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Summary. The objective of this study was to compare for the first time, by means of 
electron microscopic autoradiography, the movements of orally administered labelled cho- 
lesterol across (a) normal arterial and capillary endothelium, and (b) normal and patholo- 
gical arterial endothelium. 

For this purpose, 15 mCi/kg all-Cholesterol, spread in 5 daily doses, was given by stomach 
tube to (a) normal, (b) chronically hyperlipemic-atherosclerotic, (c) serum sick, and (d) 
desoxycorticosterone (DOCA) treated rabbits. The animals were killed 6 hours after the last 
all-Cholesterol feeding and thick unstained sections from their glutaraldehyde-digitonin 
fixed aortae, coronaries, myocardium and liver were then coated with a photographic emulsion, 
exposed for 2 or 6 months and examined electron-microscopically. 

I t  was found that in normal animals only very few labelled cholesterol molecules crossed 
the arterial endothelium, whereas large numbers of them crossed the capillary endothelium to 
enter the muscle cells of the heart and the hepatocytes of the liver. In contrast to the normal 
arterial endothelium, however, the arterial endothelium of hyperlipemic-atherosclerotie, 
serum sick and DOCA treated rabbits proved highly permeable to the labelled cholesterol 
molecules, allowing them to pour in great numbers into the arterial wall. The labelled lipid 
crossed the endothelium mainly trans-cytoplasmically, but in animals exposed to protracted 
hyperlipemia it also entered the arterial wall through opened interendothelial junctions that 
were occasionally observed in this condition. 

These results show that the normal arterial endothelium, unlike that of normal capillaries, 
has a very low permeability for physiologically presented cholesterol (or lipoprotein) molecules, 
but that certain pathological conditions such as protracted hyperlipemia, hypertension and 
immune insults change it and make it highly permeable to these molecules. 

Introduction 
A tacit assumption behind most atherosclerosis research of the last two decades has been 

the idea that the giant lipoprotein molecules of the blood--or their lipid derivatives--perco- 
late continuously through the wall of arteries (moving from the plasma through the intima and 
media into the adventitial lymphatics) and that when there is hyperlipemia these molecules 
enter the arterial wall faster than they leave it, thus gradually accumulating in it (Page, 1954; 
Doerr, 1963, 1970; Constantinides, 1965). 

However,  in view of strong evidence from hyperl ipemia experiments  with 
animals  t ha t  the normal  arterial  endothel ium resists pene t ra t ion  of lipids for a 
long t ime whereas arterial  i n ju ry  of any  k ind  promotes extremely rapid invas ion  
of the ar ter ial  wall by  such substances (Constantinides,  1965, 1968), we pos tu la ted  
a different model of atherogenesis in  recent  years (Constantinides,  1969, 1970, 
1971), as a working hypothesis  for fur ther  exper imentat ion.  We proposed tha t  under  
normal  condit ions the endothel ium of arteries has a much lower permeabi l i ty  for 
l ipoprotein (or lipid) molecules t h a n  the endothel ium of capillaries, bu t  when the 
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arterial lining is exposed to certain pathological  conditions (including protracted 
hyperlipemia) it changes and becomes much more permeable to these molecules. 
I n  other words, far f rom being continuously traversed by  lipoproteins, the normal  
arterial endothel ium would tend to resist the penetrat ion of these molecules into 
the arterial walls. 

Partial support for the above concept has been provided by the recent studies of Adams 
et al. (1970), Adams (1971), Scott and Hurley (1970) and Gore et al. (1972). These workers 
injected intravenously as a single shot labelled cholesterol or lipoprotein labelled in its protein 
component and, using purely quantitative measurements of tissue radioactivity, found an 
increased entry of both these materials into the atherosclerotic--as compared to the normal-- 
arterial wall of rabbits (Adams, 1971 ; Gore et al., 1972), as well as minimal entry of lipoprotein 
into the aorta--as compared to the liver--of human terminal patients injected before death 
(Scott and Hurley, 1970). 

Significant though they  were, however, these findings left a number  of questions 
unanswered:  Does cholesterol which is in t roduced into the blood stream in an 
unphysiological form, i.e., intravenously,  behave in the same manner  as cholesterol 
t ha t  circulates in a physiological form, i.e., as a lipoprotein ? Do int ravenously  
injected, protein-labelled lipoproteins exhibit  the same behaviour as lipoproteins 
manufac tured  by  the organism itself from physiologically (orally) administered 
labelled cholesterol ? I Iow do labelled lipoproteins (or lipids) cross the endothelinm 
and enter the arterial wall ? 

I t  appeared tha t  one way  of answering some of these questions and of testing 
the new hypothesis  more directly would be to a t t empt  to visualize by  means of 
electron microscopic (E/M) au torad iography  the transendothelial  movements  of 
labelled lipoproteins manufac tured  from orally administered 3H-Cholesterol in 
normal  rabbits  and in animals subjected to various arterial insults (such as chronic 
hyperlipemia, serum sickness and desoxycort icosterone treatment) .  E/M auto- 
radiography had not  ye t  been applied successfully to the exploration of trans- 
endothelial movements  of lipoproteins labelled in this manner  apparent ly  because 
(a) the enormous dilution over the inner surface of the whole vascular tree neces- 
si tated vas t  amounts  of oral label, and (b) because most  of the labelled cholesterol 
was extracted out  of the tissues by  the lipid solvents used during processing for 
electron microscopy. I t  was possible in the present s tudy  to overcome the first 
difficulty by  giving unusual ly  large amounts  of 3It-Cholesterol orally, and the 
second one by  preserving free cholesterol in the tissues with the help of digitonin, 
a compound tha t  forms an insoluble precipitate with this steroid and has been 
recently used to demonst ra te  it electron microscopically in liver (0krSs, 1968; 
Scallen and Dietert,  1969 ; Williamson 1969), adrenal cortex (Frfihling et al., 1969) 
and myelin (Napolitano et al., 1972). 

