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Summary. The common carotid artery of the rabbit was doubly ligated and Ringer's 
solution was injeeted into the lmnen; the changes produced in the vessel were studied 
by lipid histochemicM techniques and electron microscopy from one to seventeen days. A 
eharacteristic change was the appearance of intracellular lipid droplets spread diffusely 
throughout the arterial wall Mthough physiologie sMine was present only in the lumen. 
These droplets of lipid were present in twenty-five pereent of the cells one day after ligation, 
reached a maximum of forty-five percent three to seven days after ligation, then decreased 
later. Phagocytic or autophagic vacuoles were found, especiMly within endothelial cells. 
Intimal thickening comprised predominantly of proliferating smooth mnscle and endothelial 
cells was observed later. The relevance of this study as a eontrol for similar double ligation 
studies, in which lipid substrates were injected rather than a physiologic saline, is mMnly 
dependant on the pattern of locMization and distribution of the intracellular lipid droplets. 

Zusammen/assung. Die Doppelligatur der A. carotis communis des Kaninchens mit an- 
schließender Injektion von physiologischer Ringer-Lösung in das Lumen, führte zu einer 
Reihe von Vergnderungen, die nach ein bis 17 Tagen nach Ligatur mit Hilfe lipid-histo- 
chemischer und elektronenmikroskopischer Techniken untersucht wurden. Eine charakteri- 
stische Veränderung bestand in dem Auftreten intraceIlulärer Lipid-TrÖpfchen, die in der 
Arterienwand diffus verteilt waren, obwohl nur physiologische Salzlösung in dem Lumen 
vorhanden war. Einen Tag nach Ligatur fanden sie sich in 25 % der Zellen, erreichten ein 
~aximum von 45% nach 3--7 Tagen und gingen danach wieder zu niedrigeren Werten 
zurück. Hetero- oder autophagocytotische Vacuolen waren in erster Linie in Endothelzellen 
zu beobachten. Zu einem späteren Zeitpunkt trat eine Intimaverdickung auf, die vor allem 
auf eine Proliferation glatter Muskelzellen und Endothelzellen zurückzuführen war. 

Die Bedeutung derartiger Untersuchungen als Kontrollversuch zu £hnlichen Doppel- 
ligatur-Untersuchungen, bei denen Lipid-Substanzen anstelle von physiologischer SMzlösung 
injiziert worden waren, besteht darin, daß die Lipid-TrÖpfchen eine unterschiedliche Lokali- 
sation und ein anderes Verteilungsmuster zeigten. 

Introduction 

I t  has been shown tha t  when an arterial segment is isolated from its oxygen 
and  nu t r i en t  supply by the applieat ion of two ligatures, the lumen  of this 
segment beeomes reduced as the result  of in t imal  eell hyperplasia.  This int imM 
thickening following double-l igation has been documented by Sokoloff (1893), 
Malysehew (1929), Mehrotra (1953), Williams (1956), and  Zo]linger (1967) using 
light mieroseopy, and  by  Buek (1961), Hackensellner,  David and  Uerlings (1965) 
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and  Hoff  and  Got t lob  (1969a, b) using e lect ron microscopy.  The ]ar te t  s tudies  
have  been pa r t i cu la r ]y  useful  in ident i fy ing  the  prol i fera t ing  in t ima l  cc]ls as 
smooth  muscle  ce]]s or ig inat ing f rom the  media.  I n t i m a l  th iekening  is also asso- 
c ia ted  wi th  the  ear ly  s tage of atherosclerosis  (Wissler, 1968; P a r k e r  and  Odland,  
1966; Knic rem,  1968). F u r t h e r  simi]ari t ies be tween  the  disease and  this  model  
(double- l igat ion)  have  been d e m o n s t r a t e d  which r eeommendcd  th]s sys tem for 
s tudies  on atherosclerosis  (F r i edman  and  Byers,  1965; Hoff  ~nd Gott]ob,  1969 a, b). 
However ,  while in vivo in t ima]  hype rp la s i a  is i n i t i a t ed  b y  any  one of a n u m b e r  
of noxious  s t imu]i  (hyper tension,  turbu]ence  etc.) (Dock, 1967; Es ter ly ,  Glagov 
and  Ferguson,  1968), in this  sys tem i t  is caused b y  hypox i a  (Hoff and  Gott]ob,  
1969a, b). This model  has  a l r e ady  been used ex tens ive ly  to inves t iga te  the  effects 
of var ious  s t imul i  on ar ter ies .  F o r  example ,  l ipids or l ipoprote ins  have  been 
in jec ted  to  s imula te  hyper l ipemia  (F r i edman  et al., 1966; Hoff  and  Got t lob ,  
1969a, b). I n  the  l a t t e r  s tudios in jec t ion  of physiologie  saline (Ringer 's)  ac ted  as 
a contro]. 

