





diet. While low density lipoprotein (LDL) content of pla-
sma progressively and markedly decreased, the B-very low
density lipoprotein became the major cholesterol carrier. In
the latter, the ratio of mass protein content to mass chole-
sterol content diminished from approximately 1:1.5-2.0 in
the first week of diet to about 1:1.1 in the eighth week ot
the diet.

Chemistry of endotheltal cell surface

Endothelia exantined - Segments of vessel wall were collec-
ted from four regions: @) the inner lesser curvature of the
aortic arch, as a consistent lesion-prone area, which in our
experimental conditions was shown to develop in more
than 95% of cases fatty streak lesions (Simionescu e/ af,,
1986}, b) thoracic aorta, frequently affected by hyperchole-
sterolemia, ¢) coronary arteries (the proximal third of the
interventricular branch), and 4) vena cava thoracica noto-
riously unaffected by atherosclerosis.

Lesional stages considered - Taking into account the focal
nature, the various speed of development, and the resulting
polymorphism of the atherosclerotic lesions, with a certain
depree of arhitrariness, we classified the ultrastructural
appearance of the arterial wall in the lesion-prone areas,
into six stages, characterized as follows:

Stage O - Non-lesional areas without extracellular liposomes
or matrix proliferation. They were represented by any ultra-
structurally lesion-free endothelial zone of normal or hyper-
cholesterolemic animals.

Stage 1 - Non-lestonal areas with extracellular lipusonies
and/or matrix proliferation. In the first two weeks of diet as
well as in some nonlesional areas of later stages (weeks 3 to
8), by all ultrastructural criteria the endothelial cells appea-
red intact. By fluorescent microscopy and electron micro-
scopy we revealed that some apparently intact intima con-
tained a subendothelial accumulation of cholesterol-rich
extracellular liposomes (Simionescu ¢f af., 1986, and this
paper). Such zones may also contain a sero-fibrinous insu-
dation and/or proliferation of matrix components such as
collagen fibers, fragmented elastin, microtibrils and amor-
phous basal lamina-like material {Simionescu et af., 1986).
[t was at these locations where mononuclear cells usually
began to adhere and migrate into the vessel wall, event that
actually marked the transition to the next stage.

Stage 11 - Sites of mononuclear cell adbesion and migration.
The ultrastructure of endothelium was not significantly
changed in such areas, though occasionally a tendency to
polymorphic appearances was noticed.

Stage 111 - Areas overlving macropbages and/or foam cells.
With the cvtological features of a normal appearance, the
endothelial cells display however polymorphic shape, some
of them covering protruding foam cells became flattened,
but without any cell discontinuity, and no obvious open
endothelial junctions. Occasionally, some endothelial cells
displaved dense bands of actin filaments at their base,
enlarged endoplasmic reticulum and Golgi complex,
Stage 1V - Endothelial foam cells (EFC). In relatively advan-
ced fatty depositions, in addition to the foam cells derived
from monocyte-macrophages and smooth muscle cells,
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Cationic ferritin labeling of aortic endotheliom in arcas with various lesional stages induced by hypercholesterolemia

Endothelial features labeled by cationic territin

State of arterial wall

Plasma Coated Couated Plasmalemmal vesicles Multi-
Structural N membrane pits vesicles vesicnlar
e Stage S Y
mudifications iparticles opened w Tumen wonlasmic bodies
number/pm”s the lumen  associated  CYIOPRST
Y Y Yo N EN Ha
Nemlesiomal areas
- Without EL*® 0 1623 221 1L} i3 M 59 23 13
- Whth EL#* I 1503 X 432 99 54 o 7l 22 21
Leviemad areds
- Sites of mononuclear cell
adhesion and diapedesis [t 1418+ 312 92 ND 92 77 14 ND
Areas overlving foam cells Il1 1476+ 370 %3 36 95 % 35 23
Enduothelial foam cells v 370 288 3) 33 41 64 11 15
- Nites of toum cell immigration v 1074 = 168 33 1% 26 17 19 12