~-Ilaterials and Methods 

A .  General Procedure 

3H Cholesterol (NET-139 Cholesterol-I, 2-all, Specific Activity 50 Ci/mM, from New Eng- 
land Nuclear Co.) was given by stomach tube at the dosage level of 15 millicuries per kilogram 
body weight to 5 normal, 5 hyperlipemic, 1 desoxycorticosterone-treated and 2 serum sick 
New Zealand white male rabbits weighing 3-4 kilograms. The total dose for each animal 
(45-60 mCi) was divided into 5 daily doses given on 5 successive days, each dose being dis- 
solved in 9-12 ml maize oil. Six hours after the last labelled cholesterol feeding, the animals 
were killed, their aorta was quickly perfused first with buffer and then with glutaraldehydc, 
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and multiple samples of their aorta, myoeardium and liver were fixed in a mixture of buffered 
glutaraldehyde and digitonin for 18 hours, under agitation. Following fixation, small blocks 
from the tissue samples were speedily dehydrated and embedded in epon, in order to minimize 
the exposure of tissues to lipid solvents. To increase the radioactive cholesterol content of the 
sections, the latter were cut unusually thick (at approximately 2500 A), and they were left 
unstained in order to eliminate even the slightest possible quenching of their radioactivity by an 
overlying heavy metal film of uranium or lead. The sections were then coated with an Ilford 
L-4 photographic emulsion, exposed in the dark for 2 or 6 months at 5~ in the presence of 
desiccants, developed, and examined in a Phillips EM 300 electron microscope. For control 
purposes, sections were also examined from duplicate tissue specimens treated exactly as 
above but (a) extracted with a 2 : 1 (v: v) mixture of CI-ICI 3 and CI-I3OI-I for 1 hour prior to 
fixation, or (b) fixed without digitonin. The main endpoint of this study was the morphological 
(qualitative) assessment of the label localisation pattern in tissues, but in order to obtain a 
rough quantitative idea of the label content of various areas, grain counts were also under- 
taken in most sections. 

B. Speci[ic Procedural Details 

l .  P r e p a r a t i o n  of Labe l led  Cholesterol  for Oral  Admin i s t r a t i on  

The label led cholesterol  was suppl ied  b y  New E ng la nd  Nuclear  Co. in vials  
conta in ing lots of 25 mill ieuries,  each lot  represent ing  0.193 mg of the  label led 
s teroid  and  dissolved in 6.25 ml  benzene.  To p repa re  the  solut ion for gavage,  the  
benzene solvent  was e v a p o r a t e d  th rough  gentle  hea t ing  (under a s t r eam of ni t rogen) 
in a wate r  ba th  a t  a round  60 ~ C leaving a d r y  s teroid  residue adher ing  to the  walls 
of the  lower p a r t  of the  via l ;  the  d r y  res idue was dissolved in 1 ml absolu te  e thy l  
alcohol  (added to  the  vial)  which, in turn ,  was tho rough ly  mixed  wi th  25 ml 
maize  oil; to  p reven t  d iar rhea ,  th is  maize  oil solut ion of alcoholic label led chol- 
esterol  was enr iched with  f inely powdered  cellulose (alphaeel),  in a p ropor t ion  
of 5 g cellulose/100 ml maize  oil, before being force-fed to the  r abb i t s  b y  means  of 
a No. 8 F rench  rubbe r  ca theter .  

2. I n d u c t i o n  of Chronic A l i m e n t a r y  H ype r l i pe mia  

P ronounced  hype r l ipemia  and  atheroselerosis  was p roduced  b y  means  of 1% 
cholesterol  feeding for 7 months .  To avoid  the  excessive tox ic i ty  and  m o r t a l i t y  
caused b y  cont inuous  cholesterol  a l imenta t ion ,  four 1-week res t  per iods  on normal  
die t  were inser ted  into  the  high cholesterol  regime of the  las t  5 months .  The la- 
bel led cholesterol  was force-fed for 5 consecut ive days  to  these hyperhpemie -a the ro -  
sclerotic an imals  a t  the  end of the  seventh  m o n t h  of the  high cholesterol  diet .  

3. I n d u c t i o n  of Serum Sickness 

250 mg bovine serum a lbumin  (BSA) was given i.v. as a single shot  to  each 
of 2 r abb i t s  on d a y  1. Labe l led  cholesterol  was then  force-fed to  these an imals  on 
days  5, 6, 7, 8, 9, i.e., dur ing  a per iod  when soluble a n t i g e n - a n t i b o d y  complexes  
are  known to arise and  circulate  in the i r  b loods t r eam in response to  the  foreign 
an t igen  B S A  ( H u m p h r e y  and  Whi te ,  1965). 

