Experimental Aortic Intimal Thickening

I1. Endothelialization and Permeability
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Experimental aortic intimal thickening has been induced in rabbits by two types
of injury, suture placement and electrocautery. Scanning electron microscopy
showed that endothelialization of the suture plaque was completed at about 10
days following injury. New endothelial cells had no particular orientation or were
oriented at right angles to the adjacent normal aortic endothelium. Realignment
parallel with the aortic axis had occurred by 21 days after induction of the lesion.
Orientation patterns of new endothelial cells over irregularly shaped cautery-in-
duced intimal thickening were difficult to ascertain. Aortic permeability studies
were accomplished by using the tracers horseradish peroxidase (HRP) and ferritin.
Several naturally occurring intimal thickenings in normal aortas had greater perme-
ability for HRP than did adjacent normal intima. An enhanced penetration of both
tracers was observed in mature intimal lesions produced by both experimental
procedures compared to adjacent morphologically normal aortic intima. HRP mole-
cules entered the thickened aortic intima in increased amounts through interendo-
thelial junctions and by endothelial pinocytotic vesicles; ferritin molecules were
seen only in pinocytotic vesicles. Increased penetration of HRP was observed for
as long as 27 weeks after injury, while that of ferritin was observed only for 3
weeks. The enhanced permeability of the thickened intima as compared to normal
for these two tracers of considerably different sizes strongly suggests an increased
permeability of endothelium overlying intimal thickening for naturally circulating
macromolecules (Am J Pathol 76:265-284, 1974).

FOCAL ARTERIAL INTIMAL THICKENING commences in infancy
and gradually increases with age.'? Anatomic sites of intimal thicken-
ing in man have been found to correspond rather closely to those sites
at which atherosclerotic plaques are prone to develop.® Numerous
authors have proposed that this fibromuscular intimal thickening pre-
disposes to development of the lipid-laden atherosclerotic plaque in
man *7 and in experimental animals.®**

If fibrous intimal thickening does have a predisposition to deposition
of blood macromolecules, morphologic and permeability abnormalities
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may be demonstrable in the endothelium. Structural alteration of the
arterial surface may be associated with increased permeability for
various substances in experimentally injured arteries.’*** Evidence from
scanning microscopic studies * and en face studies ** indicates that new
endothelium located over induced aortic lesions in rabbits is morpho-
logically abnormal. Demonstration of enhanced permeability with
tracers in healed experimental intimal thickening would lend support
to the contention that blood-borne substances may more readily enter
the thickened than nonthickened intima.

The purpose of this investigation was to study the process of endo-
thelialization of newly forming intimal plaques in injured rabbit aortas
by scanning microscopy, and to determine permeability characteristics
of the lesion surface using electron microscopic tracer technics.

Materials and Methods

The methods for producing aortic intimal thickening by suture placement and
electrocautery in young rabbits have been reported.1® Briefly, using aseptic surgical
technic, a 4-0 silk suture was placed in the thoracic aorta at T,, and an electro-
cautery lesion, 0.5 cm in diameter, was produced on the adventitial surface of the
aorta at T, and T,.

Scanning Electron Microscopy

Seventeen animals were killed, by glutaraldehyde perfusion, sequentially from
2 to 49 days after surgery as previously described.1® All experimentally produced
aortic lesions and control aortas were sectioned transversely and tissues for scann-
ing electron microscopy were fixed for 1.5 hours in 2% glutaraldehyde and stored
in phosphate buffer, pH 7.35, at 4 C. Tissues were successively dehydrated in
ascending concentrations of ethyl alcohol, two changes of each being made every
10 minutes. Tissue was processed by critical point drying, according to Anderson 17
with amyl acetate as the intermediate fluid, and carbon dioxide as the transitional
fluid. Dried tissue was mounted on graphite in alcohol (Dag 154, Acheson Col-
loids Company, Port Huron, Michigan) on an aluminum stub and coated with
200- to 300-A layer of gold, using a rotating stage evaporator (Denton DV502,
Denton Vacuum, Inc, Cherry Hill Industrial Center, Cherry Hill, NJ). Specimens
were examined with a Cambridge Stereoscan Mark II A microscope, at magnifica-
tions of 100 to 10,000. One to three sections of both suture- and cautery-induced
lesions from each time interval were examined.