This  p resen t  de ta i led  r epo r t  on the  morpho]ogic  a l te ra t ions  fo]lowing such 
control  s tudies  was made  for several  reasons :  F i r s t ,  no f l lus t ra t ions  of the  sahne 
in jec ted  control  a r t e ry  had  been inc]uded in  our previous  reports .  Seeond, none 
of the  previous  s tudies  b y  o ther  au thors  had  deser ibed the  morphologie  ehanges 
fo]lowing such inject ions.  F ina l ly ,  previous  s tudies  done in this  l a b o r a t o r y  on saline 
in jec ted  ar te r ies  d e m o n s t r a t e d  the  presence of some in t race l lu la r  l ip id  drop]ets.  
Sinee these l ip id  d rop le t s  also represen t  the  most  charac ter i s t ic  change following 
l ip id  or l ipopro te in  in ject ions  in to  this  exper imenta ]  sys tem,  i t  was expec ted  t h a t  
a s emiquan t i t a t i ve  and  morphologic  s t u d y  of the  ee]ls conta in ing  l ip id  drop]ets  
following saline in ject ions  would  p rov ide  in format ion  re levan t  to  the  origin of 
these droplets .  

Materials and Methods 
Rabbits of mixed strain and of either sex, averaging three kg were anesthetized with 

pentobarbital. The right common earotid artery was exl3osed and a double ligature applied 
as previously described (Hoff and Gottlob, 1969a). A physiologie saline solution (Ringer's) 
to which 10 mg% carbon black (Günther Wagner, Hannover, West Germany, Batch no. 
c 11/1431 a) was added, was injected into the lumen of the ligated artery, prior to appli- 
cation of the distal ligature. With this procedure all blood is flushed out of the ligated 
segment. At periods of one, two, three, seven, eleven and seventeen days following ligation, 
the ligated segment was excised and prepared for lipid histochemistry and eleetron micoscopy. 
The contralateral carotid was used as a control. Blood was permitted to remain in one of 
the segments studied (eleven days). Each segment was divided into several samples, some 
of whieh were immersed in Baker's Ca-formol, irozen sections cut, and stained with oil red 0, 
OTAN, (to differentiate between neutral and polar lipids) (Adams, 1967), and PAN (to 
demonstrate eholesterol) (Pearse, 1968). Other segments were fixed in 1% osmium tetroxide- 
0.23m suerose in 0.1 m veronal-acetate buffer pH 7.4 for two hours at 4 ° C. These segments 
were then dehydrated in graded ethanols and embedded in Araldite. Sections were eut on 
a Reichert ultramicrotome. 1/2 mieron-thick sections were stained with alkaline toluidine blue 
and viewed with the light mieroseope for survey purposes. Ultrathin sections stained with 
1% lead citrate were viewed with a Siemens Elmiskop 1 eleetron microseope. 

An average of five sections (1/2 mieron thiek toluidine blue-stained Araldite sections) 
ffom different planes of each ligated segment were used for a semiquantitative determination 
of pereentage cells eontaining lipid ch'oplets using light microscopy. Approximately 1000 cells 
were counted per section. All cells containing at least one lipid droplet (seen as yellow-green 
colored vacuoles) were tabulated. 
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Fig. l a-l. Light micrographs of sections of the doubly ligated rabbit carotid artery, a-f 
Toluidine blue-stained 1/2 micron-•hick Araldite sections fhree days after ligation. Note the 
small dots in the endothelial lining (a and b) and the cells in the subendothelial space (c). 
x 320. g OTAN-stained frozen section of artery seven days after double ligation. Note the 
fairly numerous dark granules indicating droplefs containing neutral lipid, x 200. h OTAN 
stained frozen section of artery seventeen days after double ligation. Note the complete 
lack of stained lipid in the thickened intima or the media. ×200. i-1 Toluidine blue- 
stained 1/2 micron-fhick Araldite sections, i Seven days after ligation. Note intracellular 
lipid droplets seen as clear vacuoles. × 320. j, k and 1 Artery filled with blood eleven days 

