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Summary. As has been shown previously, the induction of a superficial injury extending 
over a large area in the aorta of normolipidemic rabbits is followed by characteristic and 
reproducible sequential patterns of light-microscopic changes. After a short phase of thickening 
of the intima and partial regeneration of injured endothelium and injured media, repair is 
arrested and a phase of delayed repair ensues. The latter is characterized by delayed reendo- 
thelialization, excessive thickening of the intima, and accumulation of lipids, mainly extra- 
cellularly, in the non-reendotheliMized regions. 

Characteristic electron microscopic findings in 3- and 7-week lesions were (1) a provisional 
discontinuous lumenal lining of flattened smooth muscle cells in the central area of the 
plaques, (2) abundant extracellular fibrin-like osmiophilic material, scarce and immature 
elastic and collagenous components, and mature smooth-muscle cells in the underlying super- 
ficial zone of the intimM thickening, and (3) larger amounts of more mature elastin and 
collagen fibers and smooth muscle cells with signs of immaturity and proliferation in a basal 
zone towards the media. As extraoellular fibers are soon formed in rapidly reendotheliMized, 
regressive aortic lesions, the present results suggest deficient formation of stress-bearing 
structures as a factor related to incomplete healing in the non-regressive type of arteriM 
lesions. Increased load of serum constituents due to increased transfer through the discon- 
tinuous lumenal smooth muscle lining could interfere with the capacity of the repair tissue 
for elastin and collagen formation. 

Changes indicating cellular injury were apparent in the margin of the regenerating endo- 
thelium, in the smooth muscle cell lumenal lining, and in the basal layer of the plaque. It  is 
suggested that shedding of smooth muscle cells from the surface may be a factor favouring 
elimination of mural thrombotic material. 

Introduction 

I n  recent  years it  has become increasingly accepted tha t  i n ju ry  to the arterial  
tissues and  the reactions of these tissues to i n ju ry  const i tute  major,  perhaps 
central,  components  of the atherosclerotic process. 

The gross characteristics of arterial  tissue response pa t te rns  following different 
defined types of mechanicM injuries  are reasonably well known (BjSrkerud, 1969 a, 
1969b; BjSrkerud and  Bondjers,  1971b, 1973) bu t  corresponding fine s t ructure  
data  are scarce. The present  electron microscopic s tudy  of sequential  changes 
following the specific mechanical  induc t ion  of non-regressive atherosclerotic 
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lesions in n o r m o l i p i d e m i e  r abb i t s  was u n d e r t a k e n  in an  a t t e m p t  to  a n a l y z e  

f u r t h e r  t h e  possible  a the rogen ie  f ac to r s  o p e r a t i n g  in  th is  t y p e  of e x p e r i m e n t a l  

a therosc leros is .  

Material and Methods 
Eight male, albino rabbits of the Danish country strain, obtained from the same breeder, 

weighing between 2.4 and 4.3 kg were fed ad libitum on standard rabbit pellets (Ewos, SSder- 
t~lje, Sweden). 

Superficial mechanical injury with a large surface area (transverse injury) was induced 
in the aorta with a microsurgicM instrument (BjSrkerud, 1969; Bj6rkerud and Bondjers, 
1973). The animals received i.v. injections of 3 ml of sterile 0.3% Evans blue solution on 2 
successive days before sacrifice. The rabbits were killed under sodium pentobarbita] anaesthesia 
at the following time intervals after the induction of the injury: 3 weeks (4 animals; 13 lesions), 
7 weeks (2 animals; 3 lesions), and 13 weeks (2 animals; 4 lesions). The abdominal aorta was 
exposed and the larger branches of the aorta from the coeliac artery to just above the tri- 
furcation were ligated. The aorta was perfused with Ringer's solution, at a pressure of 100 mm 
of mercury through a catheter introduced into the ascending thoracic aorta by way of the 
left ventricle. Perfusion was continued until the venous return to the heart was unstained 
(usually 5-6 rain), and an incision was made in the aorta proximal to the coeliac artery, and 
the catheter was moved to this incision and secured. After 1 min of additional perfusion with 
Ringer's solution the abdominal aorta was perfused at a pressure of 100-120 mm of mercury 
with phosphate-buffered 4% glutaraldehyde solution (pH 7.4) in sucrose solution for about 
20 min. After the perfusion fixation the abdominal aorta was gently removed, immersed in 
fresh buffered glutaraldehyde solution and cut open. The lesions and the Evans blue-stained 
regions of the lesions were studied with a dissecting microscope. Blocks of a total of 19 lesions 
in unbranched regions from the eight aortae were cut out, divided into small, ca. 1 x 3 mm 
segments, and the presence or absence of Evans blue-stain noted. The samples were placed 
in fresh buffered glutarMdehyde solution at 2~l°C for 2 hours to complete the fixation. 
They were then washed in sucrose-containing phosphate buffer and postfixed in 1% buffered 
osmium tetroxide solution for 1 hour. After washing in phosphate buffer the samples were 
dehydrated in graded acetone and embedded in Durcupan (Fluka AG, Chemische Fabrik, 
Buchs S.G./Switzerland). 