Permeability

Rabbits from postoperative periods 3, 5, 7, 14, 21 and 27 weeks were given
an intravenous injection of horseradish peroxidase (HRP) (Sigma Chemical Com-
pany, Type II, RZ 1.9) at a dose of 8 mg/100 g body weight in 0.5 ml physiologic
saline/100 g body weight. Animals were killed at 2 or 20 minutes after administra-
tion of the tracer. Tissue sections from animals receiving horseradish peroxidase
were incubated for 1 hour in the Graham-Karnovsky medium 18 (10 mg 3,3’diamino-
benzidine tetrahydrochloride, 10 ml 0.05 M Tris HC] buffer, pH 7.6, containing
0.01% hydrogen peroxide) prior to postfixation in osmium tetroxide to obtain
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peroxidase reaction product. Postfixed tissues were processed for electron micros-
copy, and unstained tissue sections were examined as previously described.1®

Ferritin (Ferritin, horse spleen, twice crystallized, Nutritional Biochemical Corp,
Cleveland, Ohio) was used to assess endothelial permeability at periods 3 through
7 weeks after surgery. Prior to sacrifice, rabbits were given a single intravenous
injection of ferritin preparation, at a dose of 1 mg/g body weight. Ferritin was
prepared by removing excess cadmium from commercial ferritin solution by dialysis
according to the method of Farquhar.!® The solution was then concentrated by
sedimentation at 105,000g for 10 hours in a preparative ultracentrifuge (L-2
Ultracentrifuge, Beckman Instruments, Inc, Fullerton, Calif) and resuspended to
volume in saline. Infused animals were killed, in the same manner as those receiving
HRP, 2 or 30 minutes after ferritin injection. Tissues from experimental lesions
and control aorta were processed (without incubation) and examined, as were
the HRP-treated tissues in a Hitachi Perkin-Elmer electron microscope HU 11 B2
at 50 kV.

Results
Endothelialization

Sequential changes in the surface of the thickening intima are re-
ported separately for the suture- and cautery-induced lesions, as there
were distinct differences in the appearance of the lesions. When com-
pared to the normal aorta, intimal lesions induced by either means have
demonstrable surface alterations. The surface of the perfused, normal
aorta usually appeared as a series of parallel troughs and disrupted
ridges (endothelial nuclei), which were oriented parallel with the aortic
axis (Figure 1). In some samples, apparently because of more effective
perfusion, the luminal surface was relatively flat and endothelial ridges
were barely detectable.

The surface of suture-induced lesions had a consistent sequence of
morphologic changes. Moderate numbers of leukocytes, erythrocytes
and platelets were attached to suture fibers in the 2- to 5-day-old lesions
(Figures 2 and 3). Occasional blood monocytes were observed attached
to the silk fibers by long cytoplasmic processes. Small amounts of fibrin
were deposited on the suture in early lesions.

Endothelialization was observed in various stages of progression over
all suture lesions. The earliest lesions (2 to 3 days) had few if any endo-
thelial cells adhered to the suture mass. New endothelium was present
at the base and on the sides of the suture at 5 days (Figure 4). The
border of the growing sheet of endothelium was generally uneven.
Newly formed endothelium appeared remarkably free of attached blood
cells, in contrast to the adjacent exposed silk fibers. By 7 days, in some
lesions the entire suture was covered by endothelium. All lesions at 10
days were completely endothelialized (Figure 5).
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Differences in endothelial cell orientation were observed as the su-
ture-induced intimal thickening matured. At 10 days after injury, new
endothelial cells near the base of the suture were oriented parallel with
the aortic axis, while those cells on the upper sides and top of the suture
were either circularly arranged or had no particular orientation (Figures
5 and 6). After 21 days, most new endothelial cells, regardless of their
location, were oriented longitudinally (parallel with the aortic axis)
(Figure 7). This orientation is similar to that of normal aortic endo-
thelium.

