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The fine structure of the intima of the pig aortic arch is described for areas of
spontaneously differing in vivo endothelial permeability, as demarcated by uptake of
the protein-binding azo dye Evans blue. Areas of enhanced permeability (blue areas)
consistently show a variety of features not observed in areas devoid of dye accumula-
tion (white areas). The subendothelial space of blue areas is markedly thickened and
edematous, containing collagen, elastic tissue elements, and undifferentiated cells
dispersed in an amorphous floccular matrix of low electron density. Endothelial cells in
blue areas are generally cuboidal, with relatively short, frequently vacuolated junc-
tions. In contrast, endothelial cells from white areas are flat and elongate, with long
intercellular junctions exhibiting many interdigitations. Cytoplasmic differences in-
clude a well-developed rough endoplasmic reticulum and more frequent lysosomal
bodies in blue areas and a prominent Golgi apparatus in the endothelium of white
areas. Additionally, endothelial cell injury or death with and without denudation occurs
with a significantly greater frequency in blue relative to white areas. An endothelial
glycocalyx is some threefold thicker over the surface of white relative to blue areas. It is
concluded that neither endothelial structure nor function are homogeneous within the
aortic arch of the young pig and that areas of spontaneously differing permeability to
proteins are associated with a spectrum of alterations in endothelial and intimal
morphology. (Am ] Pathol 89:313-334, 1977)

THERE 1S NOW EVIDENCE that aortic endothelial permeability to
proteins such as **'I-albumin and **'I-fibrinogen is not homogeneous and
that areas of spontaneously occurring greater permeability are readily
demarcated in vito in the voung pig by their uptake of the protein-
binding azo dve evans blue.!”* Such areas of dve uptake and enhanced
permeability in the aortic arch exhibit an increased rate of endothelial cell
turnover * and a number of differences in en face endothelial morphology
relative to areas of no dve accumulation.® Additionally, areas of dve
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uptake have been shown to be more susceptible to endothelial injury
induced by intravenous endotoxin.®” To clarify the light microscopic
findings and also to explore the possible structural correlates of areas of
spontaneously differing aortic endothelial permeability to proteins, an
ultrastructural study of the aortic intima was undertaken.

Materials and Methods

Eighteen Yorkshire-Landrace pigs, 8 to 10 weeks old, weighing 15 to 25 kg, were fed
;\ gommercial pelleted diet (Purina Hog Chow, Ralston-Purina Co., Canada) and water ad
ibitum.

The animals were anesthetized by an intravenous injection of sodium pentobarbitol
(Diabutal, Diamond Laboratories, Des Moines, Iowa), and the jugular vein and carotid
artery were exposed and cannulated. Fifty milliliters of Evans blue (Baker Chemical Co.,
C.1. 23860) were introduced through the jugular cannula. Evans blue was prepared as a
0.5% solution in sterile 0.85% saline and filtered through a 0.2-u Gelman Metricel filter
prior to use. In control experiments, 50 ml of isotonic sterile saline was injected in lieu of
Evans blue.

Three hours after the Evans blue or saline injections, the animals were lightly reanesthe-
tized as above, the carotid cannula was connected to a pressure perfusion apparatus, and
systolic blood pressure measured. The left femoral artery was exposed and cut, and the pig
was bled for 2 to 4 minutes, during which time 500 ml of oxygenated, heparinized Krebs-
Ringer-bicarbonate solution (isotonic with pig serum at 37 C, pH 7.2) was perfused
through the carotid cannula at systolic pressure. This was immediately followed by
perfusion of 1 liter of fixative at systolic blood pressure and a temperature of 37 C. Initially,
three fixatives were used: a) Karnovsky’s fixative containing 2% paraformaldehyde and 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.35, 900 mOsm;® b) 2% glutaral-
dehyde, 0.1 M sodium cacodylate, pH 7.35, 440 mOsm; c) 1% glutaraldehyde, 0.1 M
sodium cacodylate, pH 7.85, 300 mOsm. (The 2% glutaraldehyde fixative resulted in the
most consistent and optimal fine structural preservation and was used in all subsequent
studies.) After perfusion, the aortas were removed intact and opened longitudinally along
the ventral surface while immersed in fixative.