Ultrathin and semithin sections were cut on a Porter-Blum MT 2 or on a Reichert Om U2 
ultramicrotome. The ultrathin sections were stained with uranyl acetate and lead citrate 
and examined with a RCA-EMU 3 G or with a Siemens 101 electron microscope at 50 or 
60 kV. The semithin sections were stained with toluidine blue and Azur I I  (Richardson st al., 
1960) and studied with a conventional light microscope to localize the different defined 
regions of the lesions (pond, bank, land, see Result section). 

Results 

Macroscopica l ly ,  t h e  i n ju r ed  s e g m e n t s  were  c h a r a c t e r i z e d  b y  t h e  p resence  of 
irregular intimal thickenings. The margins of these thickenings were slightly 
more elevated (designated "bank") than the central area (designated "pond", 
the surrounding non-thickened regions are designated "land"; Fig. i). The 
macroscopic properties of the lesions were consistent with those reported in a 
previous paper (Bj6rkerud and Bondjers, 1973). 

Lesions at 3 Weeks after I n j u r y  

Most  of t h e  lesions cons i s ted  of r e l a t i v e l y  large,  s e m i l u n a r  or  a l m o s t  c i rcum-  
f e ren t i a l  i n t i m a l  th ieken ings .  T h e  d i f f e ren t  reg ions  of t h e  lesions (pond,  bank,  

land,  see above)  were  ident i f ied .  I n  a few lesions o n l y  b a n k  reg ions  cou ld  be  
found .  On  s e m i - t h i n  sect ions  t w o  or  t h r e e  concen t r i c  layers  of t h e  i n t i m a  were  
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LAND BANK POND 
Fig. 1. Schematic illustration of the macroscopic properties and the designations used for 
different regions of a lesion following the induction of a superficial injury with a large area 

in the rabbit aorta 

discerned (Fig. 2a). Towards the lumen there was a superficial zone with the 
smooth muscle cells predominantly arranged eircumferentially. Towards the 
media the cells were arranged longitudinally as concentric palisades. In  the 
intermediate zone, if present, the cells were arranged more irregularly (Fig. 2a). 
One lesion was dilated to a small aneurysm ; the media in this lesion was calcified. 
The light microscopic characteristics of the lesions in this phase of development 
have been described recently (Bj6rkerud and Bondjers, 1973). 

Several types of surface lining cells were present three weeks after the 
induction of the injury. Cells with morphological properties conforming to the 
traditional concept of endothelial cells, i.e. flat cells with bulging nucleus and 
rather osmiophobie cytoplasm appeared on bank and land regions. Some of these 
cells had a loose, swollen cytoplasm (Fig. 3). On the inner slope of the banks 
towards the ponds, rounded cells, protruding into the lumen (Fig. 4), were also 
observed. Numerous very small processes were present on their lumenal side 
(Fig. 4). They had the properties which have been described for injured endo- 
thelial cells (see Discussion). 