4. DOCA T r e a t m e n t  

Three  r abb i t s  were un i l a te ra l ly  nephrec tomised  and  p laced  on 1% NaC1 as 
dr ink ing  wate r  ad  lib. for the  du ra t ion  of the  exper iment .  Two weeks af ter  nephree-  
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tomy and placement on 1% NaC1 they started receiving 5 mg/kg of desoxy- 
eortieosterone acetate subcutaneously (suspended in 2 ml buffer) 3 times weekly 
for 4 weeks. At ~he end of this period, 2 animals died and the one surviving rabbit 
was given the labelled cholesterol by mouth on 5 successive days. The above treat- 
ment is known to produce hypertension in most laboratory animals but  in the 
rabbit it also induces severe hypopotassemia and changes resembling those found 
in toxemia of pregnancy (Masson et al., t953). Blood pressure was not measured in 
the NaC1-DOCA treated animal but its greatly hypertrophied heart offered 
presmnptive evidence that  it did develop hypertension, since the mean heart 
weight of the 5 normal rabbits was 2.17 g/kg body weight (range: 1.96-2.32) 
whereas that  of the NaC1-DOCA treated animal was 2.92 g/kg body weight. 

5. Aortic Perfusion, Specimen Taking and Processing 

Six hours after the last labelled cholesterol feeding, at a time of maximal 
intestinal absorption of the oily steroid solution (as evidenced by their chyle- 
filled milk-white lacteals), all rabbits were deeply anesthetized with 1 g/kg 
Urethane intraperitoneally, followed by 10 mg/kg sodium pentobarbital, intra- 
venously. A mid-line incision from the pubic symphysis to the thoracic inlet was 
then made (cutting through the cartilaginous sternal ends of the ribs) to expose 
all thoracic and abdominal viscera. With the help of hemostats, the origins of the 
ascending aorta, celiac, mesenteric and 2 renal arteries were then clamped, the 
distal ends of the 2 external iliac arteries transsected, and the tip of a No. 8 
French catheter inserted into the middle of the aortic arch through a small trans- 
verse incision and fastened in place with a ligature. Finally, with the help of a 
large syringe attached to the catheter, the aorta was perfused first with 20 ml 
of Millonig's phosphate buffer within about 20 seconds (in order to thoroughly clear 
it of blood)and then with 20 ml 2.5 % buffered glutaraldehyde (in order to initiate 
endothelial fixation). Immediately after the end of the aortic perfusion, the 
following stock samples were removed and placed in vials containing a mixed 
solution of 2.5 % glutaraldehyde and 1.5 % digitonin in Millonig's buffer, for 18 hours, 
under continuous gentle agitation: (a) 2 samples of thoracic aorta; (b) 2 samples 
of abdominal aorta; (c) one sample of external iliae artery;  (d) one slice from the 
base of the heart, going through both ventricles and the stems of the main coro- 
nary arteries; (e) a sample from the arteri0r margin of the right lobe of the liver. 
Care was taken during the removal of the arterial specimens from the body (and 
during all subsequent manipulations) to avoid any damaging exposure of arterial 
endothelium to air by keeping the arterial samples immersed in fluids at all times. 

After the end of their exposure to glutaraldehyde-digitonin, blocks were cut 
from the specimens, rinsed thoroughly in 3 changes of Millonig's buffer and sub- 
jet ted to a greatly accelerated alcoholic dehydration and propylene oxide in- 
filtration procedure (1/5 of the usual times) before being embedded in epon. All 
sections cut from artery blocks were transverse. 

6. Coating of Sections with Photographic Emulsion 

The 2500 A thick, unstained sections were mounted on 100 mesh, parlodion 
coated grids which were, in turn, mounted on glass slides by means of double- 
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faced adhesive celluloid tape, 3 grids to a slide. After transfer to a darkroom, in 
the presence of red light, the sections were then coated with an ultrathin film 
of 50% aqueous Ilford L-4 Nuclear I~eseareh Emulsion (grain size ca. 1400 A) 
by means of the wire loop technique of Caro and Van Tubergen, (1962), dried and 
placed together with a desiccant (magnesium silicate) in a dark box that  was 
sealed with tape and stored at 5~ One set of sections was exposed in this 
manner for 2, another duplicate set for 6 months. At the end of their exposure 
period the sections were developed in the darkroom in Mierodol-X for 1.5 minutes, 
rinsed in 3 changes of water for a few seconds each time, fixed in acid fix solution 
for 3 minutes, rinsed terminMly in 8 changes of water for a total 20-30 minutes, 
and air dried for electron microscopic examination. 

Post-staining of the developed sections with lead citrate, or post-development 
removal of the emulsion from them by means of alkaline solutions was avoided 
because test counts of reduced grains before and after such procedures showed us 
that  the latter cause an irregular and often great loss of reduced grain from sections. 