Blue and white areas from each animal were mapped on a standardized aortic diagram,
and 1-cu-mm blocks were excised from both blue and white sites in the aortic arch using a
razor blade. In 2 control animals given saline, the blocks were taken from sites which were
consistently blue or white in other pigs (Figure 1). All tissue blocks were fixed at room
temperature for a further 6 hours, washed for 1 hour in two changes of 0.1 M sodium
cacodylate buffer, pH 7.85, containing 7.5% sucrose and 0.5 mg/ml CaCl,, then postfixed
in 1% osmium tetroxide ® at 4 C for 1.5 hours. In addition, aortic samples from both blue
and white areas from 5 pigs injected with Evans blue and 1 control pig injected with saline
were stained with ruthenium red *® to demonstrate the glycocalyx layer on the luminal
surface of the endothelium. The blocks were then dehydrated in ethanol, embedded in
Spurr’s resin, and sectioned on a Reichert ultramicrotome. Ultrathin sections were col-
lected on uncoated 200-mesh copper grids, stained with 5% methanolic uranyl acetate
followed by lead citrate,'* and examined in a Philips 301 electron microscope.

For scanning electron microscopy, samples of both blue and white areas were fixed and
dehydrated as above, then critical point dried from CO; in a Bomar SPC-500 EX critical
point dryer. They were then mounted on specimen pegs and coated with gold/palladium
(60:40) in an Edwards vacuum coating unit equipped with a rotary specimen holder prior
to examination in an AMR-1000 scanning electron microscope.

Silver-nitrate-stained endothelial Hiutchen preparations were produced as described
previously.*®



Vol. 89, No. 2 ENDOTHELIAL PERMEABILITY AND FINE STRUCTURE 315
November 1977

Results

The pattern of in vivo Evans blue uptake observed in this series of
experiments was similar to that already described in earlier studies.>'?
Numbers and sites of sampling of areas of dye accumulation (blue areas)
and areas of no dve accumulation (white areas) are shown diagrammat-
ically in Text-figure 1. A total of 182 and 174 tissue blocks were examined
from blue and white areas in the aortic arch, respectively, as well as 70
blocks from white areas in the upper thoracic aorta.

Under the conditions of perfusion fixation employed in these studies,
the elastic laminae showed no significant undulation. Consistently good
preservation of ultrastructural detail was obtained in both intimal and
medial components.

Endothelial cells derived from areas devoid of dye accumulation (white
areas) appeared consistently flattened and elongated, with considerable
overlap of adjacent cells (Figure 1), while in blue areas they were more
cuboidal, with little or no cellular overlap (Figure 2). These consistent
differences in endothelial cell configuration are associated with a number
of differences in the intercellular junctions which are described in detail
subsequently. In addition to the overall differences in cell shape, endothe-
lial cytoplasmic flaps or projections into the lumen were observed more
frequently in blue (Figure 2) than in white areas. These projections, often
of considerable length and complexity, were commonly located at junc-

tional complexes, often overlying the luminal aspect of the junction
(Figure 3).

Endotheiial Cell Organelles

On a qualitative basis, both the structure and frequency of a number of
cellular organelles—including mitochondria, nucleoli, free ribosomes,
pinocytotic vesicles, cytoplasmic filaments, and microtubules—appeared
similar in endothelial cells from blue and white areas. Although differ-
ences in the frequency of the above organelles may be present, such
differences could not be ascertained without quantitation.

In contrast, however, definite differences in the prominence and devel-
opment of the rough endoplasmic reticulum (RER), Golgi apparatus, and
lvsosomal bodies were noted between blue and white areas. The RER was
more prominent in endothelial cells of blue areas (Figure 4), although it
exhibited shorter profiles than those seen in white areas (Figure 5). Of
particular interest is the observation that the Golgi apparatus was consis-
tently well developed in the endothelium of white areas (Figure 5),
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TexT-FIGURE 1—Schematic diagram of pig aorta arch. Dotted region represents typical area of
Evans blue uptake (produced by overlying transparencies of the aortas of the 18 pigs used in these
experiments). Numbers in circles represent the numbers of electron microscopy blocks cut and
examined from each site.