Reendothelialization of the intimal surfaces of cauterized aortas was
also visualized with scanning microscopy. Focal, random loss of endo-
thelial cells was apparent in early lesions; remaining endothelial cells in
the center and at the periphery of deendothelialized areas appeared
distorted. Flat granular areas of the lesion were studded with numerous
leukocytes, erythrocytes and platelets at 2 through 7 days. Strands or
clumps of fibrin were seen on denuded aortic surfaces through the first
week. By 7 to 10 days, however, the surface was covered with new endo-
thelium which had few attached blood cells and little fibrin.

The reorientation of new endothelial cells observed in suture-induced
lesions was not so obvious in cautery lesions. Aortic surface elevation of
cautery-induced intimal thickening was first recognized by scanning
microscopy at about 10 days. These elevations were variously shaped,
from flattened mounds to sloping hillocks to long thin elevated ridges.
Endothelial cells on the sides of the intimal mounds were oriented
parallel with the aortic axis and normal aortic endothelium. The surface
of intimal mound plateaus was decidedly more flat than that of the
sides or of normal aortic surface (Figure 8); nuclei of plateau endo-
thelial cells were noticably round and flat, and had no particular align-
ment when compared to adjacent normal endothelial cell nuclei. Endo-
thelial cell patterns in lesions three or more weeks after cauterization
generally suggested a longitudinal orientation of cells; however, lesions
with all endothelial cells aligned parallel with the aortic axis were not
observed at any time after injury.

Permeability

Hemodynamic changes occurred in several monitored rabbits after
ferritin but not horseradish peroxidase infusion. Aortic blood pressure
was temporarily decreased in one animal to approximately 60/40 (sys-
tolic/diastolic) mmHg during ferritin infusion but returned to normal

levels (120/80 mmHg) by about 5 minutes after infusion. Another
rabbit showed a slight transient decrease in heart rate and a slight de-
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crease in aortic pulse pressure. Horseradish peroxidase infusion had no
apparent effect on heart rate or systemic blood pressure.

Permeability differences for horseradish peroxidase and ferritin were
observed in the normal rabbit aorta. The flocculent electron-dense horse-
radish peroxidase reaction product was found in the interendothelial
spaces of normal aorta and within endothelial plasmalemmal vesicles,
irregardless of time after injection of peroxidase. Ferritin localization in
nomal aorta differed from that of peroxidase in that the electron-dense
ferritin molecules were found only within endothelial plasmalemmal
vesicles and microvesicular bodies (Figure 12). Ferritin, in contrast to
horseradish peroxidase, was never observed in the interendothelial junc-
tions or the subendothelial space of normal arteries.

Naturally occurring intimal thickenings of one to three cell layers
were observed in several control aortas. In these thickenings, peroxi-
dase reaction product was present in greater amount than was observed
in adjacent normal intima (Figure 9). Reaction product was seen princi-
pally in endothelial cytoplasmic vesicles and interendothelial junctions,
but modest amounts were present in the subendothelial space and in-
timal cell cytoplasmic vesicles. Spontaneous intimal thickenings were
not found in rabbits injected with ferritin tracer.