7. Counting of Reduced Grains in the Sections 

To obtain a rough idea of how many labelled cholesterol molecules had crossed 
through the endothelium into the subendothelial space of aortic, coronary and 
capillary walls, the number of reduced grains in 20 contiguous fields at the 8 000 X 
magnification level was counted in 2 sections per grid and 2 grids per specimen 
in (a) 2 aortic specimens from every normal, hyperlipemic and DOCA-treated 
rabbit, (b) 1 myoeardiM and 1 hepatic specimen from every normal animal, and 
(e) 1 coronary artery specimen from 2 normal, 2 hyperlipemie and the 2 serum 
sick rabbits. In  the ease of the aortic and coronary artery wall, the counts represent- 
ed all reduced grain found within a row of 20 consecutive fields along the inner 
wall of the vessel, encompassing the endothelium and the upper layers of the 
media; in the ease of the myocardial and hepatic parenehyma, the counts repre- 
sented all grain found within a circle of 20 contiguous fields around a capillary 
(or arteriole), encompassing its endothelinm and perieapillary tissues (heart 
muscle or hepatoeytes, respectively) ; to make up 20 fields in the ease of the heart 
and the liver, it was usually necessary to pool the perieapillary counts of 2 or 
more capillaries, because of the small diameter of the latter. Every count 
of label-containing tissue was accompanied by a "background count",  i.e. by 
a count of the number of reduced grains in 20 consecutive fields of an adjacent 
tissue-free area of the section (e.g. the vessel lumen). These background counts 
yielded, without exception, very low values (ranging from 0-4 grains per 20 
fields) and were subtracted from the tissue counts to give the " t rue"  counts 
presented in table 1 of this paper. Of the two duplicate sets of coated sections 
counted, the set exposed for 6 months revealed higher counts than the one exposed 
for 2 months and was therefore chosen as the source for the values in the table. 

Results 

Very little label crossed through the endothelium into the aortic or coronary 
wall of normal animals, under our conditions. Since the average grain count for 
the inner arterial wall of normal rabbits was only 1.2-3.5 grains per 20 fields 
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Table 1. Grain Counts. The values listed in this table are the mean grain counts of the 
groups concerned, with their ranges presented in brackets and " n "  signifying the number 
of animals from which the counts were obtained. In computing these values, the grain 
count of each individual animal represented the mean count of 2 different tissue specimens, 
while the value of each specimen represented, in turn, the mean of 4 different section counts 

Aorta Coronary Coronary Capillaries Sinusoids 

Endothelium Arteries Arterioles o] Heart o/Liver 
and Endothelium Endothelium Endothelium Endothelium 
inner and and and and 
media inner media media pericapillary perisinusoidal 

myocardium hepatoeytes 

Normal controls 1.2 3.5 
(0-3) n = 5 (2-5) n = 2 

tIyperlipemic- 104.8 37 
atherosclerotic (60-151) n = 5 (34-40) n = 2 

DOCA-treated 20.5 n = 1 

Serum sick 32 
(28-36) n = 2 

15 41 112 
(13-17) n = 2  (32-52) n = 4  (48-240) n = 4  

(Table 1 ), the  typ ica l  f ield in the  no rma l  a r te r ia l  endo the l inm and  subendothe l ia l  
space was free of reduced  grain  (Figs. 1-2). B y  contras t ,  much label  crossed the 
no rma l  cap i l l a ry  endo the l ium to reach the pe r icap i l l a ry  space in the  hea r t  and  in 
the  l iver  (Fig 3). 

When ,  however ,  the  same a m o u n t  of label led cholesterol  was given to chronica ly  
hyper l ipemic  rabbi t s ,  large amoun t s  of label  poured  th rough  the  severely  a l tered,  
h ighly  vacuo la t ed  a r te r ia l  endo the l ium of these animals  in to  the  under ly ing  
a therosclerot ic  wall  (Fig. 4). Most  of this  label  seemed to go th rough  the  cyto-  
p lasm of the  endothe l ia l  cells (Fig, 4), b u t  some of i t  also e n t e r e d - - e i t h e r  free or 
carr ied wi th in  the  cy top la sm of immigra t ing  m o n o c y t e s - - t h r o u g h  the  opened 
in terce l lu lar  junc t ions  t h a t  were occasional ly  observed in the  endo the l ium of the  
hyper l ipemic  r abb i t s  (Figs. 5-7).  Upon  reaching the  subendothe l ia l  space, some of 
the  label led molecules m o v e d  into  smooth  muscle  cells caugh t  in var ious  s tages of 
t r ans fo rma t ion  into foam cells (Figs. 8-9),  while others  r ema ined  ex t race l lu la r  
(Fig. 10). 

Similar ly ,  much more  label  pene t r a t ed  th rough  the  aor t ic  endothe l ium of the  
DOCA t r e a t e d  and  the  coronary  endo the l inm of serum sick (Fig. 11) t han  t h a t  of 
normal  animals .  No vacuo la t ion  or opened  junc t ions  were, however ,  observed in  
the  a r te r ia l  endo the l ium of the  l a t t e r  two groups under  the  presen t  condi t ions.  

The  means  and  ranges of gra in  counts  found in the  var ious  t issues s tud ied  are  
conta ined  in Table  1. I n  this  t ab le  i t  can also be seen t h a t  the  pe rme a b i l i t y  of the  
no rma l  endo the l ium for label  increased g radua l ly  as one moved  from the  ao r t a  
th rough  the  coronaries to the  ar ter io les  and  the  capil laries.  