whereas it was rarely seen in endothelial cells from blue areas (Figure 6).
A variety of inclusions, probably lysosomal in nature, was observed in the
endothelium of both areas. Such inclusions consistently occurred in
greater numbers in blue areas (Figure 6). They exhibited a variable
density and in some instances were multivesicular.
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Pinocytotic vesicles and caveoli were present on all surfaces of endo-
thelial cells in both blue and white areas (Figures 4, 5, 7, and 8). The size
and electron density of vesicles was similar in both areas. Some vesicles
and caveoli in both blue and white areas contained varying amounts of
ruthenium red-staining material, while other vesicles at a similar distance
from the plasma membrane contained no such material (Figure 7). The
ruthenium red-stained material within vesicles and caveoli appeared
morphologically similar to that comprising the glycocalyx layer described
subsequently. Although some apparent fusion of vesicles was observed
(Figures 7 and 8), no patent channels or chains of vesicles extending across
the endothelium were seen in blue or white areas.

Junctions

Although the general architecture of junctions between endothelial
cells as seen in this study was similar to that observed in other large
arteries, considerable focal variation in junctional morphology was ob-
served between endothelial cells of blue and white areas. Associated with
the differences in endothelial cell shape described above, most junctions
in white areas were elongated and tortuous, with many interdigitations
(Figure 8). By contrast, the more cuboidal endothelial cells of blue areas
formed shorter, less complex, end-to-end junctions, with little or no
interdigitation or cellular overlap (Figure 9). Such junctions frequently
exhibited a marked segmental dilatation or vacuolation (Figures 4 and 9).
Tight junctions were sometimes observed adjoining dilated segments and

were frequently observed between endothelial cells in both blue and
white areas.

Subendothelial Space

The subendothelial space, although variable, was consistently and
strikingly thicker in blue (Figure 2) than in white (Figure 1) areas. The
difference in thickness of the subendothelial space can best be appreciated
by comparing Figures 1 and 2. In Figure 1 (from a white area), the
internal elastic lamina is clearly evident, delineating the subendothelial
space some 7 to 8 u below the endothelium. Figure 2 (from a blue area) is
shown at nearly half the magnification of Figure 1. The internal elastic
lamina is not visible at a depth of 30 to 35 u below the endothelium. In
white areas, the endothelium was closely applied either to the developing
internal elastic lamina or to modified smooth muscle cells which lay
parallel to the endothelial layer (Figures 1 and 10). In blue areas, the
subendothelial space appeared markedly edematous, with variable
amounts of collagen, elastic tissue, and microfibrils scattered in a back-
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ground of floccular material of low electron density (Figure 2). Intimal
cells in blue areas were seldom in close proximity to the endothelium and
were either very elongate with numerous cytoplasmic processes (Figure 2)
or ovoid in shape (Figure 6). In the former, the presence of myofilaments
and dense bodies suggested a smooth muscle cell origin, while the latter
more closely resembled blood-derived mononuclear cells (Figure 6). Both
the above cell types contained frequent lysosome-like inclusions (Figures
2 and 6). In both blue and white areas the endothelial basement mem-
brane was incomplete (Figures 3, 6, and 8).

Endothelial Glycocalyx

In sections stained with uranium and lead salts, a definite, though
lightly-staining, fuzzy layer was observed on the luminal surface of endo-
thelial cells from white areas (Figures 1 and 8). In contrast, this layer was
barely perceptible or apparently absent over endothelial cells in blue areas
(Figures 2-4). With ruthenium red staining, this difference in the thick-
ness of the glycocalyx was accentuated. The glycocalyx in both areas had
two components; a dense lamina closely applied to, or continuous with,
the plasmalemmal membrane and, superficially, a layer of decreasing
density exhibiting a finely fibrillar meshwork (Figures 11 and 13). Both
components—the inner dense lamina and the superficial fibrillar mesh-
work—were each much thicker in white (Figure 11) than in blue (Figure
12) areas. Additionally, circular or oval structures of densely-stained mate-
rial were conspicuous in the surface coat from white areas (Figure 11) but
not from blue areas (Figure 12). The thickness of the glycocalyx was
measured from twenty electron micrographs each of blue and white areas
taken from ten tissue blocks from two standard sites (one blue, one white)
in 5 animals. The mean glycocalyx thickness in blue areas was found to be
130 &, as compared to 440 & in white areas (cf. Figures 11 and 12), a
statistically significant difference (P < 0.05). Additionally, the amount of
ruthenium present in the glycocalyx was measured using energy dis-
persive analysis of x-rays and was found to be threefold greater in white
than in blue areas (Figure 13), a finding consistent with the thickness
measurements.