Enhanced permeability of suture and cautery lesions was evidenced
by the presence of large amounts of peroxidase reaction product and
ferritin in the same transendothelial routes demonstrated for each tracer
in the normal aortic endothelium. Permeability patterns for the two
tracers are described first for lesions caused by sutures, then for those
caused by cautery. The quantity and extent of penetration of horserad-
ish peroxidase molecules in suture-induced intimal thickenings were
markedly greater than that observed in normal aorta and were similar at
3 through 27 weeks after suture placement. In some instances, the strik-
ing penetration was appreciated by light as well as electron microscopy.
Light microscopic examination of toluidine blue-stained aortic sections
revealed much greater amounts of the brown-staining enzyme product
in the juxtaluminal portions of induced intimal thickening than in the
juxtaluminal portions of control aortas. Ultrastructurally, suture lesions
typically had reaction product in the interendothelial junctions and in
lateral, basal and cytoplasmic endothelial plasmalemmal vesicles (Fig-
ure 10). Regardless of the age of the lesion, the greatest amounts of
product were nearly always present in the subendothelial space, occur-
ring in a decreasing gradient away from the endothelium (Figure 11).
Highest concentrations were found immediately under endothelial cells,
and product was still detectable four to five subendothelial cell layers
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deep over all regions of intimal thickening. In the tapering margins of
the intimal thickening, enzyme was present in the interstitium from the
endothelium to the internal elastic lamina. Plasmalemmal vesicles of the
more superficially located subendothelial cells were observed to contain
reaction product. In general, longer periods for diffusion of peroxidase
into suture lesions of the same age resulted in greater quantities of
reaction product being found in subendothelial cells and the interstit-
fum.

Although ferritin molecules were much less frequent in tissue sections
than was peroxidase product, modest numbers were found in aortas with
suture-induced intimal thickening (Figures 13 and 14). Enhanced ferri-
tin passage into the thickened intima was best demonstrated in lesions
3 weeks after injury (Figure 13). Ferritin particles were uniformly scat-
tered throughout the subendothelial space for several cell layers and
within microvesicular bodies of the more superficially located subendo-
thelial cells (Figure 14). As was true for peroxidase localization in les-
ions of all ages, endothelial cells had relatively greater numbers of vesi-
cles with ferritin molecules than did adjacent subendothelial cells. An
increase in numbers of ferritin molecules in induced intimal thickenings
could not be documented in lesions older than 3 weeks.

Discussion

The circumferential orientation of regenerated endothelial cells in
the early suture lesion, at right angles to those in the adjacent normal
aorta and to blood flow, was an unexpected finding. Cell orientation over
intimal thickening was influenced by time and the topography of the
lesion. The circumferential pattern of cells over the suture appeared to
be a manifestation of endothelial cell shape during growth or migration
over a nonendothelialized area. The cells assumed an elongated shape
oriented in the direction of growth during the active growth phase. After
growth had ceased, cell orientation appeared to be influenced by hemo-
dynamic or other factors. Cell alignment was then parallel with blood
flow, a finding in agreement with aortic resection studies > in which
endothelial cell axes were shown to turn 90° so that they settled parallel
with direction of blood flow. Cautery lesions appeared to endothelialize
from all sides simultaneously, with variously shaped cells growing in
from the edges of the lesions as well as from remaining islands of viable
endothelium. Orientation of endothelial cells over cautery-induced in-
timal thickening was more difficult to assess due to the irregular shapes
and contours of the lesions. Turbulent blood flow, as may have oc-
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curred locally over cautery-induced lesions, is capable of disorienting
aortic endothelial cells.*

We were unable to visualize, by scanning electron microscopy, the
reported obliquely oriented “intercellular bridges” occurring between
arterial endothelial cells.?*Z These bridges may have been artifactual, as
tissues were obtained from nonperfused animals. Basis for function of
the bridges in controlling width of intercellular clefts obviously could
not be substantiated in our study.

The relationship of endothelial cell orientation and permeability
characteristics of intimal thickenings may be important. As we did not
study permeability in relatively early lesions (younger than 3 weeks),
we have no information on the influence of reorienting endothelial cells
on the passage of circulating tracer molecules into lesions. Future re-
search should be directed towards elucidation of the functional be-
havior of regenerated endothelium during this early period of cell re-
orientation.