No reduced  gra in  was found  in a n y  of the  sections from dupl ica te  specimens 
t h a t  were ex t r ac t ed  wi th  chloroform-methanol ,  a n d  only  l i t t le  gra in  was seen in 
the  t issues t h a t  were f ixed  in the  absence of digi tonin.  
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Fig. 1. Endothelium and subendothelial space of the upper thoracic aorta of a normal rabbit 
fed labelled cholesterol, • 9370. No label is present in the intima. The sieve-like pattern in 
this and subsequent figures represents the thin photographic emulsion film that overlies the 
section; the holes in it are caused by the loss of all the unreduced spherical emulsion grains 
during fixation and washing. The fuzziness and low resolution of this and all other figures is 

due to the fact that the sections of this study were cut unusually thick and]eft unstained 

Discussion 

The results of this s tudy  show tha t  the endothel ium of normal  arteries has a 
much lower permeabi l i ty  for orally adminis tered  cholesterol t h a n  t ha t  of normal  
capillaries, bu t  t h a t  certain pathological cond i t ions - - such  as protracted hyper- 
lipemia, serum sickness and  desoxy-corticosterone (DOCA) t rea tment- - -change  
it  and  make i t  much  more permeable to this lipid. 

20 Virchows Arch. A Path .  Anat .  and Histol. ,  Vol. 362 
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Fig. 2. Endothelium, internal elastic lamella and inner media myocytes of a coronary artery 
of a normal rabbit fed labelled cholesterol, • 7920. No label is present in the inner arterial 

wall 

Our f inding t h a t  the  capi l la ry  endothe l ium is much more permeable  to cho- 
lesterol  t h a n  the  a r te r ia l  endothe l inm suppor t s  the  hypothes is  this  s t u d y  set out  
to tes t .  I t  suggests  t h a t  mos t  of the  g ian t  l ipopro te in  molecules leave the  vascu la r  
t ree  a t  i ts  f inest  twigs, to ge t  to the  t issues in which t hey  are  needed  and  consumed 
as raw mate r ia l s  for the  bui ld ing of cell membranes  or as high energy fuel. I t  is 
ev iden t  t h a t  organs wi th  a v e r y h i g h  mitosis  ra te  (such as the  gas t ro in tes t ina l  t r a c t  
and  the  hemopoet ic  organs) or wi th  a ve ry  high p roduc t ion  of m e m b r a n e - b o u n d  
pro te in  (such as the  liver) have  an  enormous  tu rnove r  of un i t  membranes  t h a t  
mus t  be con t inuous ly  replaced.  I t  is also known t h a t  t issues such as the  hea r t  
muscle have  an  insa t iab le  energy need. By  contras t ,  the  cells of the  normal  
a r te r ia l  wall  have  a ve ry  low mi to t i c  ra te  (Constant inides,  1968) and  a much  
lower energy d e m a n d  than  the  cardiac  muscle. I t  would thus  be ve ry  inefficient  
if the  l ipopro te in  molecules were to  be lost  in the  walls of the  a r te r ia l  canals  t h a t  
ca r ry  t h e m - - w h e r e  t h e y  are  no t  n e e d e d - - b e f o r e  t hey  reach thei r  des t ina t ion  
in the  t i s sues - -whe re  t h e y  arc  u rgen t ly  needed.  Indeed,  the  ve ry  fact  t h a t  the  
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Fig. 3. A. Myoeardium of a normal rabbit fed labelled cholesterol, • 11880. One labelled 
molecule is in a capillary at the top, another has crossed into the pericapillary space and two 
molecules have just, entered a heart muscle fiber at the bottom. B. Wall of a liver sinusoid, 
space of Diss6 and part of an adjacent hepatocyte in a~ normal rabbit fed labelled cholesterol, 
• 14520. Two labelled molecules have just crossed the thin, perforated sinusoid wall and have 
entered the perisinusoidal space while a third molecule has penetrated into the underlying 

hepatocyte cytoplasm 

cap i l l a ry  endo the l ium of cer ta in  organs is per fora ted ,  wi th  or wi thou t  u l t r a th in  
d i aph ragms  (as in the  l iver,  the  gas t ro in tes t ina l  t r a c t  and  the  hemopoet ic  t issues),  
or ex t r eme ly  th in  (as in the  myoca rd ium)  could be t a k e n  to ind ica te  t h a t  i t  is there 
t h a t  the  exi t  of the  g i an t  I ipoprote in  molecules is p r o g r a m m e d  b y  the  organism.  

The  above  cons idera t ions  do not ,  of course, deny  the  exis tence of a cons t an t  
t r ansa r t e r i a l  perfusing s t r eam of f luid t h a t  m a y  ca r ry  smaller  t h a n  l ipopro te in  
molecules (e.g. water ,  oxygen,  e lectrolytes ,  glucose, aminoaeids ,  small  proteins)  
in a b u n d a n t  amoun t s  f rom the  blood th rough  the  i n t i m a - m e d i a  in to  the  adven t i t i a t  
venules  a n d  lympha t i c s ,  to  service the  metabo l i c  needs of the  no rma l  ar ter iM 
wall. T h a t  such a perfusion process  opera tes  in h u m a n  ar te r ies  is indica ted ,  among  

20* 
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Fig. 4. Thoracic aorta endothelium of a hyperlipemie rabbit that was fed labelled cholesterol, 
• 14520. The cndothelium is highly vacuolated and its cytoplasm is being traversed by four 
labelled molecules. The complete absence of labelled molecules from the lumen of this and all 
other arteries is due to their perfusion by buffer and fixative solution that has w~shed away 
all '~ hot" blood; it is Mso a testimony to the extremely low level of spontaneous grain reduction 

(background fogging) that was encountered in the present study 

other  things, by  the elegant au topsy  studies of Doerr (1970) who demonst ra ted  
tha t  conditions which block the adventi t ial  outflow ehannels cause marked aortie 
wall edema. 