EL: extracellular liposomes

== with or without associated matrix proliteration; ND: not deteemined. The total number of endothelial features counted

wins: 2017 plasmalemmal vesicles (844 open to the lumen, 573 lumen-associated, and 600 apparently within the cytoplasm), 36 coated pits. 85 coated

vesicles. and 67 multivesicular bodies.
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Ferritin hvdrazide labseling of sodium periodate-sensitive sialvl residues ot asortic endothelium in areas with various lesional
hypercholesterolemia

stages induced by

Stute of arterial wall

Endothelial MNonlesional Nonlesional Sites ab mono- Areas overlving  On endothelial Sites of foam
leatures area arca nuclear cell toam colls foam cells cul]
without 151,* with EL~ adhesion immigration

tSeage O iStape [ {Stage 111 {Stage 1L tStage 1Y) 15Eage V)

Plasma membrane =* S48 £ 130 s x219 NI 785+ 133 thd 115 F22E 14
Plasmalemmal 230 231 NI 208 17.1 203
vesicles” 1217} t78% 4200 (152 7

“ELextracellular liposomes; ** expressed as FH particles/um” membrane area + standard deviation of the mean; " labeled vusicles usually contained 1-2
FH panticles; in parentheses, the number of vesicles counted Tthe relatively low figare for stage V., is due to the rarity of these events: so 15 explained the
fack wt signiticant counts for stage 111 ~with or without concurrent matrix proliteration: ND: not determined, due o the variety of these events

lestinated l|l|&l|i1&l[i\'¢l)' unly].

labeling of plasma membrane, showed statistically nonsigni-
ficant differences between nonlesional and lesional zone
{Figs. 1 and 12}, with the exception of the cell coat of the
endothelial foam cells conraining a high number of lipid
droplets. On these cells the CF density was diminished by
~80% as compared with normal or with areas in stage O
from hvpercholesterolemic animals (Table 1) and CF parti-
cles appeared mostly in small clumps attached to plasma
membrane (Fig. 17). At sites of foam cell immigration into
the lumen the CF density varied from normal (Fig. 21) o a
reduction of ~30%: in general, the anionic sites density on
ECS was higher than on the adjacent monocytes. During
monocyte diapedesis, at contact sites between EC and
monocvtes, there were fewer anionic sites especially on the
monocyte cell surface where they usually tormed small

clusters {Fig. 7). The endothelial-monocyte contact in many
cases was not occludent since CF particles could penetrate
the space and reach the subendothelial spaces. In nonlesio-
nal areas containing EL (stage 1) as well as in zones of foam
cell formation (stage LI} while most coated pits appeared
marked by CF, an increase of almost 80 to 100% of decora-
tion of multivesicular bodies was noticed {Table 11, Label-
ing of plasmalemmal vesicles was significantly diminished
in EFC and at sites of FC tmmigration. Similar CF decora-
tion pattern was ohserved both in aortic and in coronary
endothelium.

The density and distribution of CF binding sites on ECS
did not change markedly with the increasing plasma chole-
sterol concentration. Comparing with the binding density
of 1,700 CF/pm? in the tirst week of diet when cholestero-

.I’;:Rzm's J o I Ex.‘.‘r}.fp!'fh' the drtributrnt of sume pmbc:r nn the coll strfoce of anrtte endathelin in a ft‘ymf—pmm' area of the aortic arch, charactoristic oy
the sdge i

Froure 7 Monoeyvie tm) found between two endothelial cells (¢) apparently entering the intima: image taken from a specimen ar the 8th week of diet,
showing patchy CF labeling of both monocyte tarrows) and endothelium (arrowheads). Inset: detail of a monoeyte tm] migrating into intima, at the
second week of diet: while CF binding sites are scarce on MCS tarrow), they have a normal distribution on the adjacent endothelial cell tarrowheads).
j: junction. X 19000 inset: X 28,000,