Increased endothelial permeability for the smaller molecule, peroxi-
dase, persisted for as long as 27 weeks after injury (the maximal time
period studied), whereas increased permeability for the larger mole-
cule was evident only at the earliest period studied, 3 weeks. There was
no recognizable difference in the magnitude of increased permeability
between the suture and cauterization lesions, indicating that the
of injury plays little if any role in determining permeability character-
istics of the resulting lesion. The thickness of the intimal lesion likewise
did not appear to determine permeability, as no difference was discern-
able between thick and thin portions of the same lesion or in comparison
of thick to thin lesions.

The specific mechanism(s) by which aortic permeability is enhanced
was not investigated. The results of our study on peroxidase permeabil-
ity support the findings of others that this enzyme crosses arterial endo-
thelium by interendothelial clefts’** and by vesicular transport.>
Macromolecules are generally thought to enter and traverse endo-
thelial cells only by pinocytosis. Isotopic cholesterol flux studies on
atherosclerotic lesions of pigeons ® and kinetic studies of cholesterol up-
take by endothelium of the normal rabbit aorta? support this con-
tention. Ferritin, with a molecular weight of 500,000, crosses the endo-
thelial barrier solely by vesicular transport.*5-2" Increased numbers of
pinocytotic vesicles in endothelial cells, as might be expected in our
lesions with an increased incorporation of ferritin, were not apparent.
However, enhanced endothelial vesicular transport by both tracers was
readily demonstrated, suggesting an increased metabolic activity of
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these cells. Ultrastructurally, the increased numbers of various
plasmic organelles observed in endothelial cells of the intimal lesions
tend to support the energy-dependent production of vesicular mem-
branes required for pinocytosis.'®

The results of this study suggest that endothelial permeability varies
with regard to size of the molecules transported and maturity of the
endothelial cell. The newly formed endothelial cells show enhanced
permeability to both large and small molecules in comparison to endo-
thelium over normal intima. The permeability for the smaller molecule
persists for a long period of time, whereas that for the larger molecule is
evident only in the newly formed endothelium. Enhanced endothelial
permeability for small molecules also was evident in foci of spontaneous
intimal thickening. Unfortunately spontaneous intimal thickening was
not observed in ferritin experiments to confirm the findings in experi-
mental lesions. The significance of the findings of the present experi-
ment with regard to human arterial intimal thickening and its possible
predisposition to atherosclerosis is not evident and can only be a sub-
ject for speculation. That foci of experimental intimal thickening are
predisposed to lipid accumulation appears well established;*** however,
the mechanism by which the lipid accumulates is unknown. To further
our understanding of endothelial transport it is necessary that future
studies employ a variety of tracers that encompass the variable of not
only molecule size but also shape, charge and exchangability of com-
ponents of a macromolecule with constituents of the endothelial cell
(eg, cholesterol).
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Legends for Figures

Fig 1—Perfused normal rabbit aorta. The aortic longitudinal axis is indicated by the
arrow. Several erythrocytes (E) and an occasional leukocyte (L) are present on the
endothelium. Longitudinally oriented endothelial nuclei bulge into the lumen (20
kV, x 950).

Fig 2—Lateral view of suture (S) resting on luminal surface of aorta (A) 2 days
after placement. Blood cells and fibrin (F) cling to the interwoven silk fibers
(5 kv, x 310).

Fig 3—Juncture of suture and aorta (A) 2 days after suture placement. Fibrin mesh-
work (F) with numerous erythrocytes covers a portion of the suture. Several endo-
thelial cells (E) at the juncture are obliquely separated from the adjacent normal
endothelial sheet (5 kV, X 4000).

