel ia l  l ining (review and ref erences: 28, 82).  Such 

d iscont inui t ies are normal ly present in the capi l lar ies of  certain regions, 

as for  example i n the renal  g lomerul i  and i n the intest inal  v i l l i  (28, 82).  

However,  no eviden ce for  the exis tence of  such d iscontinui t ies in the normal 

ar ter ia l  endothel ium has p rev iously been p resented. Therefore,  i t  has been 

assumed t hat  the passage o f  macromolecules through the normal ar ter ia l  endo

thel ium may be restr icted (28).  This idea received support  f rom the resul ts 

presented by Adams e t  a l• ,  demonstrat ing a gradient of  radioact iv i ty in the 

aort ic wal l  of  normal rabbi ts,  f rom the advent i t ia l  s ide and inw ards, af ter  
"I OC 

the inject ion of  I - label led plasma p roteins (83).  The d i rect ion of  the gra

dient may be c onsistent wi th a smaller  penetrat ion of  plasma proteins through 

the lumenal endothel ium than that  through the endothel ium of  the advent i t ia l  

vessels (83, 84).  However,  Duncan et  a l .  have present ed evidence for  a grad-
'  131 

ient  of  the dist r ibut ion of  I -a lbumin in the opposi te d irect ion in the 

aor ta of  the dog (85).  The d iscrepancy between th e two studies may be d i f f i 

cul t  to explain,  but i t  may, o f  course, as suggested by Adams e t  a l . ,  be a t tr i 

buted to species di f ferences (83).  Duncan et  al .  have al so presented resul ts 
131 

f rom studies on the passage o f  I -a lbumin into the normal aort ic wal l  of  the 

dog in v i t ro,  indicat ing that increased f i l t rat ion pressure wi thout coincident 

stretching did not increase the passage o f  label  in to the aort ic t issue (86).  

These r esults indicate that  passive f i l t rat ion of  plasma proteins in to the 
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aortic wall was re stricted under these conditions. On the other hand, stret

ching of the aorta considerably increased the passage of labelled albumin in to 

the tissue (86), indicating derangement o f a barrier against f i l tration of plas

ma c onstituents. There i s considerable evidence that stretching of the aorta 

may decr ease end othelial integrity (e.g. 87), and ther efore these results are 

well compatible with the idea that the maintena nce o f endothelial continuity 

may prevent excessive i nflux of plasma c onstituents into the aortic t issue. 

4.2.3 Increased e ndothelial permeabil ity 

1 As sugge sted by Duncan' s study on th e passage of I-albumin into the normal 

aortic t issue of the dog (87, see above), the formation of discontinuit ies in 

the aortic endothelium may lead to increased p ermeabil i ty for plasma p roteins. 

In accordance w ith such a me chanism increased p ermeabil ity to the Evans blue 

albumin com plex was confine d to regions of aort ic lesions devoid of endothel

ial l ining, after the induction of a d efined mechanical injury to the aorta of 

normal rabbits (IV). Not o nly local mechanical injury but also generally increa

sed hemodynamic stress due to the development of hypertension, may induce d is

continuity in the arterial endothelium (88, 89, 90). Also such discontinuit ies 

were associated with increased permeabil ity to colloidal markers from the 

blood (88, 89), further supporting the relationship between end othelial discon

tinuity and increa sed permeabil ity. However, there is also evidence f or increa

sed perm eabil ity through the arterial endothelium with out relation to any type 

of trauma. Thus, the penetration of plasma p roteins through the aort ic endothe

l ium of new-born rabbits was la rger than that of older animals (91). Therefore, 

the possibil i ty should no t be disregarded that increased endothelial permeabil ity 

for plasma constituents in the arteries may also be o f physiological signif icance 

during growth, and possi bly also during repair of arterial t issue. 

4.2.4 Arterial t issue ground substance and perm eabil ity 

The evidence presented above confor ms w ith the concept that the endothelial in

tegrity may be of primary importance f or the regulation of permeabil ity through 

the arterial wall. However, other investigators have emph asized the role of the 

ground substance i n f i l tration of various substances through the arterial t is

sue ( e.g. 92, 93, 94). In one stud y, the penetration of trypan blue and hem o

globin yielded a d ifferential staining of the pig aorta (95). The s taining pat

tern was very similar to the distribution of fatty streaks and spots (95). Treat

ment o f the aorta with glycosaminoglycan hyd rolysing enzymes increased the f i l

tration of the markers considerably (95). From these re sults the authors con

cluded t hat the aggregation state of the ground substa nce might determine the 
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f i l tration from plasma through the arterial wall. Similar conclusions were 

reached i n studies of acute hypertension in rats, in which a drastic increase 

in sulfate incorporation preceded increased f i l tration of l ipoprotein constitu

ents (94). All these r esults clearly demonstrate th e important role of the 

ground substance i n the f i l tration of various substances through a rterial t is

sue. However, in the f irst of the above studies (95), the aortae were taken 

from th e slaughter-house and use d two hours after the death o f the animal, with

out control of the viabil i ty characteristics in the samples. Consequently, the 

results may demo nstrate only the permeabil ity characteristics of the dead, o r 

damaged, a rterial wall with a d efective endothelium. The second of the related 

studies (96) involved the induction of hypertension, which has been obse rved 

to alter endothelial integrity. Consequently, the increased incorporation of 

labelled sulfate may perh aps r eflect different rates of penetrations for the 

radioactive precursor through the arterial endothelium. The t im e lag between 

sulfate incorporation and l ipoprotein penetration ma y o nly reflect different 

permeabil ity due to differences in size of the substances (see 94). On the 

other hand, th e results of the present study are diff icultto explain in terms 

of changes i n the ground substance. I t  is unlikely that hemodynamic stress 

primarily affects the ground substance under the endothelium, and secondarily 

the boundary la yer, subject to the stress. Uni-directional gradients, in the 

distribution of labelled plasma protein (83) are also diff icult to explain in 

terms of changes in the glycosaminoglycans, unless there also is a g radient 

in the aggregation state of these substances within the arterial wall. There

fore, most evidence po ints to the endothelial cell layer as t he init ial selec

t ive barrier against infi l tration of plasma components into the arterial wall. 

Within the l imits of the permeabil ity characteristics of this barrier, however, 

the ground substance m ay regu late diffusion of various substances within the 

arterial t issue. 
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5 .  C H O L E S T E R O L  T R A N S F E R  

5 . 1  The  o r i g in  o f  cho l e s t e ro l  i n  t he  n o r ma l  a r t e r i a l  t i s sue  

5 .1 .1  F i l t r a t i on  o f  s e r um l i po p ro t e in s  

The  i de n t i f i c a t ion  o f  c ho le s t e ro l  c ry s t a l s  i n  ex p e r imen t a l  a t he ro sc l e ro t i c  

l e s ions  i nd uc e d  by  ch o l e s t e ro l - r i c h  d i e t s  ( 7 ) ,  ha s  s t imu la t ed  r e sea r ch  on  ch o l 

e s t e ro l  t r an s f e r  i n  t he  no r m a l  a r t e r i a l  t i s sue  a s  w e l l .  I n  con fo rma nce  w i th  

An i t s chkow ' s  ve r s i on  o f  t he  f i l t r a t i on  hypo thes i s ,  many  i n ves t i ga to r s  have  

r ega rded  f i l t e r ed  se rum l i popro t e in s  a s  a  sou rce  o f  cho l e s t e ro l  ( r ev i e w  and  

r e f e r enc es :  2 ,  2 5 ,  2 6 ,  27 ) .  Th i s  i dea  r ece ived  suppo r t  f r om t he  im munoch emica l  

d emons t r a t i on  o f  d i f f e r en t  s e rum l i pop ro t e in s  i n  a r t e r i a l  t i s sue  ( e .g .  96 ) .  