On the ponds and parts of the banks the surface layer consisted of smooth 
muscle cells which were arranged as a discontinuous sheet with large intercellular 
gaps (Fig. 5). The gaps were either filled with tentacle-like processes extending 
from the underlying smooth muscle cells or with fibrin-like osmiophilic material 
(Fig. 5). The smooth muscle cells at the surface frequently had numerous, often 
branched or vesiculated processes extending into the lumen (Fig. 5). Numerous 
vesicles were present in these cells at the ablumenal side and towards the inter- 
cellular gaps (Fig. 5). Some of the vesicles were in direct continuity with the 
extracellular space (Fig. 5). 

No red blood cells, monoeytes or platelets were observed. 

The intimal plaques consisted most commonly of two zones of smooth muscle 
cells, as also noted on the semi-thin sections (see above). The cells of the zones 
were slightly different with regard to shape and arrangement. The cells of the 
superficial layer were usually oriented eireumferentially, were roughly rpindle- 
shaped and had several finger-like processes (Figs. 2a, 4-5). 

19" 
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Fig. 2. Light  micrographs of transections of lesions following the induction of a superficial 
injury with a large area after a 3 weeks; b 7 weeks; c 13 weeks. The intimal thickenings 
have 2-3 welldefined layers. Semithin sections. L lumen;  I E M  internal elastic membrane;  

M media. × 310 
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Fig. 3. Distended endothelial cell overlying intimal smooth muscle celIs (smc) in a 3-week 
lesion. Small mitoehondria (m) are present within the edematous cytoplasm. L lumen. × 12000 

The smooth muscle cells of the basal portion of the intimal plaque were more 
densely packed and shouted a more rounded or oval shape (Fig. 6). They had 
prominent nuclei (Fig. 6) and a prominent rough endoplasmie retieulum (Fig. 6). 
As a rule a few short processes extended from the cell body. 

In  the border zone between the two layers and in the basal layer, smooth 
muscle cells were found which contained lipid inclusions (Fig. 7) and phagocytic 
material  as hemosiderin granules (Fig. 7). 

Throughout the intimal plaque the smooth muscle cells had closely packed 
vesicles in the superficial part  of the cytoplasm (Fig. 5). Some of the vesicles 
were in direct continuity with the extracellular space. The vesicles were most 
numerous in the superficial zone of the intimal plaque. 

In  the superficial layer the wide extraeellular clefts contained increased 
amounts of ground substance with large amounts of fibrin-like material which 
was very osmiophilic (Fig. 5). The markedly increased osmiophilia was parti- 
cularly pronounced in the central non-reendothelialized portion of the lesions, 
i.e. in the pond region. The basal zone contained ground substance, loosely 
arranged collagen fibrils, immature elastic matrix and, occasionally, fine elastin 
filaments. 

Although scattered foam cells were observed (see above) accumulations of 
large numbers of such cells were not seen. 

The smooth muscle cells of the media underlying the intimal plaque had a 
more pronounced, rough, endoplasmatic reticulum than medial smooth muscle 
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Fig. 4. Section through the superficial and middle intimal zones of a 3-week lesion. The surface 
layer consists of endothelial cells (E) with signs of injury, viz, distension (budding) and rough 
surface. The underlying smooth muscle cells (smc) have numerous finger-like processes. 
The wide extraeellular clefts contain ground substance and collagen fibrils (C), L lumen. 

× 1900 

cells of non- th ickened  segments.  Accumula t ions  of l ipids were no t  found in these  
cells. I n  one lesion the  in te rna l  elastic membrane  was rup tured ,  and  Several 
polymorphic ,  d i s to r ted  smooth  muscle cells were present  in the  gap.  Vasa vasorum 
were no t  found in the  media  or in t ima.  

I n  some lesions the  capil laries of the  adven t i t i a  were d i la ted  and  filled wi th  
numerous  red  blood cells (despite the  pos tv i t a l  e l iminat ion  of b lood;  see Mater ia l  
and  Methods).  I n  two sections small  inf i l t ra t ions  wi th  lymphocy tes  were seen in 
the  advent i t i a .  

Lesions  at 7 Week8 a[ter I n j u r y  

The 7-week lesions were more f l a t t ened  t han  the  3-week lesions. Layer ing  of 
the  in t ima l  th ickening  could still  be dis t inguished.  