Our autoradiographie finding tha t  the pathologieM conditions of prot rac ted  
hyperlipemia-atherosclerosis, serum sickness and DOCA t rea tment  great ly  in- 
creased the cholesterol permeabil i ty  of the arterial endothelium is in general 
agreement  with related findings of other  workers obtained through different 
methods.  Thus, Adams  et al. (t970), Adams (1971), and Gore et al. (1972), using 
quant i ta t ive  measurements  of arterial radioactivi ty,  found tha t  pro t rac ted  hyper-  
lipemia-atheroseterosis increased the permeabil i ty  of the aortic int ima for intra- 
venous cholesterol or l ipoprotein; I~ar tmann et rzl. (1966) reported in a light 



Electron Microscopic Autoradiographic Study of Cholesterol Passage 301 

Fig. 5. Thoracic aorta endothelium of a hyperlipemic rabbit that was fed labelled cholesterol, 
• 14520. A gap has developed between endothelial cells in the left and a labelled molecule is 

apparently entering the subendothelial space through this gap 

microscopic s tudy tha t  6 months of high cholesterol feeding caused increased 
entry of water (edema) in the aortic wail of rats;  Hess and St/~ubli (1969), and 
Veress st al. (1972) presented ultrastructural  evidence in rats tha t  a diet inducing 
hypercholesterolemia increased the aortic wall entry of intravenously injected 
thorium dioxide or colloidal iron, respectively; Levy (1967) found that  serum 
sickness greatly increased the deposition of cholesterol in the coronaries of choles- 
terol fed rabbits ; Hti t tner  et al (1970) found tha t  an aortic-ligation-induced blood 
pressure rise increased the transendothelial t ransport  of ferritin, and the marked 
augmenting effect of experimenta] and spontaneous hypertension on arterial 
cholesterol and protein deposition has long been established (Constantinides, 
1965 ; Hii t tner  et al., 1970). 

How did the above pathological conditions increase the entry of labelled 
cholesterol into the arterial wall ? 
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Fig. 6. Coronary artery endothelium and subendotheli~l space of a hyperlipemic rabbit that 
was fed labelled cholesterol, • 14520. A wide gap is visible between two endothelial cells 
overlying the internal elastic lamina. Labelled molecales such as the two that have entered 
the subelastie space apparently pass very easily into the arterial wall (together with plasma) 
through a gap of this type. The molecule in the lower right has just penetrated through a 

pore in the internal elastic lamina 

I n  the  case of the  r abb i t s  wi th  p r o t r a c t e d  hyper l ipemia ,  the  answer  mus t  lie 
in the  p rofound  s t ruc tu ra l  changes we found in the  a r te r ia l  endothe l ium of these 
animals  (i.e. in the  extens ive  macrovacuo la t ion  and  the  opened in te rendothe l i a l  
junct ions)  as well as in the  t r ans junc t iona l  mig ra t ion  of l ip id-car ry ing  monocytes .  Of 
these changes, extens ive  maerovacuo la t ion  is ev iden t  in the  electron micrographs  of 
mos t  previous  morphologica l  inves t iga tors  of exper imen ta l  atheroselerosis ,  even 
though  its na tu re  is stil l  obscure. Opened endothel ia l  junc t ions  have  not,  however,  
ye t  been described,  to our knowledge,  in hyper l ipemie  animals ,  pe rhaps  because 
mos t  previous  u l t r a s t rue tu r a l  s tudies  have  been concerned with  shor ter  cholesterol  
feeding exper iments  t h a n  those of the  presen t  s t u d y  and  because,  in scanning 
mul t ip le  sections in mul t ip le  samples  we su rveyed  a larger  t han  usual  a rea  of 
aor t ic  endothe l ium.  F u t u r e  work  will show whether  the  opening of junct ions  was 
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Fig. 7. Abdominal aorta endothelium and subendothelial space of a hyperlipemic rabbit 
that was fed labelled cholesterol, • 18480. The left lip of a wide endothelial gap is formed by a 
thin endothelial process, visible in the upper left, whereas the right lip is outside the present 
field. A large phagocytic monocyte fringed by numerous tentacles has apparently entered the 
subendothelial space through this gap from the blood and is transporting in its cytoplasm 

three labelled molecules 

related to the loss of the electronegative sialic acid coat of endothelial cells tha t  
was recently observed by  Weber  (1.973) in hyperlipemic rabbits,  and (or) the loss 
of the electropositive ion calcium (Constantiuides, 1972), both of which seem to be 
impor tan t  s t ructural  components  of arterial endothelial junctions. As to the im- 
migrat ion of lipid-laden monocytes,  this has been documented  before in hyper- 
lipemic animals (Leary, 1941 ; Poole and Florey, 1958). 