Endothelial Cell Injury

A spectrum of changes consonant with endothelial cell injury—ranging
from minor morphologic alterations to overt cell death—was consistently
observed in blue areas but rarely in white areas. Changes noted include
disruption of mitochondrial cristae with peripheral condensation, mito-
chondrial swelling, and a general loss of cytoplasmic organelles (Figure
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14), as well as prominent eytoplasmic and junctional vacuolation (Figures
3, 4, 9, and 14) and ultimately cellular death and sloughing with or
without disruption. In some instances, dead or severely injured cells were
partially or completely lifted into the lumen. Highly vacuolated cells with
numerous cytoplasmic extensions exhibiting a greater electron density
than adjacent endothelial cells were sometimes observed in these regions
(Figure 15). Because of theif density and vacuolation, it was difficult to
determine whether these cells were degenerate endothelial cells or attenu-
ated, degranulated platelets. However, when viewed in the scanning
electron microscope, adherent platelets were observed individually and
were sometimes associated with erythrocytes, leukocytes, and fibrin
strands, forming a microthrombus (Figure 16). These were not observed
in white areas. Dead or injured cells characteristically exhibited a diffuse
cytoplasmic staining with ruthenium red (Figure 17) in addition to the
characteristic surface staining. The frequency of injured or dead cells in
the endothelium was not assessed by electron microscopy in relation to the
number of normal cells. However, in silver-nitrate-stained Hautchen
preparations of endothelium in which injured or dead cells show intense
silver staining (Figure 18), such cells were found to occur with a signifi-
cantly greater frequency in blue (2.91% ) than in white (0.71%) areas (P <
0.001). These frequencies were determined by counting a random sample
of 1427 and 1296 cells from blue and white areas, respectively.

Control Experiments

Because of the possibility that the presence of Evans blue might itself
result in changes in the endothelium, subendothelial space, and glycocalyx,
two control studies were undertaken in which saline alone was injected
into the animals and the sites customarily showing dye uptake and no dye
uptake were removed for study. In no instance in these presumptive blue
and white areas did the ultrastructural morphology differ from those
experiments in which Evans blue had been injected, indicating that the
presence of Evans blue alone is not responsible for the blue-white differ-
ences observed.

Discussion

In this study, we have described and compared the fine structure of the
intima of the aortic arch in the normal young pig derived from areas of
spontaneously differing in vivo endothelial permeability to proteins.
Areas of greater permeability were consistently demarcated in the aortic

arch by their uptake of the protein-binding azo dye Evans blue !* and
have been shown to exhibit a number of additional features; these include
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the following: differences in en face endothelial morphology;® an in-
creased endothelial cell turnover as measured by nuclear *H-thymidine
incorporation;* a greater susceptibility to endotoxin-induced endothelial
injury;*” an enhanced uptake and turnover of ®*H-unesterified choles-
terol;'>!® together with a variety of differences in lipid biosynthesis.!*'” In
addition, a greater accumulation of cholesterol in the aortic intima in blue
relative to white areas has been demonstrated in cholesterol-fed pigs,'®®
raising the possibility that such foci might be areas of early atherogenesis,
as indicated by Fry.? Notwithstanding the possible relevance of such
areas to the process of atherogenesis, the Evans blue model is of intrinsic
biologic interest in terms of aortic endothelial permeability, and the
remaining discussion will be directed toward this end.

In the present study, pinocytotic or plasmalemmal vesicles were com-
monly observed in endothelial cells of both blue and white areas, and
caveoli were observed on the luminal, abluminal, and junctional surfaces.
No differences in the frequency or structure of these organelles were
apparent between the two areas. However, some prominent differences in
the morphology of intercellular junctions were consistently observed be-
tween blue and white areas. Specifically, most junctions in white areas
were complex, elongated, and tortuous, with numerous interdigitations,
while in blue areas the junctions were shorter, end-to-end, and frequently
exhibited a prominent segmental dilatation or vacuolation. Tight junc-
tions or zonulae occludentes,?* occurred in both blue and white areas, and
in neither blue nor white areas did we find gaping spaces between normal
endothelial cells. Both pinocytotic vesicles and intercellular junctions
have been implicated in the transendothelial transport of molecules in
large arteries 2" and in capillaries.?®*® Since we were unable to find
qualitative differences in the frequency of vesicles in blue and white
areas, it is unlikely that the greater permeability of blue areas can be
explained solely on the basis of a numerical difference in vesicles. It is
feasible that the longer interdigitating junctions found in white areas
might be associated with a less rapid molecular transport, relative to the
shorter junctions in blue areas. Additionally, it is difficult to envisage how
the segmental dilatation of intercellular junctions in blue areas might be
responsible for enhanced endothelial permeability. Such junctional dilata-
tions are clearly not analogous to the gap junctions described by Hiittner,
Boutet, and More % and, in some instances, may be another manifestation
of endothelial cellular injury, as discussed below.