FiGere & At the interface between a monocyte tm) and an endothelial cell {e1 the distribution of Con A-detectable mannasyl moieties farrows) is
virtually similar 1o that of controls. pr: eytoplasmic projections. X 120,000,

Fiiuke 9y On circelating monocytes im), the Con A-binding sites farrows) are penerally comparable with the panern observed on adherent monocvtes.
X 127.000. '

Frirke 100 The adhering monocyte (m) as well as the opposed endothelial cell displav on their surface an RCA binding pattern tarrows) similar to that
occurring on these cells in the normolipidemic rabbit, »r: cvioplasmic protrusions; n; nucleus. @ 22,000,
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TaBre 3

Lerritin hvdrazide labeling ot sodium periodate-sensitive stalvl residues of aortic endothelium in areas with various lesional stages, as a tunction of weeks
of elict and plel:-tl'ul cholesteto] level

Weeks ot cict

State of arterial wall
Averape plasina cholesterol concentration tmp/dh

structaral modilications Stage ] 2 b 4 B
' ! : ) o 240300 2500510 KOU-4%0 1,000 1,200 1,400-2 00
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Wah bl [ 12901 240 THI £ 149 113379 TH4 1 141 995 129G
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Loty obls

Faododhelial foan euells I NI NI Fid 131 U6 1KY oW+ 112
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cell mmmgracion

Eapressed as FH particles/ume” membrane area + standard deviation of the mean; == EL: extracellular liposomes; “with or without concurrent marrix
probieraion: NI not determined due 1o the rare events seen testimuaed qualitatively, only).

lemia was 250 mg/dl, in the fourth and eighth weeks, when
plasma cholesterol reached 1,000 and 1,500-2,000 mp/dl,
respectively, the CIF binding density varied within an insi-
pnificant range tusually less than 10%).

Cuttonic sites. The reaction product of HUP used for detec-
ting the cell surface cationic sites, labeled the aortic endo-
thelium of both nonlesional and lesional areas as an adsorb-
ed continuous laver (~30 nm thick) the plasma membra-
ne, coated pits and all plasmalemmal vesicles open to the
lumen (Figs. 3, 11 and 16). This decoration pattern was not
conspicuously changed by the level of hypercholesterole-
mia, repardless the tvpe of local lesion. The findings revea-

led that during hypercholesterolemia the net cell surface
charge of endothelial cells remained apparently unmodi-
fied, both in nonlesional and lesional regions. While the
distribution of the cationic groups was still unchanged, a
drastic reduction in CF-detectable anienic groups was a
hallmark of endothelial foam cells loaded with lipid dro-
plets. As compated with the control experiments, in stages
[ and III the CF endocytosis by endothelium was enhanced
about 7 folds (21% labeled multivesicular bodies versus
3% in controls).

Cell surface sialocompugates - As detected with ferritin
hydrazide (FH), the sodium periodate-sensitive sialyl resi-

Prern 1 10 15 Cell surface of aortie endotheluon overfyig monacvte derved macraphages or foane cetls in regions of forming fatty streaks stage 1)

Fravee 11T Cationie groups as visualized by HUP-reaction produet appear as a continuous layer on plasma membrane tarrows) and mark also
plasmalemmal vesicles v, bl basal laimina-like material: me: macrophage; en: elastin, % 25,000,

Frovke 12 Anionic groups marked by CI are almaost homogeneously distrihuted on plasma membrane (pi, also labeling coated vesicles 1ev) and most
ol plasmalemmal vesicles (v, j: junetion, not penetrated by the probe; me: macrophage. Insct: a large proportion of muliivesicular bodies fmv) are
labiled by endacytosed CI7 particles tarrowheadss. X 72,000; inset: X 84,000,

Frevrk 13 FH-labeled sodium periodate-oxidized sialie acids are only slightly decreased in density on plasina membrane ipd while plasmalemmal
vesicles v are not marked, X %1000,