after ligation. Note blood cells in subendothelial sl0ace. × 320. 1 lume~l 

13" 
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Results 

Intracellular ]ipid droplets were found in both endothelial and smooth muscle 
eells at  all t ime intervals studied following ligation of the sa]ine-containing carotid 
artery. They were uniformly distributed throughout the media, but  more foca]ly 
in the intima. On the average only about two lipid droplets were found per cell. 
As ean be seen in the graph (Fig 8), by one day after ligation, twenty-fivc percent 
of all cells present in the intima and media eontained lipid droplets (appearing 
as clear vacuoles in Fig. l i). The percentage of lipid droplet-containing eells 
reaehed a maximum between three and seven days after ligation and then 
deelined thereafter. The number of lipid droplets in the nonligated ar tery was 
negligib]e. The fact that  mainly non-polar lipid was stained using the OTAN 
method (blaek granutes in Fig. 1 g) while the PAN staining for free or esterified 
cholesterol was negative, implies tha t  these lipid droplets were comprised mainly 
of triglycerides. At ]ater t ime interva]s (seventeen days) hardly any lipid droplets 
were found (Fig. 1 h), especial]y in the thiekened intima. Ultrastructurally, lipid 
droplets were seen as grey-amorphous masses usually surrounded by a darker rim 
whieh was sometimes crenated (Fig. 5). Oecasionally myelin-type figures were 
found within such droplets suggesting the presence of some phospholipid (Fig. 3 b). 
Lipid droplets in endotheiial and smooth musele eells occasionally appeared to 
have a loealization ~dthin the cisternae of the rough-surfaced endoplasmic retie- 
ulum (Fig. 3b), while those in smooth musele cells usually had a perinuclear 
localization free in the cytoplasm and grouped together with other organe]les 
(Fig. 5). 

During the earlier t ime intervals stud[ed, the non-nccrotic par t  of the endo- 
thelial lining eontained dark organelles (Fig. 1 a and d) shown ultrastruetural]y 
to be vacuo]es ineorporating lumen-injeeted earbon black partie]es (Figs. 2e, 
3b). Such carbon partieles were also seen extraeellularly in the edematous sub- 
endothelial spaee (Fig. 2c). The cndothelial ccl]s were full of membrane-bound 
organe]les eontaining material of various eleetron densities (Figs. 2a  and b, 3a), 
perhaps autophagic or phagocytic vacuoles. Lysosome-like bodies were also found 
in both endothelial and smooth musele eel]s (Fig. 4b and e). Endothelial cells 
often has a rounded appearance (Figs. 1 a and d, 4) and overlapped one another 
(Fig. 1 a). Oceasionally groups of cells resembling monoeytes were seen in the sub- 
endothe]ial spaee (Fig. le)  as in experimental hypertension (Still, 1967), most 
notably, when blood was permit ted to remain in the lumen (Figs. 1 j-l, 4). These 
cells were orten rich in lipid droplets and resembled foam cells. 

In  these series of experiments concentric intimal thickening was found seven- 
teen days following ]igation. The ce]ls on the lumen side were par~icular]y 

Fig. 2a o. Electron micrographs of sections of the doubly ligated rabbit earotid artery three 
days after ligation, a and b Endothelial lining contains large membrane-bound bodies 
(small arrows) presumably either phagocytotic or autophagic, c Lumen-derived particles of 
c~rbon black can be seen in an intraendotheliM vacuole and in the subendothelial space 
ss (large arrowhead). Note that no carbon particles are seen within the membrane-bound 
structure (P) which is assumed to be a section through a pseudopod, a ×20000, b × 17000, 

c 28 0C0. 1 lumen 
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Fig. 3 a a n d b  
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Fig. 6a-c.  Electron micrographs of sections of the doubly-ligated rabbi t  ar tery filled with 
blood eleven days after ligation, a In t ima comprising of rounded endothelial cells (E) and 
subendothelial cells of unknown origin. × 8 000. b an endothelial cell and c a smooth muscle 

cell containing lysosomal-like bodies, b 16000, c 20000 

Fig. 3a and b. Same as Fig. 1. a Note vacuoles in endothelial cells containing lumen-derived 
carbon particles (arrows). ×28000. b Note the lipid droplets within an endothelial cell. 
The large droplet also contains myelin-type structures resembling negative staining. The 
droplet appears to be within the rough-surfaced endoplasmic retieulum. ×28000. l lumen 
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Fig. 5. Same as :Fig. 4. A typical in~imal smooth muscle cell containing numerous perinuclear- 
localized lipid droplets (Li). × 16000 