Of particular interest is the demonstration in blue areas in the normal
young pig aorta of a wide spectrum of changes consistent with endothelial
cellular injury or death, including loss of cytoplasmic density, degenera-
tion of organelles, cytoplasmic vacuolation, indentation of nuclear mem-
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branes, chromatin aggregation, and the formation of cytoplasmic surface
projections. Additionally, partial or complete endothelial cell ablation was
frequently observed in blue areas. Light microscopy on silver-stained
Hiutchen preparations revealed foci of intense silver staining sharply
delineated by silver-stained cellular boundaries within the confines of
blue areas. These have been interpreted as being injured or dead cells,® an
interpretation reinforced by the present ultrastructural observations that
cells demonstrating severe cytoplasmic degeneration also show a marked
cytoplasmic uptake of ruthenium red. A similar, though more extensive,
pattern of intense silver staining has been observed in blue areas of the
dog aorta after a single intravenous injection of endotoxin and has been
correlated ultrastructurally with endothelial cell injury, denudation, and
platelet adherence.”* This demonstration of cell injury and death is also
consistent with the greater endothelial cell turnover observed in blue
areas.* Another facet of endothelial injury relates to the presence of
electron-dense vacuolated cells in blue areas, with normal endothelial
cells adjacent to them. The possibility exists that these are portions of
damaged endothelial cells or, alternatively, that they are attenuated de-
granulated platelets. The latter possibility is supported by the scanning
electron microscopic demonstration of platelet adherence and occasional
microthrombi in blue areas. Such adherence may reflect the propensity of
platelets to interact with exposed connective tissue components, or, alter-
natively (as suggested by Mustard et al.*), platelets near or in contact with
the endothelium might cause or enhance endothelial injury through the
release of lysosomal enzymes, serotonin, and histamine. The relative
contribution of platelets to the endothelial damage observed in this study
remains uncertain. However, these composite findings emphasize that in
the overtly normal aorta, foci of endothelial injury or death are present
within the larger confines of areas of Evans blue accumulation, and, as
suggested earlier,** it is possible that the endothelial injury is mediated
directly or indirectly by hemodynamic stress.

Focal endothelial cell injury or death, as observed in this study, might
feasibly result in the development of a number of physical defects in the
endothelium which could function as “ultralarge pores” and thus contrib-
ute to the enhanced permeability of blue areas. These defects occur with a
greater frequency in blue (2.91%) than in white (0.71% ) areas. Whether
the observed differences in frequency of such defects can account for the
greater endothelial permeability of blue areas or whether platelets over-
lving such defects are themselves impermeable to plasma constituents
remains uncertain. Current studies with a variety of molecular probes
should clarify the relative magnitude of this avenue of transendothelial
transport, which cannot be evaluated on the basis of the ultrastructural
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observations alone. Clearly, however, spontaneously occurring endo-
thelial injury is an additional factor which needs careful consideration in
studies and models of large artery permeability.

A conspicuous feature of blue areas is the greatly widened sub-
endothelial space, within which a floccular material of low electron den-
sity is the major component. The subendothelial space in blue areas has
the appearance of intimal edema and has been so interpreted by Packham
et al' Widening of the subendothelial space has been described by
others,*-% particularly in relation to aortic branching sites. Schwartz and
Benditt # noted a threefold variation in the thickness of the sub-
endothelial space in the rat aorta, a variation which might be explained by
their sampling of areas corresponding to “‘blue’”” and ““white” foci as in the
present study. The thickened edematous subendothelial space described
in blue areas in the present study does not appear equivalent to the diffuse
developmental thickening of the intima described in rats by Gerrity and
Cliff *® and in man,* nor is it analogous to the thickening associated with
" experimental hypertension in the rat aorta in which polymerized fibrin
was observed.? Whether the increased endothelial permeability observed
in blue areas 2® results in or is the result of subendothelial thickening has
yet to be determined. A greater secretion of mucopolysaccharides in these
regions may contribute to the thickened subendothelial space, which is
also metachromatic with toluidine blue.