Pk 14 Mannosyl residues detected by Con A are well represented on plasma membrane tarrows. fe: foam cell; liz lipidic inclusions, % 54,000,

Fierkes 15 In some locations, endothelial cells () overlying tuam cells ey display disorganized intercdlular junctions () with tracer particles
tarrawheadsi fin this case RUA/LacN-BSA-Au) penetrating into the subendothelial space tss). On endothelial cell surface (p) RCA-binding sites show a
distribution comparable with that of normal animals. pr: cytoplasmic protrusions of the loam cell {fe). X 32,000,
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ted by RCA/LacN-BSA-Au displayed an almost unchanged
density on plasma membrane, as well as the extent of
labeling of plasmalemmal vesicles (Table 4 and Figs. 6, 10
and 15). Relative to the normal animal, the terminal galac-
tosyl and N-aceryl-galactosaminyi residues that galactose
oxidase rendered labelable wich FH, appeared unaffected
on plasma membrane of nonlesional areas (46-48 ['H parti-
cles/um?), and only slightly reduced on endothelial foam
cells (stage IV) (~33 FH particles/pm?). An unexpected
finding was the increase (hy 50-65%) of RCA binding sites
on endothelial foam cells as well as on ECS at sites of foam
cell immigration (Table 4, and Figs. 6, 20 and 22). This
suggested that, in our experimental conditions, hyperchole-
sterolemia had no cytochemically detectable detrimental
effects on the glycoproteins hearing the moieties labeled by
Con A, WGA and RCA. The density on ECS was increased
almost uniformly for Con A, regionally for WGA and
virtually unchanged for RCA binding sites. The binding
pattern of the probes used, observed on the aortic endothe-
lium, was generally similar to tbat detected on the endothe-
lium of coronary arteries.

In hyperlipidemic animals the endothelium of vena cava did
not show remarkable alterations in the distribution of the
binding sites for the tracers used. Their topography and
density were largely comparable to the normolipidemic
rabbits. For example, the FH-labelable sialy] residues/pm?
of membrane surface were 1282 £ 106 in the second week

and 1359 % 144 in the eighth week of diet as compared with
1427 £ 140 in controls. The neuraminidase-sensitive resi-
dues showed binding sites values of 314+ 30 in normal,
392+ 58 in the second week and 393 %73 in the eighth
week of diet.

Chemistry of monocyte cell surface

Though other leukocytes were also occasionally seen adhe-
ring to (but not migrating through) endothelium, we focus-
ed our observations on the mononuclear cells, the most
numercus blood elements which in these hypercholestero-
lemic animals were interacting with the arterial endothe-
lium. Mononuclear leukocytes were examined both in the
circulating blood and when associated with the arterial
endothelium. The latter were either beginning 1o adhere to,
in close opposition to endothelium or migrating through
open endothelial junctions into the aortic intima, These
juxta-endothelial cells exhibited the ultrastructural features
traditionally ascribed to blood-born monocytes: a relatively
large, reniform or indented nucleus, relatively small dense
granules often located near the nuclear indentation, promi-
nent endoplasmic reticulum and Golgi complex, and fre-
quent cytoplasmic processes. Such cells were much more
often encountered on nonlesional area containing subendo-
thelial EL and on EC of lesional zones, and their frequency

TagLE 5

Concanavalin A binding on aortic endothelium in arcas with various lexional stages, as a function of wecks of diet and plasma cholesterol level