I t  was  a l so  suppo r t ed  by  s t u d i e s  i nd i ca t i ng  t h a t  t he  en t ry  r a t e  f o r  a  nu mb er  

o f  d i f f e r e n t  p l a s ma  con s t i t uen t s  wa s  e q u iv a len t  t o  t he  ca l cu l a t ed  en t r y  r a t e  

o f  a  cons tan t  vo l ume  o f  p l a s ma  i n to  t he  a r t e r i a l  wa l l  ( 57 ,  97 ,  98 ) .  Obse r va t i 

ons  o f  t r a n s f e r  o f  l abe l l ed  c ho l e s t e ro l  f rom p l a s ma  ( r ev i e w  an d  r e f e r enc es :  2 ,  

25 ,  26 ,  27 ) ,  an d  t h e  a u t o r ad iog raph i c  demons t r a t i on  o f  l abe l l ed  cho l e s t e ro l  

on  t he  lu mena l  s i d e  o f  t he  med i a l  e l a s t i c  membran es  ( 9 9 ,  1 0 0 )  a l so  wer e  c om

pa t i b l e  w i th  a  s t r e am o f  "nu t r i e n t  l i qu id"  ( 8 ) ,  w i th  cho l es t e ro l - c on t a in i ng  

se r um l i popro t e in s  pa s s in g  t h rough  t he  a r t e r i a l  wa l l  t owar ds  t he  adven t i t i a l  

l ymp h  v e s se l s .  

5 . 1 . 2  Arg um en t s  a ga in s t  f i l t r a t i on  o f  s e r um l i p op ro t e in s  

Howev e r ,  c e r t a i n  obse rva t i o n s  t h r ew  doub t  o n  t h e  conc ep t  o f  f i l t r a t i on  o f  s e rum 

l i pop ro t e in s  a s  a  mech a n i sm  f o r  cho le s t e r o l  t r a n s fe r  i n to  t he  no rma l  a r t e r i a l  

t i s s ue .  Thus ,  i n  I I I  a s  w e l l  a s  i n  s t ud i e s  i n  v i vo  (101 )  and  i n  v i t ro  (38 ,  102 ,  

103 ) ,  de sc r i bed  by  o th e r s ,  t he  up t a ke  o f  l a be l l e d  f r e e  cho l e s t e ro l  f a r  e xc e e de d  

t h a t  o f  l abe l l ed  cho le s t e r y l  e s t e r .  The  r a t i o  be twee n  t he  two  f r a c t i o ns  was  

d i f f e ren t  f rom  t ha t  o f  f r e e  an d  e s t e r i f i ed  c ho l e s t e ro l  i n  s e r u m,  an d  t h i s  ha s  

been  t aken  a s  ev id en ce  a ga in s t  t he  f i l t r a t i on  hypo the s i s  ( 25 ,  26 ,  27 ) .  Fu r the r 

more ,  s t ud i e s  w i th  i mm uno h i s tochemica l  me t hods  on  t he  l i popro t e in  co n t en t  o f  

appa ren t l y  no r ma l  a r t e r i a l  t i s sue  f rom y oung  humans  have  demons t r a t ed  t he  v i r 

t ua l  a b s enc e  o f  s e rum l i pop ro t e in s  f rom such  t i s sue  ( 1 04 ,  10 5 ,  106 ,  107 ) .  I n  

add i t i on ,  r e su l t s  p r e sen t ed  by  A dams  e t  a l .  sugge s t  d i f f e r i ng  d i s t r i bu t i ons  o f  
3  125  

H- l abe l l ed  p l a sma  c ho l e s t e ro l  an d  I - l a be l l ed  p l a s ma  p ro t e i n s  i n  t he  no rm a l  

r ab b i t  ao r t a  ( 83 ) .  F in a l ly ,  t r a n s f e r  o f  1  i pop ro t e in -bound  l abe l l ed  ch o le s t e r o l  

i n  v i t ro  wa s  n o t  a f f e c t ed  by  a  d ra s t i c  i nc r e a se  i n  t he  cho l e s t e ro l  co n t en t  o f  

t he  s e r um - con t a in ing  i ncuba t i on  m ediu m abov e  a  p l a t eau  va lue  ( 101 ,  102 ) .  T h i s  

ev i dence  t aken  t oge t he r  i nd i ca t e s  t h a t  f i l t r a t i on  o f  p l a sma  l i pop ro t e in s  canno t  
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be the sole mechanism of transfer of labelled cholesterol into the normal ar

terial wal 1. 

5.1.3 Transfer of labelled cholesterol 

An a lternative mechanism for the transfer of labelled cholesterol into the arte

r ial t issue may be physical exchange betw een serum l ip oproteins and m embraneous 

l ipids of the arterial wall .  Such ex change has bee n observe d i n the transfer 

of labelled free cholesterol between di f ferent serum l i poprotein classes (52), 

and betw een serum l ip oproteins and me mbraneous l i pids of erythrocytes (108, 

109) and t is sue culture cel ls (110, 111, 112). However, rapid transfer of la

belled free cholesterol by this mechanism d oes n ot necessari ly involve actual 

net transfer of cholesterol (110, 111). Therefore, the existence of actual 

transfer of plasma cholesterol into the arterial t issue has been questioned 

(25, 26, 102, 113). On the other hand, physical exchange react ions are restr ic

ted to labelled cholesterol in the free form (52, 53), and consequently obser

vations of transfer of labelled cholesteryl ester into the arterial t issue 

(I II) strongly indicate actual transfer from plasm a. The exch ange of labelled 

free cholesterol may occur duri ng rapidly transient col l isions between d if fe

rent l ipoprotein complexes, and d irect contact between the different cholester

ol compartments probably is a pr erequisite for i t  (54). Uptake of labelled 

cholesterol by this mechanism w ould conseque ntly be restr icted to the membrane

ous l ipids of endothelial cel ls and c el ls in direct contact with these. There

fore, the autoradiographic demonstration o f labelled cholesterol, in layers of 

the aort ic wall  not in contact with endothelial cel ls (2, 100, 114, 115) ,  con

sti tutes further evidence for actual transfer of cholesterol from pla sma i nto 

the arterial t issue. 

5.1.4 Cholesterol biosynthesis 

In addit ion to evidence for actual transfer of cholesterol from the blood into 

the arterial t issue, there is also evidence for biosynthesis of cholesterol in 

the arterial wall  (reviews: 2, 26). Furthermore, squalene an d s terols other 

than cholesterol may be synthesized a t even high er rates than c holesterol (e.g. 

116). Attempts have been m ade t o determine the relative contributions of plasma 

cholesterol and loc al cholesterol biosynthesis to the cholesterol content of 

normal arterial wall ,  by is otope di lut ion techniques (55, 117). However, the 

dif fering exchangeabil i ty of labelled free and e ster if ied cholesterol (see above), 

the possibi l i ty of more than one ch olesterol pool in the t issue, and the hetero

geneous permeabil i ty characterist ics of the normal arterial wall  ( I I ,  II I) make 
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the evaluation of such experime nts uncertain. Therefore, i t  seems wise to re

frain from qu antitating the contributions of local synthesis and transfer; 

from plasma, to the cholesterol content in the normal arterial wall, at the 

present state of knowledge. 