I t  was obvious tha t  labelled cholesterol moved  into the arterial wall of the 
hyperlipemic rabbits  (a) th rough  the cytoplasm of the markedly  altered endo- 
thelial cells (" t ranseytoplasmical ly") ,  (b) as a free particle through the gaps of 
the opened endothelial junctions ("transjunctional ly) ,  and (c) as an inclusion in 
the cytoplasm of monocytes  t h a t  penetra ted through endothelial junctions 
(" t ransmonocyt ica l ly  "). Al though this s tudy  was not  designed to compare these 
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Fig. 8. Superficial region of an atheroma in the thoracic aorta of a hyperlipemic rabbit fed 
labelled cholesterol, • 14520. Labelled molecules are entering spindle-shaped smooth muscle 

cells that begin to turn into foam cells 

three mechanisms of entry quantitatively, and although even the relatively few 
opened junctions observed could promote considerable label entry with time, it 
appeared that  most of the label crossed into the wall through the cytoplasm of the 
altered endothelial cells. Our present experiments do not allow us to determine 
whether cholesterol crossed the endothelial cytoplasm through pinoeytosis or 
through direct penetration of the endothelial plasma membrane and cytoplasmic 
matrix, beeause the sections were too thick and the emulsion grain too large for 
precise loealisation of the label in relation to the pinoeytie vesicles. Since the re- 
cent electron microscopic autoradiographie study of Stein et al. (1973) with 
aortie perfusions of protein-labelled lipoprotein in normal rats (and the same size 
of emulsion grain) has not provided any proof of pinoeytie lipid transfer either, it 
will be up to future work with thinner sections and smaller emulsion grain to 
resolve this problem. 

In what form did the label cross the endothelium ? 
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Fig. 9. Superficial region of an atheroma in the thoracic aorta of a hyperlipemic rabbit fed 
labelled cholesterol, • 14520. Several labelled molecules have entered the cytoplasm of a fully 

developed foam cell 

I t  seems certain that the label represented lipid (since it disappeared from 
the tissues following chloroform-methanol extraction), and that most of it was 
free cholesterol (since most of the label disappeared from tissues fixed in the 
absence of digitonin). We have no proof that the labelled cholesterol that  moved 
through the cytoplasm of endothelial and other cells was still coupled to protein 
although recent findings of protein-labelled lipoprotein within the endothelium 
of perfused normal rat aortas (Stein et al., 1973) make this a likely possibility. 
We can be sure, however, that  the cholesterol which--together with p lasma--  
crossed through the gaps of the opened endothelial junctions entered the sub- 
endothelial space in the same form in which it was eh'culating in the blood after 
its absorption from the gut, i.e. as an intact lipoprotein molecule. 

While the foregoing discussion has brought out the fact that  prolonged hyper- 
lipemia caused severe endothe]iM changes in arteries and promoted the entry of 
labelled cholesterol molecules through three different mechanisms, the situation 
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Fig. 10. Endothelium overlying superficial region of an atheroma in the thoracic aorta of a. 
hyperlipemie rabbit fed labelled cholesterol, • 7920. The lmnen is visible in the upper left. 
Large numbers of labelled molecules have crossed the vacuolated endothelium into the under- 
lying superficial atheroma region, where they lie partly extraeellular and partly intracellular 

within foam cells 

was different in the serum sick and DOCA-treated animMs. Here, due to the 
relatively short duration of these treatments, no dramatic endothelial changes--  
such as the opening of junctions described by Holle (1973) in serum sickness and 
by Suzuki et al. (1971) in hypertension--had yet developed, and cholesterol 
entry appeared to be exclusively transeytoplasmie. I t  would thus seem that  
serum siekness and DOCA hypertension can promote cholesterol entry by in- 
creasing pinoeytosis and (or) plasma membrane permeability in endothelial 
cells, even before they produee advanced damage such as physieal gaps in the 
endothelial lining. 

How do our findings of very low cholesterol permeability of the normal 
arterial endothelium relate to the results of other workers who reported a fair 
aortic entry of intravenously injected peroxidase and ferritin (tIfittner et al., 1970) 
or labelled cholesterol (Somer and Schwartz, 1972) and of perfused protein- 
labelled lipoprotein (Stein et al., 1973) in normal animals ? 
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Fig. 11. A. Typical thoracic aorta endothelium of a DOCA-treated rabbit fed labelled cholesterol, 
• 18480. A labelled molecule has entered the cytoplasm of an endothelial cell. B. Coronary 
artery endothelium and inner media of a serum sick rabbit fed labelled cholesterol, • 14520. 
Two labelled molecules have penetrated through endothelium and internal elastic lamina 

into the subelastic space 

As far as the results of Hfi t tner  et al. (1970) are concerned, the difference 
between our f indings and  theirs p robably  means tha t  the arterial  endothel ium is 
much more permeable to the relat ively smaller protein  molecules of peroxidase 
and  ferri t in t h a n  to the large cholesterol-carrying l ipoprotein molecules we studied. 
I t  is reasonable to expect t ha t  the normal  endothel ium would handle molecules of 
different size, composit ion and  properties in a different manner .  Fur thermore ,  
there are indicat ions  t ha t  tracers such as ferri t in and  peroxidase ma y  not  be iner t  
passenger molecules, bu t  may  have effects of their own on the endothelial  l in ing;  
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thus, Becker (1972) recently reported tha t  ferritin increases endothelial perme- 
ability, and it is conceivable tha t  the oxidative action of peroxidase could affect 
the structural components of endothelial junctions. 