Fig 4—Juncture of suture and aorta (A) 5 days after suture placement. Silk fibers
are exposed (arrow) or are covered with granular-appearing clumps of fibrin (F) and
various blood cells. There are prominent intercellular junctions of new endothelial
cells (E) on the sides of the suture (5 kV, X 720).

Fig 5—Lateral view of completely endothelialized 10-day-old suture plaque. The arrow
on top of the suture indicates aortic and suture axes. Nuclei of aortic endothelial
cells (A) adjacent to the suture are spindle shaped and directed parallel with the
aortic axis. Nuclei of new endothelial cells (E) are ovoid, disc-shaped and show no
orientation with regard to the vessel axis (10 kV, x 360).

Fig 6—Oblique view of top of suture shown in Figure 5 illustrating definite circular
orientation of endothelium at right angles to the long axis of the suture (5 kV, x 880).

Fig 7—Completely endothelialized 21-day-old suture lesion. Cut end of suture is
visible in lower left corner. Arrows indicate aortic axis. Endothelial cells (E) atop
the suture are oriented parallel with the suture and aortic axis (3 kV, X 180). Inset—
Greater magnification of endothelium on top of suture. Compare cell direction with
that in Figs 5 and 6 (3 kV, X 620).
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Fig 8—Luminal surface of rabbit aorta 21 days after cautery. Long arrow indicates
aortic axis. The focal, elevated intimal mound has a flattened plateau. Plateau endo-
thelial cells (arrows) are not visible in relief as are those of the adjacent endothelium
(A) (3 kV, x 790).

Fig 9—'‘Normal’’ rabbit aorta 7 weeks after surgery, 20 minutes after peroxidase
infusion. Electron-dense reaction product is visible in cytoplasmic vesicles (open
arrows) of endothelial (E) and, to a lesser extent, of the slender subendothelial (S)
cells. Some product is also present between endothelial cells and in the subendothelial
space (closed arrows) (Unstained x 14,800).

Fig 10—Intimal thickening of a 7-week-old suture lesion, 20 minutes after horse-
radish peroxidase infusion. Aortic lumen (L) and portions of endothelial cells (E).
Electron-dense horseradish peroxidase reaction product is present in the space
between endothelial cells, the adjacent plasmalemmal vesicles (closed arrows), scat-
tered throughout the subendothelial space and in plasmalemmal vesicles (open
arrow) of subendothelial cells (S) (Unstained, x 45,000).

Fig 11—Suture-induced intimal thickening 3 weeks after surgery, 20 minutes after

peroxidase infusion. L=aortic lumen, E=endothelial cells, S=subendothelial cells.

Most peroxidase reaction product is present in the intercellular spaces of the more

superficial intima (closed arrows). Product is also visible in cytoplasmic vesicles of

tlxl)tg ogndothelial cells and subendothelial muscle cells (open arrow) (Unstained, X
,200).

Fig 12—'‘Normal’’ rabbit aorta 7 weeks after surgery, 30 minutes after ferritin in-
fusion. L=aortic lumen, E=endothelial cells. Ferritin particles are present within
cytoplasmic vesicles (arrows) of an endothelial cell, but not between endothelial cells
or within the subendothelial space. Only rarely was this quantity of ferritin seen in
similarly sized fields of normal aorta (Unstained, x 44,300).

Fig 13—Suture-induced intimal thickening 3 weeks after surgery, 30 minutes after
ferritin infusion. L=aortic lumen, E=endothelial, S=subendothelial celis. Electron-dense
ferritin molecules are present within microvesicular bodies of endothelial and sub-
endothelial cells (open arrows), as well as in the subendothelial space (closed arrow)
(Unstained, x 65,000).

Fig 14—Suture-induced intimal thickening 3 weeks after surgery, 30 minutes after
ferritin infusion. Portion of an endothelial cell (E) overlies portions of two sub-
endothelial cells (S). Ferritin molecules are seen within cytoplasmic microvascular
bodies (arrows) of a subendothelial cell (Unstained, x 45,500).
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