5.2 The o rigin of excess ch olesterol in atherosclerotic lesions 

5.2.1 Cholesterol content and atherogenesis 

The f irst observations of cholesterol and chol esteryl ester as constituents of 

atherosclerotic lesions date from as early as 1857(118). Later, the demonstra

t ion that cholesterol was in fact the principal l ipid of advanced ath eroscler

otic lesions, and the observation of a correlat ion between coronary heart dis

ease and seru m ch olesterol levels, stimulated more s pecific interest in chol

esterol and i t s functions in atherogenesis (review and references: e.g. 119). 

Systematic studies on th e l ipid composition of human ar terial t issue with age 

and athero sclerosis have i ndicated that increased concentrations of free and 

esterified cholesterol are characteristic features of aging ,  and o f the form

ation of atherosclerotic lesions (22, 120). Thus, i t  now appe ars to be f irmly 

established that the cholesterol content of the arterial wall increases during 

atherogenesis. 

5.2.2 Fil tration of serum l ipo proteins 

Whereas the signif icance of serum l ip oprotein f i l tration for cholesterol trans

fer into the normal arterial wall is doubtful, there is much evidence for such 

f i l tration in atherosclerotic arterial t issue. Thus, the presence o f serum l i po

proteins in atherosclerotic lesions has been demon strated w ith immunochemical 

(104, 121), immunohistochemical (93, 106, 107, 122, 123, 124), and e lectrophor-

etic (124) techniques. These investigations provide strong support for the con

cept of l ipoprotein f i l tration as an important mec hanism of transfer of cholest

erol into atherosclerotic t issue, but they do not provide any info rmation con

cerning the mechanism of cholesterol deposition. 

5.2.3 Deposition of cholesterol 

Some in vestigators have presented results which have be en in terpreted to mean 

that the f i l tration volume, i .e. the amount o f plasma entering the arterial wall 

per unit of surface area, does not increase during atherogenesis (57, 58, 97). 

Consequently they have concluded t hat the main fa ctor in the deposition of chol

esterol may be increased serum choles terol levels. However, the fact that athero

sclerosis can develop a t moderate ch olesterol levels in humans (see 1,3), the 

focal distribution of atherosclerotic lesions (8, 9, 10, 12), and the demon-
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stration that cholesterol may accum ulate in experimental atherosclerotic lesions 

at serum choles terol levels below 50 mg/100 ml (V), provide strong evidence f or 

the participation of other factors as w ell. Other i nvestigators have suggested 

that deposition of cholesterol may be due to changes in the aggregation state 

of acid glycosaminoglycans i n the arterial t issue (92). In addition, the forma

tion of insoluble complexes betw een acid glycosaminoglycans and serum l ipo pro

teins has been suggeste d to be an i mportant mechanism fo r the deposition of 

cholesterol (93). On the other hand, r esults presented by Hollander et al. ,  in

dicating partial independence between dep osition of labelled cholesterol and 

acid glycosaminoglycan metabolism (125), appear diff icult to combine w ith such 

a hy pothesis. In addition, results presented i n V, indicating that the deposi

t ion of cholesterol in experimental atherosclerotic lesions is related to in

creased f i l tration of labelled cholesterol from plasma, emphasize that not only 

the deposition but also the rate of transfer of cholesterol may be cha nged i n 

atherosclerotic lesions. 

5.2.4 Increased f i l tration of serum l ipo proteins 

The transfer of labelled cholesterol into atherosclerotic lesions is consider

ably higher than that into normal arterial t issue of the same experimental ani

mal, as i ndicated by results of V an d those o f other investigators (e.g. 99, 125). 
125 3 

In addition, while the distribution of I- labelled plasma proteins and H-chol-

esterol was dis similar in normal aortic t issue (see above ), i t  was si milar in 

severely atherosclerotic aortic t issue (83). This has been in terpreted as 

evidence f or leakage of plasma l i poproteins through the lumenal arterial endo

thelium into the atherosclerotic t issue (83, 84). This interpretation gains sup

port from our results, indicating that drastical ly increased transfer of label

led cholesterol into atherosclerotic t issue (V) parallelled excessive f i l tration 

of Evans blue-albumin complex (IV). Therefore, i t  appears probable that increa

sed f i ltration of plasma l ipoproteins may play a signif icant role ir i the depo

sit ion of cholesterol during atherogenesis. 

5.2.5 Cholesterol biosynthesis 

As discussed above, i t  is not possible at the present state of knowledge to 

estimate the relative contributions of cholesterol transfer from plasm a and 

local biosynthesis, to the cholesterol content in the normal arterial wall. 

These c onsiderations, which are based on the restrictions imposed by the ava

i lable methods, are valid also for the total cholesterol content in the athero

sclerotic arterial t issue. However, the capacity for cholesterol biosynthesis 

in vitro is low also in atherosclerotic arterial t issue (126), while cholesterol 

transfer from plas ma i s increased concurrently with deposition of cholesterol 
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in experimental atherosclerotic lesions induced by mechan ical injury (V). In 

addition, the f i l tration of plasma p roteins was increased in the lesions (IV), 

and the presence o f plasma constituents may in hibit cholesterol biosynthesis, 

as suggested by in vitro studies (127, 128). Therefore, i t  does no t seem un

reasonable to suggest that cholesterol biosynthesis is of minor importance, at 

least for the increments of the cholesterol content in experimental atheroscle

rotic lesions induced by mechanic al injury. 

5.3 Cholesterol transfer in arterial t issue with intact endothelium 

5.3.1 The r ole of cholesterol in normal arterial t issue 

Cholesterol is an impor tant constituent of membrane l i poproteins in all mamma

l ian cells (54). The c holesterol content may be of considerable signif icance 

for the normal structural and fun ctional properties of the cell memmbrane. For 

example, decrease d c holesterol content in the plasma me mbrane o f erythrocytes 

decreased their abil i ty to withstand osmotic s train (129, 130). No dou bt, chol

esterol is also important for the functional and st ructural integrity of the 

cells in the arterial wall. Furthermore, i t  has also been sugges ted t hat incre

ased c holesterol content is not always related to atherosclerotic changes in 

the arterial wall, but may also for example r eflect increments o f cell membrane 

material (27). 

5.3.2 Cholesterol transfer and metabolic activity 

From in vitro studies on th e biosynthesis of cholesterol in calf aortae, 

Werthessen has rep orted a d irect relationship between glucose consumption and 

increase in cholesterol content (131). In analogy, Jensen obser ved t hat the 

transfer of labelled cholesterol into the normal rabbit aorta in vitro was re 

lated to the metabolic activity (132). Certain metabolic inhibitors decreased 

the transfer of labelled cholesterol, whereas ot hers increased i t  (132). On the 

other hand, these data confl ict with those presented by o thers, suggesting no 

effect of boil ing (102, 103, 113) or metabolic inhibitors (113) on the transfer 

of labelled cholesterol from serum-containing incubation media i nto arterial 

t issue. However, boil ing the arterial t issue, or administration of potent meta

bolic inhibitors, may decre ase en dothelial integrity. That this was ac tually 

the case i s indicated by Jensen's note that the tissue integrity appeared de

creased a fter incubation with certain inhibitors (132). As the formation of en

dothelial defects is followed by excessive influx of serum l ipo proteins (V, 27), 

f i l tration of l ipoprotein cholesterol may ha ve replaced metabolically dependent 

transfer of cholesterol, leaving the total uptake o f labelled cholesterol unaf-
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fected. Therefore, these studies do not contradict the concept t hat the chol

esterol content and tra nsfer of plasma c holesterol may be depe ndent on the 

metabolic activity in the arterial wall. 