As far as the difference between the findings of Stein et al. (1973) and our own 
results is concerned, this could well be due to the vast ly different experimental 
conditions of the two studies. In  the study of Stein et al. foreign lipoproteins were 
given to rats  by aortic perfusion as a massive pulse; this could have created 
within a short time a much higher concentration of such molecules in the plasma 
(and a correspondingly higher arterial entry) than in our experiments, where the 
lipoproteins were generated by rabbits in vivo and were released into their own 
plasma slowly as a result of the physiological absorption of cholesterol from the 
gut over several hours. 

Lastly, the finding by Somer and Schwartz (1972) of measurable aortic 
entry of intravenously injected cholesterol is quite compatible with our own 
observation of only one or two labelled cholesterol molecules per 20 electron 
microscope fields of inner aortic tissue. I t  is conceivable that  what these authors 
found to be a measurable aortic nptake of label with liquid scintillation counting 
of relatively large aortic tissue samples would show in our electron microscopic 
survey of 2000-3000 A thick aortic sections as only very few molecules per section. 
Furthermore, it might be expected that  the relatively small " n a k e d "  cholesterol 
molecules tha t  Somer and Schwartz introduced into the plasma intravenously 
would penetrate more easily into endothelial, blood and other cells than our 
orally administered cholesterol molecules that  entered the plasma coupled to 
proteins, phospholipids and triglycerides to form the much larger and more complex 
lipoprotein particles. 

I t  should be kept  in mind that  the main thrust  of our study was not to assess 
the absolute amount  of cholesterol tha t  crossed any vessel lining, but  to compare the 
cholesterol permeabili ty of normal arterial versus normal capillary endothelium, 
as well as of normal arterial versus pathological arterial endothelium. I t  is the 
existence of enormous di//erence8 of cholesterol permeability between these various 
types of endothelia tha t  constituted the main conclusion of our experiments and 
this conclusion is not opposed by any relevant findings of other workers. 

We finally have to deal with the possible role in our results of molecular ex- 
change between the labelled cholesterol we administered and the unlabelled 
structural cholesterol of the cells of the recipient animals---a subject tha t  has 
been the focus of some attention in recent years, particularly in in vitro experi- 
ments or in acute (short-term) experiments involving parenterally injected free 
molecular cholesterol (Somer and Schwartz, 1972 ; Bell et al., 1972). 

We did not obtain much evidence of exchange between the " h o t "  cholesterol 
we administered and the " c o l d "  cholesterol of blood cells and blood vessel 
wall cells in our studies. Had  such an exchange occurred on an appreciable scale, 
we would have expected a random, indiscriminate and approximately equal 
uptake of label from the plasma by all cells tha t  came in contact with it, e.g. by 
the endothelial cells of the entire vascular tree (arteries as well as capillaries) and 
by the erythrocytes--which was not the ease. We did not observe any red cell 
labelling and the endothelial---indeed, all vascnlar--labell ing proved highly 
selective : much capillary versus very little arterial labelling, and much pathological 
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versus  ve ry  l i t t le  no rma l  a r te r ia l  labell ing.  This suggests  t h a t  exchange phenomena  
were min ima l  under  our exper imen ta l  condit ions,  pe rhaps  because (a) the  Orally 
admin i s t e red  cholesterol  molecules which enter  the  p l a sma  bound  to and  sur- 
rounded  b y  shells of p ro te ins  and  phosphol ip ids  as l ipopro te in  molecules (Seanu, 
1972) are no t  as read i ly  ava i lab le  for exchange wi th  the  cholesterol  of ne ighbour ing  
cell membranes  as are " n a k e d "  cholesterol  molecules a d d e d  to  blood in v i t ro  or 
in jec ted  in t r avenous ly  (i.e. i n t roduced  into  the  body  in unphys io logica l  form), 
and  (b) our cholesterol  admin i s t r a t i on  was re la t ive ly  chronic,  whereas exchange 
phenomena  occur ma in ly  in acute ,  single-pulse t y p e  of exper iments  (Scanu, 1972 ; 
Schwartz ,  1973). B u t  even if some exchange had  occurred in our s tudy ,  i t  could 
no t  change our basic conclusion t h a t  there  are  g rea t  f u n c t i o n a l - - a n d ,  therefore,  
phys icoehemica l - -d i f fe renees  be tween  different  t y p e s  of endothel ia .  One would, 
in t h a t  ease, have  to  pos tu l a t e  t h a t  a n y  exchange t h a t  m a y  have  occurred was 
control led  and  d i rec ted  b y  these  biological  differences, since one t y p e  of endo.  
thel ia l  l ining al lowed 100 t imes  more cholesterol  to  cross i t  and  exchange  wi th  
the  subendothe l ia l  t issue s teroid  t h a n  another .  

This study was supported by grants of the Medical i~esearch Council of Canada and the 
British Columbia Heart Foundation. Miss Rosalee Watson provided able technical assistance. 
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