Wevks of diet

State of arterial wall

Average plasma cholesterol concentration img/dl

o - | 2 3 4 8
Strucural modifications Stage 240-300 250-510 800-980 1,000+ 1,200 1LA400-2,000
Newrlevienal areas
- Withow EL* 0 2080+ 631 2594 £ 463 2348 + 683 NI ND
- With EL [ N[ ND 1857 £ 380 4283 £ 941 2419+ 387
Lesiemal areas
- Sites of mononuclear cells

adhesion and diapedests 11 ND ND 1836 £ 443 HB7+ 736 ND
- Areas overlying

foam colls H1 2056+ 324 26t 501 2709+ 509 7Y £ K60 2470+ 463
- Endothelial foam cells Ry ND ND 2800 £ 714 3TN 893 2761 £ 594
- Sites of toam v ND

cell immigration

EL: extracellular liposomes; NIX: not determined,
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TaBlLE 6

WGA binding on aontic endothelium in areas with various lesional stages, as a function of weeks of diel and plasma cholesterol level

State of arterial wall

Weeks of diet

Average plasma cholesterol concentration (mg/dl)

o . , ! 2 3 ¥ 8
h] f & Nlage

tructural modifications Nage 240-300 250-510 BU0-980) 1.000-1.200 1 400-2,000
Nembesional areas
- Withow EL* Q0 B4 £33 103 + 46 59+ 39 106+ 93 NI
- With EL 1 ND ND 3731 39117 133+ 44
Lesional aveds
- Sites of monopuclear cells

adhesion and diapedesis I N
- Areas overlying

foam cells [l ND N[ Kl +.34 63t 129+ 3]
- Endothelial foam cells v NI ND 67+ 27 54434 9L 39
- Sites of foam v ND

cell immigration

- EL: extracellular liposomes; NI not determined.

appeared to increase with the duration of the diet, Other
leukocytes (lymphocytes, neutrophils) were also seen in
positions comparable to those described for monocytes, but
they were in minority. At these stages platelets were usually

tified as monocytes. This had the advantage of more relia-
ble data, but reduced markedly the sampling for stage I, as
seen in most tables. Hypercholesterolemia affected in va-
rious degrees the surface chemistry of different blood cells

not seen on ECS.

In the absence of specific biochemical markers, the data
reported hereafter were collected only on those leukocytes
which, by ultrastructural criteria, were unequivocally iden-

(Colceag ef a/., manuscript in preparation}; among these,
monocytes appeared to he more sensitive than the others.
The monocyte margination and migration was a continuous
process that took place irrespective of the intensity of

Froures 16 20 20 Tracer binding on the fupunal surface of endutbelial colls loaded with fiped rclusions (aortic arch. arcas b1 stuge IV)

Frsure 16 Cationic groups visualized through HUP appear as a continuous laver of reaction product delineating plasma membrane {p) and open
plasmalemmal vesicles tv. i: lipid inclusions. x 50,000,

Friure 17 Cl-detectable anionic sites appear markedly reduced in number and clustered farrowheads). Some plasmalemmal vesicles (v are will
marked by the tracer. li: lipid inclusions. Inset: FH-labeled sodium periodate-oxidized sialyl residues are diminished in number on plasma membrane (p1,
while most plasmalemmal vesickes (v} are still unmarked. X 49.000; inset: X 127,000,

Figure 18 WGA-binding sites tarrowheads) are rare as in controls. li: lipid inclusion. X 54,000,

Ficurg 19 Con A-detected mannosyl moieties are generally very well represented on plasma membrane (p), including cytoplasmic folds if), while
vesicles (v remain mostly unlabeled. li: lipid inclusion. Inset: detatl of Con A decoration of plasma membrane {pl, coated pits (cp) and coated vesicles
1evy; a plasmalemmal vesicle lacking tracer labdling tv). X 43,000, inset: X 127,000,