I n  the  non-endothel ia l ized  regions, the  smooth  muscle cells towards  the  
lumen were flat,  had  a ve ry  dense osmiophil ie cy toplasm,  and a small,  e longated  
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Fig. 5. The superficial intimM cell layer of the central non-reendothelialized region (pond) 
of a 3-week lesion. Slightly flattened smoth muscle cells constitute a surface lining. The 
smooth muscle cells have numerous surface vesicles (arrows), some of which are in direct 
continuity with the extracellular space. Numerous smooth muscle cell processes extend into 
the lumen and into the extracellular space of the intima. Fibrin-like osmiophilie material (/) 
is present in intercellular clefts of the surface lining and in the underlying tissue. × 19800 

nucleus. The intercel lular  gaps were in  general more narrow than  those 3 weeks 
after i n j u r y  (Fig. 8). As for the smooth muscle surface cells observed 3 weeks 
after i n j u r y  the superfieiM port ion of the cytoplasm eontMned main ly  ablumenMly,  
numerous  small vesicles, some of which were in  direct con t inu i ty  with the extra- 
cellular space or lumen.  Some surface cells exhibi ted signs of in jury .  Their cyto- 
plasm was markedly  vaeuola ted;  the surface was rough and the cells were a t tached 
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Fig. 6. Smooth muscle cells of the basal intimal layer with few processes and surface vesicles 
in a 3-week lesion. Note the prominent rough endoplasmic reticulum (er). x 2800 

to  the  under ly ing  cells wi th  numerous  shor t  processes or pa r t i a l l y  de squama ted  
(Fig. 8). 

The smooth  muscle cells of the  pond  regions of the  th ickened  in t im~ were 
e longated  and  had  numerous  processes (Fig. 8) and  superficial  vesicles. The 
rough endoplasmic  re t icu lum was less p rominen t  t h a n  3 weeks af te r  in jury .  
Some cells conta ined  accumula t ions  of hemosider in- l ike  ma te r i a l  or l ipids.  The  
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Fig. 7. Cells containing lipid droplets (Li) and hemosiderin granules in the middle intimal 
zone of 3-week lesion (cf. Fig. 2a). × 14800 

cleft between the cells were wide and contained increased amounts of immature 
elastic material and of collagen fibers (Fig. 8). Occasionally, small pieces of more 
mature elastic lamellae were seen. Small accumulation of cell debris or small 
loci containing calcified collagen fibers were present, predominantly in reendo- 
thelialized parts  of the plaques. 

The media underlying the thickened int ima contained smooth muscle cells with 
moderate ly  increased endoplasmic ret iculum and moderate  numbers  of vesicles. 
No fa t ty  changes, nor  necroses, were encountered. 

Lesions at 13 Weeks alter Injury 

The intimal thiekenings were f lat tened (el. Fig. 2 c). Despite the a t tenuat ion 
of the plaques two intimal zones could often be discerned. 
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Fig. 8. In t ima  of 7-week lesion. The smooth muscle cells on the surface are markedly v~cuola- 
ted, and partial ly detached. The underlying smooth muscle cells have numerous processes 
and surface vesicles. The wide extracellular space contains collagen fibrils (C) in its basal 

portion. × 7700 

Fig. 9a and b. Electron micrographs of intimal tissue of 13-week lesions, a Well-developed 
collagen fibrils (C) and irregular portions of elastic matr ix  are present in the  intercellular 
space, b The superficial zone of the int ima in a reendothelialized area contains granular 
calcifications (arrows) of collagen fibrils (C) and  welldeveloped elastin lamellae, a × 12000; 

b ×5800  
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Fig. 9 a and b 
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Fig. 10. Smooth muscle cell of the media o5 a 13-week lesion with a focal disintegration of 
myofilaments (mr) and of the perinuelear cytoplasm (double arrow). Elastin lamellae (el) and 

collagen are present extracellularly. × 5 800 

The surface layer  of all lesions was composed of e longated  a t t e n u a t e d  cells. 
I n  the  centra l  region of the  p laque  (pond), the  surface cells had  the  character is t ics  
of flat,  smooth  muscle cells, while the  pe r iphery  was covered with  endothe l ia l  
cells. Al though  rare,  d i s tended  p ro t rud ing  cells were also observed in the  surface 
layer .  The surface layer  d id  no t  conta in  large in terce l lu lar  gaps in con t ras t  to  
the  lesions a t  3 weeks af ter  in jury .  Mural  t h romb i  were no t  seen. 