5.3.3 Active transport of cholesterol 

On the basis of his in vitro studies, Jensen sugge sted th at transfer of labelled 

cholesterol from plasm a into the arterial t issue was du e to active transport 

involving primary, non energy-requiring binding of serum l ipo proteins at the 

lumenal surface of the endothelial cells (133) and subsequent h ydrolysis of 

esterif ied cholesterol in them (38). He suggest ed t hat such transport might be 

mediated by pinocytotic activity (133). Alternatively, by analogy wi th choleste

rol transport mechanisms in tissue culture cells, active transport could also 

involve binding of free and es terif ied cholesterol at the cell membrane, ra pid 

hydrolysis of esterif ied cholesterol and intracellular transport of cholesterol 

in the free form (111, 128, 134, 135). Subsequently, cholesterol might be r ele

ased from t he cells, primarily in the free form (111, 127, 128, 136). Both 

these me chanisms are consistent with the results of I II which suggest a direct 

relationship in regions with intact endothelium bet ween f ree cholesterol radio

activity and c holesteryl ester radioactivity, with a r atio between the fractions 

of 20:1. 

5.3.4 Control of cholesterol content 

The c holesterol content in the arterial wall might conceivably be determined by 

both local biosynthesis and chole sterol transfer from plasma . The in verse rela

tionship between transfer of labelled free cholesterol and free cholesterol con

tent (II I) in aort ic t issue with intact endothelium suggest s an adjustment of 

cholesterol transfer to the local requirements in the arterial wall. Werthessen 

and colla borators reported a similar inverse relationship between ne t increase 

of unlabelled cholesterol and i nitial cholesterol content, from in vitro studies 

on whole c alf aortae perfused with a serum-containing med ium at high pressure 

(200 mm mercury) (131, 136'). In another study from th e same l aboratory, the data 

presented show a s imilar inverse relationship (R= -0.54; p<0.05 calculated 

as Spe arman ' s rank correlation coefficient) after perfusion of bovine aorta 

with a me dium contai ning serum (137). As suggested above, these r esults may 

be explained both by adjustment of the biosynthesis and by adjustment o f chol

esterol transfer from serum l ipo proteins in the medium. Howev er, the fact that 
14 

the rate of incorporation of C-acetate into digitonin-precipitated material 

was not related to the net increase of unlabelled cholesterol during the study 

(R= -0.18; n.s. calculated as Spearman's rank correlation coefficient from 

the data presented by Werthessen et al. ) supports the latter of the explanations. 



In any cas e these r esults, taken together with those presented in I II , consti

tute strong evidence f or Werthessen's hypothesis "that the aortic content of 

cholesterol is subject to control" (136). Furthermore, the results of II I 

indicate that control of the cholesterol content may invo lve adjustment of chol

esterol transfer from plasm a in response to the local requirements. 

5.4 The c holesterol barrier 

5.4.1 Earlier evidence for a cholesterol barrier 

Some in vestigators have h ypothetically postulated the existence of a barrier 

• against the influx and d eposition of cholesterol in arterial t issue (25, 132, 138) 

I t  has been suggeste d that the gradual break-down o f this barrier during athero-

genesis ma y a llow the accumulation o f serum choles terol in the arterial wall. 

This concept i s consistent with a num ber of interesting observations, for example 

the exponentially increasing rate of cholesterol accumulation (139), and the 

rapidly increasing influx of labelled cholesterol during the development of di-

etari ly induced at herosclerotic lesions (discussion and re ferences: 25, 138). 

5.4.2 Endothelial integrity and f i l tration of serum l ipo protein cholesterol 

As discussed i n detail above, there is much evidence that increased f i l tration 

of serum l ipop roteins is the most important mechanism fo r the accumulation o f 

cholesterol during atherogenesis. Such f i l tration probably is restricted to 

arterial t issue with endothelium o f decreased in tegrity (see above). The ob ser

vation of increased transfer t)f labelled free and e sterif ied cholesterol in re

gions of both normal ( II I) and a therosclerotic (V) t issue having defective endo

thelium indicates that the rate of transfer of cholesterol by f i l tration of 

serum l ipo proteins may exc eed th at by a ctive transport even i n experimental 

animals w ith serum chol esterol levels below 50 mg/100 ml. I t  may be in ferred 

that in individuals with higher serum chole sterol levels, this difference would 

be even la rger. Hence, i t  may be suggest ed t hat the maintenance o f endothelial 

integrity might be a very important factor in preventing excessive influx of 

serum l ipo protein cholesterol into arterial t issue. 

5.4.3 Endothelial integrity and d eposition of cholesterol 

Not only transfer of plasma pr oteins (and, accordingly, transfer of serum chol

esterol), but also deposition of cholesterol may be influ enced by e ndothelial 

integrity. Thus, i n normal as w ell as i n atherosclerotic arterial t issue of 

normo-lipidemic rabbits, the cholesterol content of t issue devoid of endothel

ial l ining was higher than that of corresponding t issue with intact endothelial 

l ining (III, V). Obviously, this accumulation o f cholesterol might be re lated 
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t o  imb ib i t ion  o f  t he  a r t e r i a l  wa l l  w i th  s e rum l i pop ro t e in s .  H o w e v e r ,  a s  ( i )  t h e  

c ho l e s t e r o l  con t en t  o f  t he  a t he rosc l e ro t i c  t i s sue  was  t h r e e  t imes  t h a t  o f  p l a s ma ,  

c a l c u l a t ed  on  a  d ry  we igh t  b a s i s  (V) ,  ( i i )  o n l y  a  m i no r  p ropo r t i on  (5  % i n  no r 

ma l  t i s sue ,  15  %  i n  a t h e rosc le ro t i c  t i s su e )  o f  t h e  ch o l e s t e r o l  i n  t h e  t i s sue  

was  e s t e r i f i ed  ( I I I ,  V) ,  w he re a s  7 5 %  o f  s e rum ch o l e s t e r o l  i s  e s t e r i f i ed ,  an d  

( i  i  i )  t he  c ho le s t e ry l  e s t e r  compos i t i on  a t  l e a s t  i n  a t he ro sc l e ro t i c  t i s sue  

d i f f e r ed  marke d ly  f rom t ha t  i n  p l a s ma  (VI ) ,  i t  see ms  u n l i ke ly  t h a t  t h e  i n c r ea 

sed  cho le s t e r o l  con t en t  me re ly  wa s  due  t o  i n f i l t r a t i on  wi th  s e rum l i pop ro t e in s .  