Froure 20 Galactosyl residues as revealed by RCA/LacN-BSA-Au labeling oceur on plasma membrane (p) usually at a density higher than in
normolipidemic animals. Plasmalemmal vesicles (v) are mostly unmarked. Note the marked enlargement of rough endoplasmic reticulum ier) containing
an amorphous material. li: lipid inclusion. x 42,000,
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changes in the charge or glycoconjugates of ECS and mono-
cyte cell surface (MCS). In general, these modifications
reflected more closely the degree of hypercholesterolemia
and paralleled those of the ECS, In the first weeks of diet,
and the first wave of monocyte attaching to the endothe-
lium {usually the third week}, the distribution of CF-detec-
table anionic sites and FH-labeled sialyl residues was very
little or not significantly modified. With the increasing
levels of plasma cholesterol, the acidic group of MCS ap-
peared in reduced number and as randomly distributed
patches. Large amounts of CF were endocyvtosed. Concomi-
tantly the reduction in FH-detectable sialic acids was only
little altered. At the eighth week, the FH decoration pattern
was frequently almost similar to that of normolipidemic
animals, However a reduction was noticed in the FH-detec-
table residues after the galactose oxidase treatment {from
626+ 115 particles/um’ in normolipidemic animals to
217 £ 61 at the eighth week of diet}. To a certain extent,
comparable modifications were visible on the other blood
cells, especially at the eighth week of diet. There were not
cytochemically detecrable differences in the changes of cell
surface chemistry induced by hypercholesterolemia in the
circulating monocytes versus those occurring close to or
attached to endothelium (Figs. 8, 9, 10 and 22).

Among the lectin binding sites on monocytes, we recorded
a diminished labeling by WGA/M-Au, a less significant
change in the decoration with Con A/HRP-Au, and an
unexpected 50 to 100% increase in RCA-detecrable glyco-
conjugates in the late time of diet (Table 8). As illustrated in
Table 9, hypercholesterolemia altered in variable extent the
hinding sites for the three lectins used on the other blood
cel! types (Colceag ef al., manuscript in preparation).

Tasle 7

Wheat germ applutinin binding in regions of aonic endothelium with
enriched WGA-detectable residues, in hypercholesterolemic rabbits

State of arterial wall Plagma Coated Masma:
membrane pits emma
Structural St (particles vesicles
modifications otage fum?) Y% Y
Nonlesional areas
- Without EL* 0 447 £ 248 50 5.5
- With EL I 593 + 294 ND 14.3
Lesional areas
- Sites of mononuclear cells ND
adhesion and diapedesis
- Areas overlying il 351+ 74 ND 16.7
foam cells
- Endothelial foam cells v 499 190 ND L]
- Sites of foam v ND

cell immigretion

#EL: extracellular liposomes: NI: not determined.

TaBLE 8

Lectin binding on monocvies of the hypercholesterolemic rabbit
tnumber of tracer particles/um? of membrane surface * SD of the mean)

Stages of the diet

Lectin/Tracer Normal Second week  Eighth week
WGA/M-Au 1108 £ 61 3594 34 287+ 94
Con A/HRP-Au 1082 139 T4 163 942+ 198
RCA/LacN-BSA-Au 1488 £ 97 1044 £ 77 2869 £ 57

[IGeRe 21

CF-binding pattern on the cell surface of aortic endothelium o) at a site of what is interpreted as egress from the vessel intima of a foam cell

ife) 1cighth week of diet). Note the normal distribution of the CF-detectable anjonic sites on ECS {arrows) in contrast ta the rare or ahsent binding sites
on FCS tarrowheads). The space between the two cells is permeated by tracer particles (1), The surface of the foam cell contains numerous cvtoplasmic
pratrusions like the one in (pr). li: lipid inclusion; ve: endocytic vacuole containing CF. % 54,000 ’

Ficure 22 The distribution of RCA-detectable galactosyl residues appears 1o he quasinormal on ECS (arrows), MCS {arrowheads) and on the plasnia
membrane (p) of an adberent foam cell (fc). The latier extends pseudopodes ipp) interposed between endothelium and monocyte. g: granule; li: lipid

melusion, X 22,000,

Firoure 23 Con A-laheled mannosyl moieties are well represented inormally at density higher than in controls) on the circulating toam cell tfo), plasma

membrane ip} and cvtoplasmic protrusions (pr). X 131,000,
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