The smooth  muscle cells of the  in t ima  were ve ry  elongated.  The ce l lu lar i ty  
of the  t issue was decreased as compared  to  t h a t  a t  shor ter  t ime  in te rva ls  af ter  
in jury .  The cells were sur rounded  b y  large amount s  of ex t race l lu lar  mater ia l ,  
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containing mature collagen fibers and irregular pieces of elastic matrix and 
elastin filaments (Figs. 9 a, 10). Foci with finely granular calcification of collagen, 
cell debris with myelin figures, and with whorls of fine elastin filaments were 
also seen (Figs. 9a, b). No apparent  difference was observed between the cells 
of the media of the lesions and those in non-thickened regions. In  one lesion, 
necrotic smooth muscle cells were observed in the media of an endothelium- 
covered bank. 

Typical monocytes or fibroblasts were not encountered in the lesions at any 
of the t ime intervals studied. 

Discussion 

The electron microscopic properties of the intimal thiekenings induced by 
superficial injury with a large area verified the smooth muscle nature of the 
thickenings (Bj6rkerud, 1969b; Bj6rkerud and Bondjers, 1973). At three weeks 
after the induction of the injury the plaque consisted of proliferating smooth 
muscle tissue. A provisional lining of the non-reendothelialized areas was provided 
by flattened smooth muscle cells at  this and later stages. I t  is probable tha t  the 
discontinuities present in the smooth muscle cell lining, i.e. the wide intercellular 
gaps or clefts, may  represent a morphological background for increased per- 
meabili ty for serum components, such as albumin (Bj6rkerud and Bondjers, 
1971a) and lipoproteins (Bondjers and Bj6rkerud, 1972, 1973) in the non- 
reendothelialized regions. A further factor which could contribute to increased 
permeabili ty may  be the enlargement of the surface area due to the presence of 
numerous processes and surface vesicles which might facilitate transcellular 
migration of serum constituents. 

Some of the smooth muscle lining cells had properties indicating cellular 
injury, i.e. cellular swelling with budding into the lumen and markedly vacuolated 
cytoplasm (Bj6rkerud and Bondjers, 1972). Such cells were often weakly attached 
to the underlying wall by fine processes, or were part ly detached (el. Fig. 8) 
which suggests the shedding of smooth muscle surface cells into the blood stream. 
Mural thrombi were rare, especially in the central part  o5 the non-endothelialized 
regions (Bj6rkerud and Bondjers, 1973), and it is possible that  shedding of the 
surface layer may be a factor acting against mural thrombotization. 

The peripheral parts of the plaques, i.e. the banks, were part ly covered with 
endothelium, which was in continuity with the endothelinm of the non-thickened 
segments. The structure of the majori ty of the endothelial cells was in eoniormity 
with tha t  reported earlier by others (Ashford and Freiman, 1967; Tsao, 1970). 
However, cells with signs of injury, e.g. vacuolation of the cytoplasm, combined 
with the presence of processes towards the lumen, and distension of the cell 
with budding into the lumen, were not uncommon, especially on the banks at 
the border towards the non-reendothelialized regions (el. Fig. 4). The major 
retardation of the reendothelialization of the lesions occurred on the banks, 
where also mural thrombi or flaplike detachments of endothelium have been found 
(Bj6rkerud and Bondjers, 1973). The factors responsible for the retardation of 
endothelial regeneration are unknown. However, as the lumenal width decreases 
abruptly at the banks, the surface of the banks might be subject to increased 
shearing stresses due to increased rate of flow (for review see Glagov, 1972). 
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In addition, morphological (BjSrkerud, 1969b; BjSrkerud and Bondjers, 1973) 
as well as mechanical (Bj6rkerud, Bondjers, and Viidik, in preparation) properties 
were different in bank and pond regions with less resistance to distension in the 
latter. I t  is conceivable, therefore, that  large intramural strains may occur at 
the border between these regions which also may interfere with the regeneration 
of the endothelium. 