swollen and were elosely apposed basally to eells with the same general appear- 
anee (Figs. 6, 7). Their cell membranes  had very  few invaginations (Fig. 7). 
The surfaee eells had very  long intereellular gaps and pseudopods were orten 
seen extending from these eells into the lmnen (Fig. 6b). Some lysosome-like 
bodies werë present in the surfaee eells, a l though not  in the abundanee observed 
at  earlier time intervals in the endothelial lining. Smooth  musele eells were seen 
to have various orientations between the elastiea interna and the several-layer- 
thick-aggregate of swollen surfaee cells; namely  radially elose to the elastica and 
eoneentrieally in the middle int ima (Fig. 6 e). Between the middle int ima and the 
swollen eells was a group of spindle-shaped eells of unknown origin and foam 
eells (Fig. 6d) which were also seen in the edematous areas close to the elastica 
(Fig. 6e). Only these sparsely loea]ized foam eells contMned lipid in the thiekened 
intima. Cells resembling fibroblasts were often seen in the int ima of arteries in 
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Fig. 6a-d. Light micrographs of toluidine blue-stained 1/2 micron-thick Araldite sections of 
the rabbit carotid artery seventeen days after ligation, a Concentric intimal thickening of 
media-derived cells almost obliterates the lumen. × 80. b Note that the cells elose to lumen 
are all rounded, closely apposed, and many appear to be sending pseudopods into the 
lumen. A thrombus can be seen in the center of the lumen. ×320. c Note the various 
orientations of cells in the thickened intima. On the left near the internal elastie membrane 
are radially-oriented eells; then come a group of concentric~lly-oriented eells, and finally 
near the lumen come a group of rounded cells several layers thick, resembling the endo- 
thelial cel ls .× 320. d Note the rounded cells of the endothelial lining closely apposed by cells 
several layers thick. A few lipophages ean be seen in the basal layers. Very little lipid is 

found at this time sequenee. ×410. l lumen 

which the  in t imal  th ickening  was less orien~ed, especial ly in organized t h romb i  
conta ining capi l la ry  sprouts .  I n  general ,  ve ry  l i t t le  elastogenesis occured in the  
th ickened  in t ima.  

Diseussion 

The double- l iga t ion  of ar ter ies  in jec ted  with  l ipids has  been proposed  as a model  
for s tudies  on atherosclerosis  (F r iedman  and  Byers,  1965; Hoff  and  Got t lob,  
1969a, b) and  the  effect a t t r i b u t e d  to the  l ipid inject ions was dis t inguished f rom 
t h a t  of l igat ion alone (Hoff and  Got t lob,  1969 a). The present  r epor t  gives a de ta i led  
deser ip t ion  of sa l ine- in jee ted arteries,  also prev[ously used as controls.  In t r ace l lu l a r  
l ipid droplets ,  no ted  to be in abundance  in earl ier  s tudies following l ip id  inject ions,  
surpr is ingly  appea red  also following saline inject ions (Hoff and  Got t lob,  1969 a, b). 
The semiquan t i t a t ive  de te rmina t ion  of in t raee l lu lar  l ip id  d rop le t  fo rmat ion  in this  
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Fig. 7. Electron micrograph of same artery as in Fig. 6, demonstrating the surface lining seen 
light-microscopically in Fig. 6d. Note the swollen appear»nce of the endothelial (E) and sub- 
endothelial cells (X), and their close apposition to one another. Both cell types are morpho- 

logically very similar. × 8000. 1 lumen 

invest igat ion showed tha t  by  one day following ligation 25% of the cells were 
invo]ved, reaching a m a x i m u m  of 45% three to seven days after ]igation and  
declining a t  later t ime intervals .  I n  addit ion,  the same amorphous-grey ul tra-  
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Fig. 8. Percentage of arterial cells containing lipid droplets at various times following double 
ligation 