A s  d i s cus sed  above ,  i t  h as  been  sugges t ed  t ha t  c ho l e s t e ro l  i n  c e l l u l a r  membran es  

m ay  con t r i bu t e  t o  i nc r em en t s  o f  t he  c ho l e s t e ro l  con t e n t  i n  t he  a r t e r i a l  wa l l  

( 27 ) .  I n  sup p o r t  o f  t h i s  concep t ,  an  i nc r e a se  i n  c e l l  me mb rane  ma t e r i a l  ha s  

been  obse rved  du r ing  ma tu ra t i on  and  ag ing  o f  ao r t i c  smo o th  mu sc l e  c e l l s  i n  t he  

r a t  ( 140 ) .  Fu r the rmor e ,  f o rma t ion  o f  mye l i n  f i gu re s  (141 ) ,  and  i nc r ea sed  p ino -

cy to t i c  a c t i v i t y  (142 ) ,  ha ve  been  obse rved  i n  d i e t a r i l y  induce d  a t he ro s c le ro t i c  

l e s i ons .  The  demons t r a t i on  o f  aug men ted  sy n the s i s  o f  sph ingo mye l in  (wh ich  i s  a  

ch a rac t e r i s t i c  com pone n t  o f  p l a s ma  m e m br a ne s )  i n  a t h e rosc l e ro t i c  l e s ions  i nduc ed  

by  sup e r f i c i a l  mechan i ca l  i n j u ry  w i th  l a rge  a r ea  ( 1 4 3 )  sugges t s  t h a t  accumula 

t i on  o f  c e l l  me m br ane  ma t e r i a l  m ay  a ccoun t  f o r  an  a p p r ec i ab l e  po r t i on  o f  t he  

i n c r ea sed  cho l e s t e ro l  con t en t  i n  t he  expe r imen t a l  a t h e ros c le ro t i c  l e s ions  o f  

V a s  we l1 .  

5 . 4 . 4  Depos i t i on  o f  cho le s t e r o l  i n  d i e t a r i l y  i ndu ced  a t h e rosc l e ros i s  

Dur ing  t h e  r i s e  o f  t he  ao r t i c  c ho l e s t e ro l  con t en t  i n  d ie t a r i l y  i n d u ced  a t h e ro 

s c l e ro s i s ,  t he  r e l a t i ve  p ropo r t i ons  o f  f r e e  and  e s t e r i f i ed  cho l e s t e ro l  we re  

d i f f e ren t  a t  d i f f e r en t  t o t a l  cho le s t e r o l  c onc e n t r a t i ons  (144 ) .  I n  a o r t a e  w i th  

m ode ra t e ly  i nc r ea sed  c ho l e s t e ro l  con t en t ,  mos t  o f  t h e  r i s e  was  a ccoun t ed  f o r  b y  

f r e e  cho l e s t e ro l .  I n  a o r t a e  w i th  h i ghe r  cho l e s t e r o l  con t en t ,  cho l e s t e ry l  e s t e r  

con t r i bu t ed  mo re  t o  t he  t o t a l  r i s e .  A the rosc l e ro s i s  was  app a ren t  on ly  i n  ao r t a e  

w i t h  mo re  ma rked l y  i n c r ea sed  cho l e s t e r o l  con t en t ,  and  ch a r ac t e r i z ed  b y  a  h ighe r  

r e l a t i ve  co n t r i b u t i o n  o f  e s t e r i f i ed  c ho l e s t e ro l  ( 144 ) .  A s  i nd i c a t e d  b y  p r ev i ous ly  

d i s cus sed  obse rva t i ons ,  a t he ro gen i c  d i e t s  may  ha ve  impor t an t  e f f e c t s  on  end o the l 

i a l  i n t eg r i ty  b o th  i n  t he  i n i t i a l  s t ages  o f  a t he rogenes i s  an d  du r ing  t h e  p ro p a 

ga t i on  o f  a t he rosc l e ro t i c  l e s i ons .  The re fo r e ,  a  compa r i son  w i th  t he  r e su l t s  o f  

I I I  a nd  V m igh t  b e  ap p rop r i a t e .  I n  t he se  s t u d i e s ,  i nc r ea sed  co n t en t  o f  f r e e  ch o l 

e s t e r o l  was  cha r ac t e r i s t i c  o f  r eg i ons  w i t h  dec r ea sed  endo t he l i a l  i n t e g r i t y ,  i n  

no rm a l  ( I I I )  a s  we l l  a s  i n  a t h e r os c l e r o t i c  a r t e r i a l  t i s sue  ( V) .  H ow ev e r ,  i n c r ea 

sed  p ropo r t i o n  o f  e s t e r i f i ed  cho le s t e ro l  was  obse rved  on ly  i n  t h e  t i s sue  unde r 

l y ing  l a rge r  endo the l i a l  d e f ec t s ,  and  cha r ac t e r i z ed  by  a t h e ro sc l e ro t i c  c ha nge s (V) .  

Th e re fo r e ,  i t  m ay  sp ecu l a t ive l y  b e  sugges t ed  t h a t  t h e  e a r l y  changes  i n  t he  ch o l -
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e s t e r o l  c o m p o s i t i o n  o f  d i e t a r i l y  i n d u c e d  a t h e r o s c l e r o t i c  l e s i o n s  ma y  b e  r e l a t e d  

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

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

5 . 4 . 5  D e p o s i t i o n  o f  c h o l e s t e r o l  a n d  f o r m a t i o n  o f  a t h e r o s c l e r o t i c  l e s i on s  

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

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

e r o l  c o n c e n t r a t i o n  i n  t h e  a r t e r i a l  w a l l  ( 2 3 ,  2 7 ) .  H o w e v e r ,  t h e  p r e s e n t  r e s u l t s  

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

a r t e r i a l  t i s s u e  ( I I I ,  V ) .  D e p o s i t i o n  o f  c h o l e s t e r o l  i s  a l m o s t  e x c l u s i v e l y  c o n 

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

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

m e c h a n i s m s .  T h u s ,  t h e  e n d o t h e l i a l i z e d  B A NK S ,  w h i c h  h a v e  s e v e r a l  s t r u c t u r a l  c h a r 

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

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

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

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

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

5 . 4 . 6  T h e  c h o l e s t e r o l  b a r r i e r - c o n c l u s i o n s  

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

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

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

t h e  c h o l e s t e r o l  t r a n s f e r  f r o m  p l a s m a  ( I I I ) .  O n  t h e  o t h e r  h a n d ,  w h e n  e n d o t h e l i a l  

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

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

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

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

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

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

a l  e n d o t h e l i u m .  

5 . 5  C h o l e s t e r y l  e s t e r  c o m p o s i t i o n  i n  a t h e r o s c l e r o s i s  

5 . 5 . 1  C h o l e s t e r y l  e s t e r  c o m p o s i t i o n  i n  p l a s m a  a n d  a t h e r o s c l e r o t i c  l e s i o n s  

T h e  c h o l e s t e r y l  e s t e r  f a t t y  a c i d  ( C EF A ) c o m p o s i t i o n  o f  t h e  e x p e r i m e n t a l  a t h e r o 

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

f a t t y  s t r ea k s  a n d  s o - c a l l e d  " f a t t y  p l a q u e s "  x  i n  h u ma n s  ( 2 1 ,  3 7 ,  1 2 0 ,  1 2 1 ,  1 4 5 ,  

1 4 6 ,  1 4 7 ,  1 4 8 ,  1 4 9 ,  1 5 0 )  a n d  d i e t a r i 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 t i c  l e 

s i o n s  ( 1 5 1 ,  1 5 2 ,  1 5 3 ,  1 5 4 ,  1 5 5 ) ,  T h i s  v e r y  c h a r a c t e r i s t i c  C EF A  p a t t e r n  i s  m a r k e d l y  

x )  D e f i n i t i o n :  s e e  r e f .  ( 1 2 0 ) .  
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different from th at in plasma o f humans and experimental animals (VI; review 

and re ferences: 53)and i n more adv anced a therosclerotic lesions in man (120, 149, 