A regular finding was the layering of the intimal thiekenings. The basal layer 
contained densily crowded, activated smooth muscle cells with few processes and 
surface vesicles. Immature elastin matrix, fine elastin filaments and thin collagen 
fibrils wer present intercellularly. Such properties are characteristic of young, 
rapidly proliferating media (Stein et al., 1969, 1971; Karrer, 1961; Bj6rkerud, 
1973) of young non-atherosclerotic intimal tissue (Bj6rkerud, 1969a, 1973; 
Stemerman and Ross, 1972) and of arterial thrombi in the state of organization 
(Jurukova and Knieriem, 1970; Knieriem, 1972a, b). The superficial intimal 
layer had a number of cellular properties of old °' dormant"  arterial tissue, i.e. 
low eelhilarity, numerous cellular processes and surface vesicles, and a poorly 
developed rough endoplasmie reticulum (Stein et al. ,  1969, 1971; Bj6rkerud, 1973). 
However, extracellular components characteristic of mature smooth muscle 
tissue, i.e. elastin fibrils or lamellae and collagen fibers (I-Iaust et al., 1965 ; Haust  
and Geer, 1970; Knieriem, 1967, 1970) were lacking in the superficial layer which 
was also observed in earlier light microscopic studies (BjSrkerud, 1969b). The 
sequential development of intimal thickenings after mechanical injury indicates 
that  the inner media represents the source of the intimal smooth muscle cells 
(Bj6rkerud, 1969a; Hassler, 1970), but multiplication of smooth muscle cells 
has been observed in the basal layer of plaques (Hassler, 1970; Bj6rkerud and 
Bondjers, 1973). This would lead to a radial " ag e"  gradient in the intima with 
increasing age of the cells towards the lumen, a suggestion which is supported 
by the morphological results of the present study, ttowever, non-atherosclerotic, 
regressive, intimal thiekenings, induced by a slightly different type of mechanical 
injury, are rich in elastin and collagen fibers (Bj6rkerud, 1969 a, 1969 b). Therefore, 
it is possible that  deficient formation of these stressbearing structures may be 
an important factor for the delayed and incomplete healing of the atherosclerotie 
experimental lesions. 

Fibrin-like osmiophilic material was present in the extracellular space of the 
intima. I t  was most abundant in the superficial layer and almost filled the 
intercellular clefts below and the gaps between the smooth muscle surface lining 
cells (el. Fig. 5). As the non-reendothelialized regions have an increased per- 
meability for serum constituents, such as albumin and lipoproteins (see above), 
it is probable that  the presence of the fibrin-like osmiophilic material reflects an 
increase of serum constituents in the tissue. I t  is noteworthy that  elastin and 
collagen fibrils were virtually absent in such regions where osmiophilie fibrin- 
like material occurred. This could reflect interference with the formation of 
collagen and elastin in a repair tissue overloaded with serum constituents. 

Certain changes in the intimal tissue seemed to be related to the time elapsed 
after the induction of the injury. Such changes were: less prominent rough endo- 
plasmie retieulum in the cells, and increased amounts of collagen and mature 
elastin, the latter also reflected as a decreased cellularity of the tissue. Such 
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changes are characteristic of mature ,  less actively proliferating, arterial tissue, 

as observed in  arterial  media of un -munipu la ted  (Stein et al., 1969) or growth- 

re tarded (Stein etal. 1971) animals  and  in  in t imal  thickenings of non-athero-  
sclerotic exper imental  lesions (Bj6rkerud, 1973). Necrotic foei and  focal calcifi- 
cations were more numerous  with increasing age of the lesions. However, from 
the results of the present  s tudy  i t  is difficult to evaluate,  if the  focal decrease 
of v iabi l i ty  of the tissue was a direct expression of increasing age or related to a 
higher degree of in tegr i ty  of the overlying surface lining, as suggested by  earlier 
observations (Bj6rkerud and  Bondjers,  1973). 
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