structure for intracellular lipid droplets was observed, following both injections 
of egg lipoproteins (Hoff and Gottlob, 1969b) and of physiologic saline. This 
implies that  not all the intraeellular lipid seen after injeeting lipids er ]ipo- 
proteins was exogenously derived. While the function of the lipid droplets is 
unknown, it appears likely that  these droplets, eonsisting mainly of triglycerides 
were derived from fa t ty  degeneration, as was similarly interpre~ed following injury 
to arterial smooth musele cells (Murray, Sehrodt and Berg, 1966). Triglyceride 
has been claimed to be the most easily removable lipid moiety by arterial tissue, 
whieh would explain why only very low levels of ~riglycerides are found in athero- 
sclerotic arteries (Adams, 1967). The reduetion in relative number of cells contain- 
ing lipid droplets after seven day's ligation eould then imply either a reduction 
in fa t ty  degeneration, an inereased ability of the artery to reinere intraeellular 
lipid accumulations (Adams, 1967), er a combination of these. As fat ty  degenera- 
tion is known to oeeur following hypoxia (Büehner, 1957), the reduetion of lipid 
droplets may weil be correlated with the reoxygenation of the artery, as is a]so 
suggested by the return of oxidative and ATPase activities to these areas (Hoff, 
1970). The presenee of blood rather than physiologic saline in the ligated artery 
appeared to have little effect on the distribution er intensity of the intracellular 
lipid droplets er the ultrastruetural changes. 

In addition to the unexpected presence of lipid droplets found after double 
]igation and sahne injections, a series of morphologic alterations, previously 
described in similar studies (Hoff and Gottlob, 1969a), were observed. These 
ehanges appeared to be the direet consequenee of double ]igation, and were again 
focussed around the endothelial cells at early time intervals and on the various 
eomponents of the thiekened intima at later time sequences. Partieularly striking 
was the presence of viable endothelial cells in an anoxic environment for several 
days after double-ligation (Malyschew, Buck, 1961; Hackensellner, David and 
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Uerlings, 1965; Hoff and Gottlob, 1969a, b) and the abundance of lysosomal- 
like bodies which were either phagocytie or autophagic. Tha~ some are phago- 
cytie is suggested by the presence of ]umen-injected earbon b]ack within such 
organelles, as was also seen previously with thorinm dioxide (Buck, 1961). How- 
erer,  the tracer may  have entered via ce]l membrane invaginations. The lyso- 
somal-like bodies mi~y be the ultrastructural  counterpart  of the acid phosphatase- 
containing granules seen in the intima in a parallel enzyme histochemieal s tudy 
of these ligated arteries (Hoff, 1970). In t imal  hyperplasia, eneountered in numer- 
ous systems involving arterial injury (La Taillade, Gutstein and Lazzarini-Robert- 
son, ]964; Friedman and Byers, 1965 ; Gage, Fazekas and l%iley, 1967 ; Kunz et al., 
1967; Esterly, Glagov and Ferguson, 1965), has been shown by immunohisto- 
chemical staining for actomyosin to consist of smooth muse]e eells (Knierem, 
Kao and Wissler, 1968) which are rapidly undergoing mitosis (Spaet and Lejnieks, 
1967; Florentin et al., 1969). The ce]]s sometimes resemble smooth musele cells 
ultrastructurally (Buek, 1961), and other times fibroblasts (Haekensellner, David 
and Uerlings, 1965; Hoff and Gottlob, 1969b). Their orientation in the thickened 
intima is usually concentrie inwards and longitudinal outwards (Buck, 1961; 
Imai  and Thomas, 1968; Hoff and Gottlob, 1969a), bnt  on oceasions a radial 
array is found, as seen here and following double stenosis of the rat  aorta 
(T'sao and Spaet, 1967). E]astogenesis of the thickened intima was promizmnt 
in some ligation studies (Buck, 1961) but weak or non-existent in others (Zollin- 
ger, 1968; Hoff and Gottlob, 1969a), while it is quite extensive in the thickened 
intima induced by  mechanieal injury (Björkerud, 1969). The swo]len surfaee cells 
consisting of several ]ayers in the hyperplastie intima, are presumably proliferating 
endothelial eells (Kunz, Kranz and Keim, 1967 ; Florentin et al., 1969). The pseudo- 
pods extending from these ce]ls have also been seen frequently in the past 
(Esterly, G]agov and Ferguson, 1968; Hoff and Gottlob, 1968; Willms-Kretsch- 
mer and Majno, 1969). 

In  conclusion, it has been shown tha t  when the rabbit  common cartoid artery 
is doubly ligated, filled with a physiologie sa]ine, and viewed at  t ime intervals 
ranging from one to seventeen days, a series of morphologie ehanges relative 
to the contralateral cartoid and to the blood-fi]led doubly ligated ar tery were 
observed. Essentially on]y the intensity and localization of the intracellular lipid 
droplets differed between ligated arteries filled with lipids or lipoproteins and 
those fflled with physiologie saline. Of particular interest would be to further 
investigate the source and genesis of these endogenously-derived lipid droplets. 
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