56 ,  157). Mono-unsaturated cho lesteryl ester fatty acids constituted the largest 

fraction in the experimental lesions (VI), fatty streaks and "fatty plaques", 

whereas the fraction with di-unsaturated fatty acids was higher in plasma (VI) 

and o ther types of atherosclerotic lesions. In addit ion, cholesteryl esters with 

fatty acids containing three or more double bon ds were m ore frequent in the 

lesions than i n plasma (VI). Increased am ounts of such c holesteryl esters have 

also been obse rved by o ther investigators in atherosclerotic lesions of humans 

(146, 147, 150, 156, 158, 159). I t  has been demo nstrated th at these es ters con

tain fatty acids characterist ic of essential fatty acid deficiency (158). High 

content of cholesteryl esters with mono-unsaturated fatty acids may also be i n

duced by essential fatty acid deficiency (160). However, the present results 

from experimental animals without signs of systemic essential fatty acid de

f ic iency indicate that, at least in this study, this factor does not induce the 

specif ic CEFA pattern observed. I t  also seems u nlikely that local essential fat

ty acid deficiency is of importance, as th e CEFA pattern is similar in regions 

with very di f ferent rates of f i l trat ion of albumin (V I) and co nsequent dif ferent 

inf lux of free fatty acids from plasm a. 

5.5.2 Local arterial t issue factors 

The CEFA pattern of macroscopical ly normal int ima from hu man ch anges with age. 

In chi ldren between 0 and 10 years old, cholesteryl oleate was the predominating 

fraction (150). However, d uring growth and aging t he CEFA composit ion i n the 

arterial t issue gradually became mo re s imilar to that in plasma. Thus, i n the 

int ima of humans over 30, the cholesteryl ester composit ion wa s r ather similar 

to that in plasma (120, 161). These observations support suggestions that in

f i l t rat ion of the arterial wall  with plasma c holesteryl esters may cont ribute 

very signif icantly to the increase of total cholesteryl esters with age. However, 

the characterist ic CEFA pattern in int ima of chi ldren suggests t hat local mech

anisms ma y als o be importan t in determining the cholesteryl ester composit ion 

in normal arterial t issue. 

The CEFA distr ibution was rath er similar in al l  regions of the experimental 

atherosclerotic lesions of the present study, despite the large differences in 

f i l trat ion of plasma constituents (VI). This emphasizes the importance o f local 

arterial t issue mechanisms for the cholesteryl ester composit ion i n atheroscler

ot ic lesions as w ell .  Further evidence for the importance o f such me chanisms 

was provi ded by s tudies, indicating a r elat ionship between c el lulari ty and CEFA 

composit ion i n different types o f atherosclerotic lesions in humans (159). 
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The c holesteryl ester composit ion wa s s imilar, although the morphological dis

tr ibution of l ipids was di f ferent in di fferent regions of the lesion (VI). These 

results are not consistent with those o f other studies which demon strate si gni

f icantly different CEFA composit ion i n intracel lular and e xtracellular l ipids 

(161, 162). The aberr ant results of the present study ma y o f course be due to 

species d ifferences, as r abbits were used in the present study, whereas t he 

other studies have bee n performed on autopsy ma terial,  derived from ad ult or 

elderly human populations . However, by analogy w ith the results discussed above, 

they could conceivably also be rel ated to age d ifferences. Thus, i t  may be spe

culated that the intracel lular l ip id composit ion m ay not change mu ch from th at 

during chi ldhood, whereas the extracellular cholesteryl ester composit ion m ay 

conform to that in plasma d uring growth and aging, not only in normal t issue, 

but also in atherosclerotic t issue. However, the val idity of such an interpre

tation is dif f icult to assess beca use of the species di fferences. 

5.5.3 Cholesteryl ester metabolism 

Cholesteryl ester metabolism i n the arterial wall  was studie d by isotope tech

niques in vivo (VI). To our knowledge, such s tudies have not previously been 

performed wi th normo-l ipidemic experimental animals. The ev aluat ion of the re

sults from these studies may be subje ct to some l imitat ions, besides those d is

cussed ab ove for al l  studies with labelled cholesterol. As o nly one t ime inter

val was stu died, i t  was not possible to establish when platea u values for the 

uptake of radioactivity in the di fferent cholesteryl ester fractions were reached. 

Therefore, the possible existence of non-homogeneous cholesteryl ester t issue 

pools might l imit the val idity of the results. However, the observations were 

made a t a t ime point well  before the attainment of equil ibrium specif ic acti

vi t ies between the total cholesterol pool in plasma, and t hat (or those) in the 

arterial t issue. Results presented by Swell et al.  indicate that this holds true 

also for di f ferent cholesteryl ester sub-fractions (163), at least in dietari ly 

induced a therosclerosis. Finally, we found that the cholesteryl ester specif ic 

activi t ies in plasma exce eded the f inal specif ic act ivity in the arterial wall  

during the t ime studied (VI), and t hat the specif ic activ it ies in di fferent 

cholesteryl ester sub-fractions did not dif fer much ( VI). Therefore, dif ferences 

in specif ic activit ies of dif ferent cholesteryl ester sub-fract ions probably 

are related to differences in turn-over between the fractions. 

Different mechanisms have bee n suggested for the characterist ic increase in 

cholesteryl oleate in experimental atherosclerotic lesions, human f atty streaks 

and so-called "fatty plaques". Some in vestigators have presented evidence f or 

enhanced es terif ication of cholesterol with oleic acid as com pared to other 

fatty acids ( 164, 165, 166 ) indicating a me chanism of selective esterif i -
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cation. Other in vestigators have observ ed a decreased h ydrolysis of cholesteryl 

oleate, as com pared t o other cholesteryl esters (167, 168), indicating a mec h

anism of selective hydrolysis. Final ly, i t  is conceivable that interconversion 

of other cholesteryl esters to cholesteryl oleate, and m ore pro nounced r etention 

of cholesteryl oleate than o f other cholesteryl esters (37), may be responsible 

for the increment o f this part icular cholesteryl ester sub-fraction. Higher 

rate of esterif ication of cholesterol with oleic acid than w ith other fatty 

acids in the arterial t issue would gi ve higher specif ic act ivity in this frac

t ion, as the free cholesterol specif ic activity was higher than the cholesteryl 

ester specif ic activity. On the other hand, the other mechanisms discussed abo ve 

would g ive lower specif ic activity in cholesteryl oleate than i n the other cho

lesteryl ester sub-fractions. Therefore, the absence of consistent differences 

in specif ic activit ies, between the three main, more satu rated cholesteryl ester 

sub-fractions, may indicate that no single mechanism is responsible for the 

characterist ic cholesteryl ester composit ion of the lesions. I t  may also support 

suggestions that both selective hydrolysis and s elective esterif ication may be 

signif icant for the cholesteryl ester composit ion i n atherosclerotic lesions (169). 

The specif ic activ ity of the three main, more saturat ed cholesteryl ester 

fractions was considerably higher than that of cholesteryl esters with fatty 

acids containing three or more double bon ds (VI), suggesting a low tur nover of 

the latter. This suggestion i s supported by the observation that the relative 

concentration of such c holesteryl esters increased, after removal of choleste

rol during the restoration of the arterial wall  structure (VI). Preferential 

deposit ion of these s pecif ic cholesteryl esters may re f lect a pr otective response 

against the sclerogenic effect of other forms of cholesterol, as hy pothetized 

by Abdullah et al.from observations on the effect of dif ferent forms of choles

terol in subcutaneous' t issue implants in rats (170). 

5.6 Cholesterol removal and at herosclerosis 

5.6.1 Decreased c holesterol removal and a therosclerosis 

Deposit ion of cholesterol in arterial t issue may b e r elated to decreased o ut

f low as w ell  as increased inf lux of cholesterol. During aging, progressive in

t imai thickening continuously increases the distance for diffusion of various 

nutrients into the central parts of the arterial wall  (1, 2, 17). This process 

may pro mote hypoxic damage t o parts of the tunica media of the arteries (17). 

Damage and necrosis to the t issue may impair the capacity for cholesterol remo

val in the arterial wall ,  and consequently induce deposit ion of cholesterol in 

the ischaemic zone and i n regions on the lumenal side of this zone ( for review 

and discus sion, see 2). 
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5.6.2 Regression of atherosclerotic changes 

In the experimental atherosclerotic lesions investigated in the present study, 

the cholesterol concentration in regions which we re s t i l l  devoid o f endothel

ia l l ining was 3 t imes as hig h as i n re-endothelial ized regions (V). This dis

crepancy betw een d if ferent regions which had a l l  been de nuded o f endothelial 

l ining by the init ial trauma, in dicates that cholesterol is readily el iminated 

during repair and re -endothelialization of the lesion. In the non-endothelial-

ized regions, the discrepancy i n uptake of labelled free and e sterif ied cholest

erol may sugg est that far more cho lesterol enters the arterial wall  than i s de

posited in i t  (V). This suggestion i s supported by the fact that, during the 

4 weeks fol lowing the trauma, ca. 10 mg/g dry t issue weight of cholesterol has 

been deposited in the YARD, wher eas the uptake of radioact ivity in the same re 

gions suggests that 15 mg m ay ha ve pas sed through the lesion during the 24 hours 

of exposure to radioactive cholesterol (V). The low rate of deposit ion, in spite 

of the rapid transfer of cholesterol, may be rela ted to high capacity for remo

val of cholesterol in atherosclerotic t issue of normo-1 i  pi demi c rabbits (V). 

The que stion, whether d ietari ly induced experimental atherosclerotic lesions may 

regress or not, has been the subject of some contr oversy. Some inv estigators 

have bee n unable to show an y change in the lesions after withdrawal of a c hol

esterol-r ich diet (171). Others have observe d t hat atherosclerotic changes de

creased a fter the cessation of cholesterol feeding, while on the other hand 

the cholesterol content in the arterial wall  did not change (172). Final ly, some 

investigators have bee n able to demonstrate that the incidence of atherosclerotic 

changes, as well  as th e concentration of cholesterol in the arterial wall  de

creased signif icant ly after long periods on ch olesterol-free diets (173). Unpub

l ished results from our laboratory indicate that regress of experimental athero

sclerotic lesions induced by mech anical trauma i n normo-l ipidemic rabbits, was 

related to the restoration of an in tact endothelial l ining (34). In addit ion, 

the present results suggest that cholesterol may be el imin ated during re-endo

thel ial ization of atherosclerotic t issue (V). Therefore en dothelial integrity 

appears to be an imp ortant factor, not only for the mainten ance of the normal 

cholesterol content in the arterial wall ,  but also for the removal of cholest

erol deposits during regression of atherosclerotic changes. 

5.6.3 Cholesterol removal-possible mechanisms 

A va riety of dif ferent mechanisms have been pro posed for the removal of cholest

erol from nor mal and a therosclerotic arterial t issue. The in corporation of chol

esterol into l ipoproteins (174, 175), dispersal of cholesterol by phospholipid s 

(176, 177, 1 78), esterif ication of cholesterol with poly-unsaturated fatty acids 
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(178, 179), and c holesteryl ester hydrolysis (173) have a l l  been considered as 

possible mechanisms of el imination of cholesterol. The qu estion, whether c hol

esterol is init ial ly mobil ised mainly in i ts free form, or i f  i t  is esterif ied 

with poly-unsaturated fatty acids, has been subje ct to debate (e.g. 169, 1 78). 

However, the present results indicate that the turnover of poly-unsaturated chol

esteryl esters is low. Therefore the formation of such c holesteryl esters does 

not seem to be inv olved, at least in the init ial steps of cholesterol removal 

from the t issue. On the other hand, cholesteryl esters are important constitu

ents of l ipoproteins, and lecithin cholesteryl acyl transferase (LCAT) a ctivity 

in the blood is considered t o be a prerequisite for the incorporation of 

t issue cholesterol into serum l ipop roteins (review: 180). Consequently, c holest

eryl ester formation may be an importan t factor in the removal of cholesterol 

from at herosclerotic t issue, even though pr e-exist ing cholesteryl esters may 

be hydrolysed during the init ial stages of the el imination process. Recently, 

Rutenberg and Solo ff presented re sults which app ear t o be con sistent with 

such a me chanism (181). They stu died the mo vement of cholesterol from a rterial 

t issue into serum in vitro, and found th at cholesterol was mobil ised from a rte

r ial t issue in i ts free form, concurrently with esterif icat ion of free cholest

erol by LCAT a ctivity in the serum. Similari ly, Murphy observe d t hat esterif i

cation of cholesterol in serum p romoted tra nsfer of free cholesterol from er ythro

cyte cel l  membrane l ipoproteins to serum l ip oproteins (129). The ext ent of this 

phenomenon w as such th at the functional integrity of the erythrocyte cel l  mem

brane was impaired due to decreased c holesterol content (129). An observat ion 

in the former study which m ay app ear con fusing, was th at i f  the arterial t issue 

was incubated in serum, i n which the enzyme a ctiv it ies had bee n in activated by 

heating, m ainly esterif ied cholesterol was tra nsferred from the t issue into the 

incubation medium (181). However, this observation may be rela ted to the recently 

demonstrated presen ce o f LCAT a ctivity in the arterial wall  (179), exert ing i ts 

effects on the incubation medium. This idea is supported by the observation that 

the f inal distr ibution of cholesterol between the free and e sterif ied fractions 

in serum w as si mi lar in serum incubated alon e, serum incubated with the t issue, 

and h eat- inactivated serum incubated with the t issue (181). These studies, 

and those indicating l i t t le or no ef f lux of labelled cholesterol from a rter ial 

t issue into a serum-free me dium (102, 182), emphasize that plasma factors may 

also be importa nt for the removal of cholesterol from the arterial wall .  I t  seems 

reasonable to assume t hat the el imination of cholesterol may be a process i n

volving local t issue factors as w ell  as plasm a factors as necessa ry compo nents. 
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6, ENDOTHELIAL INTEGRITY AND EXPERIMENTAL ATHEROSCLEROSIS 

6.1 Experimental atherosclerosis induced by mechanic al trauma 

The develo pment of l ipid-rich arterial lesions was rec ently reported following 

certain types of defined mechanical injury in normo-lipidemic rabbits (32) and 

rats (183) These o bservations indicate that certain types of mechanical injury 

may in cite tissue responses re lated to those i n atherosclerosis (33), and, 

therefore, must be considered as one pos sible initiating factor in atherogenesis. 

I t  was sugges ted t hat the characteristic accumulation o f l ipids in atherosclerosis 

is related to defective endothelium (33). This suggestion receives strong support 

from th e results of V, indicating that deposition of cholesterol was confine d 

to regions with defective endothelium i n experimental atherosclerotic lesions 

induced by superficial mechanical injury with large area. The absence o f endo

thelial l ining in these r egions may allow the influx of plasma l ipoprotein chol

esterol in quantit ies exceeding the capacity for removal, leading to deposition 

of cholesterol. 

6.2. Dietari ly induced experimental atherosclerosis 

Not only experimental mechanical injury, but also pre-existing endothelial de

fects in regions subject to increased hemodynamic stress, may be re lated to the 

localization of atherosclerotic lesions. Thus, a fter the induction of hyperchol

esterolemia, the incidence of such lesi ons was increased in regions, distributed 

similarily as regions with defective endothelium i n the normal rabbit (8, see I I  

and above). However, atherosclerotic lesions with l ipid deposition develop i n 

these areas on ly i f  the blood l ipid levels of the experimental animals are increa

sed^), but at very low levels in areas w ith larger, experimentally induced endo

thelial defects (32). Therefore, i t  may be hypothetiz ed that changes either in 

blood l ipid levels or in endothelial integrity, as w ell as conc urrent changes in 

both factors, may be s ignif icant for the formation of atherosclerotic lesions 

with deposition of l ipids. 

The e ffects of hypercholesterolemia are not restricted to increased cholest

erol concentration in the serum f i l trate passing through areas o f defective endo

thelium into the arterial t issue. Thus, w ithin 1-3 days after the commencement 

of cholesterol-r ich diets, increased mitotic activity and ot her morphological 

changes i n the arterial endothelium have bee n observed (184, 185, 186). At such 

early times the serum chole sterol levels of the experimental animals were n ot 

signif icantly different from those o f controls (186), suggesting that endothe

l ial changes preceded m ore s ignif icant increments i n blood l ipid levels. The 

permeabil ity characteristics of the arterial wall were a lso changed very early. 
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a n d  d u r i n g  t h e  f i r s t  t h r ee  w e e k s  o f  c h o l e s t e r o l  f e e d i n g ,  t h e  f i l t r a t i o n  o f  
1 31  

I - l ab e l l e d  p l a sm a  p r o t e i n s  i n c r e a s e d  d r a s t i c a l l y  ( 1 8 7 ,  1 8 8 ,  1 8 9 ) .  T a k e n  t o 

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

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

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

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

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

l u l a r  g a p s ,  h a v e  b e e n  o b s e r v e d  ( 1 5 4 ,  1 9 0 ) .  I n  a d d i t i o n  t h e  g r a d i e n t  o f  r a d i o ac 

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

a t h e r o s c l e r o t i c  l e s i o n s  ( 8 3 ,  1 9 1 ) ,  s u g g e s t i n g  t h a t  " t h e  e n d o t h e l i u m  o r  s om e  

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

r e c t  l e a k a g e  o f  p l a sm a  c o n s t i t u e n t s  f r o m  t h e  l um e n  i n t o  t h e  i n n e r  a r t e r i a l  w a l l "  

( 8 4 ) .  T h e  p e r m e a b i l i t y  t o  E va ns  b l u e - a l b u m i n  c o m p l e x  ( 9 1 )  a n d  t h o r o t r a s t  ( 1 9 2 )  

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

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

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

m e c h a n i s m  f o r  t h e  d i s s e m i n a t i o n  o f  a t h e r o s c l e r o t i c  l e s i o n s  ( 9 1 ) .  T h e r e f o r e ,  t h e r e  

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

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

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

6 . 3 .  E n d o t h e l i a l  i n t e g r i t y  a n d  t h e  f i l t r a t i o n  h y p o t h e s i s  

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

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

e ro l ,  m a y  b e  r e l a t e d  t o  i m b i b i t i o n  o f  t h e  a r t e r i a l  w a l l  w i t h  p l a s m a .  H o w e v e r ,  

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

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

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

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

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



39 

7 ,  A B S T R A C T  

Structural and functional propert ies of the aort ic endothelium, and l ocal trans

fer mechanisms for free and e sterif ied cholesterol in normal aorta and i n aort ic 

experimental atherosclerotic lesions have bee n s tudied. For the investigations 

i t  was necessary to develop new techniques for the study of endothelial cel l  

v iabi l i ty and s tructure (I I) and a method f or the ult ra-micro assay of chol

esterol in t issue (I).  These techiques have been com bined, and tog ether with 

isotope techiques applied to normal aorta and experimental atherosclerotic 

lesions induced by superf icial mechanical injury with large area i n normo-

1 i  pi demi c rabbits. 

The endothelium of the normal a ort ic surface was st ructurally and functionally 

heterogeneous (I I ).  Defective endothelium w as present where increased hemodyna

mic strain occurs ( I I).  The increased in cidence of atherosclerotic changes in 

the same regions suggests t hat decreased end othelial integrity may be an imp ort

ant factor in the interrelat ionship between he modynamic s train and a theroscler

osis. Mural microthrombi were observ ed i n regions with defective endothelium 

(II ) ,  suggesting th at decreased e ndothelial integrity may also be rel ated to 

thrombotization. 

Structural heterogeneity was pa ral lel led by hetero geneous permeabil i ty charac

teristics (I I ,  I I I) .  The r esults indicate that f i l t rat ion of plasma p roteins 

probably is confined to regions with defective endothelium (II I ,  IV, V). 

In normal arterial t issue covered w ith intact endothelium, an inver se relation

ship was observed bet ween cho lesterol content and transfer of labelled cholest

erol from pla sma ( I I I) ,  suggesting an adjustment o f cholesterol transfer to 

local requirements of cholesterol in different regions of the normal aort ic 

t issue. In addit ion, a d irect relationship was found betw een the transfer of 

labelled free cholesterol and t hat of labelled esterif ied cholesterol, with a 

rat io between the fractions of 20:1 (I II ).  This is consistent with the concept 

of active transport of cholesterol, involving rapid hydrolysis of cholesteryl 

ester, a me chanism su ggested by others. 

In normal and experimental atherosclerotic arterial t issue with defective endo

thel ium, increased c holesterol transfer and d eposit ion of cholesterol was ob

served ( I I I ,  V). In addit ion, the control of cholesterol transfer appeared t o 

be de fic ient ( I I I).  These r esults are consistent with the break-down of a 

barrier against excessive i nf lux of cholesterol from plas ma and depos it ion of 

cholesterol in the t issue. In addit ion, they indicate that the structural 
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c o r r e l a t e  o f  t h i s  b a r r i e r  i s  t h e  c o n t i n u o u s  a r t e r i a l  e n d o t h e l i u m .  

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

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

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

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

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

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

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

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

p r o p o r t i o n  o f  c h o l e s t e r y l  e s t e r s  w i t h  m o n o - u n s a t u r a t e d  f a t t y  a c i d s  ( V I ) .  

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

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

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

d e p o s i t e d  c h o l e s t e r o l  ( V I ) .  

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

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

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

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

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

l e s i o n s  ( V I ) .  

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

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

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

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

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

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

T h e  r e s u l t s  o f  t h e  p r e s e n t  w o r k  c o n s t i t u t e  s t r o n g  s u p p o r t  f o r  t h e  h y p o t h e s i s  

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

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

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

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