Of interest in this study is the consistent observation that the surface-
associated mucopolysaccharide coat, or glycocalyx,*' is some threefold
thicker over the endothelium of white areas than blue areas. A surface-
associated mucopolysaccharide layer on or attached to the plasmalemmal
membrane has been observed in relation to a wide variety of cells, 414
while a vascular endothelial glycocalyx has been described by a number of
investigators using ruthenium red and concanavalin A.**" It has been
suggested that this surface layer or glycocalyx may be a physiologically
important codeterminant of a number of cellular or membrane properties
including permeability, filtration, selective binding, ion exchange, and
cell adhesion.!*44? Further, the presence of ruthenium red-staining ma- -
terial within pinocytotic vesicles has been noted both in this study and by
others,*5 suggesting a possible role of the glycocalyx in vesicular trans-
port.** Revel and Ito* have suggested that this surface layer can be
considered along with the plasma membrane as a functional complex to
which the term greater membrane may be applied. Notwithstanding the
apparent nonspecificity of ruthenium red as a mucopolysaccharide stain,*
its use in this study has been to facilitate visualization and quantitation of
the differences in thickness of the glycocalyx between blue and white
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areas, a difference which is, however, visible using conventional electron-
dense stains.

Because of its striking correlation in the aortic arch with areas of
differing permeability, it is indeed tempting to suggest that the thicker
glycocalyx in white areas might be responsible, at least in part, for the
lesser endothelial permeability of these areas to plasma proteins. It is also
possible that the thicker glycocalyx, by modifying the nature or extent of
the contact of circulating lipoproteins with the plasmalemmal membrane
itself, might also interfere with the physicochemical exchange of unesteri-
fied cholesterol, thus at least partially accounting for the greater uptake
of *H-unesterified cholesterol demonstrated in blue areas.*!* Whether
differences in the glycocalyx reflect a response to focal differences in
hemodynamic stress or whether the glycocalyx influences vesicular trans-
port are issues which have yet to be clarified. However, it is interesting to
note that experimental hypercholesterolemia has been associated with
both enhanced aortic endothelial permeability to albumin 5! and a
thinning of the glycocalyx.*” Presumably, the components of the glycoca-
lvx are synthesized in the Golgi apparatus,®* which has long been impli-
cated in mucopolysaccharide synthesis.®® It is, therefore, interesting to
contrast the number of well-developed Golgi apparatuses observed in
white areas with their scarcity in blue areas in the present study.

A number of differences in endothelial organelles were observed in
addition to the more prominent and well-developed Golgi apparatus in
white areas. There is a greater development of the rough endoplasmic
reticulum and a more frequent appearance of lysosomal bodies in blue
areas than in white areas. The greater frequency and development of
lysosomes and RER in blue areas may be a reflection of greater hemody-
namic stress and continuing endothelial cell injury and repair analogous
to the increased lysosomal content of arterial smooth muscle cells de-
scribed in experimental hypertension 5%

In summary: Structural differences in the endothelial cell layer may
account for the observed blue-white differences in permeability to pro-
teins,>* but they are unlikely to account for the variety of metabolic
differences observed between blue and white areas,'*'? differences which
in all probability relate to the large smooth muscle cellular mass rather
than to the endothelium itself. However, such medial metabolic differ-
ences may themselves be secondary to differences in endothelial structure
which result in a differing influx of plasma constituents.
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Legends for Figures

Figure 1—Low-power transmission electron micrograph of the intima from a white area in the
pig aortic arch. Endothelial cells (E) are elongate and flat, with a prominent glycocalyx (G) on
the surface facing the lumen(L). Scattered fragments of elastica (EL) and collagen (C) are
visible in the subendothelial space (SES). The internal elastic lamina (/EL) has partially
formed, and two smooth muscle-derived cells (/C) can be seen in the intima, as well as smooth
muscle cells (SM) in the media. (Lead citrate and uranyi acetate, X 6000)

Figure 2—Similar to Figure 1, but from an blue area of dye uptake. Endothelial cells (E) are
cuboidal in shape with frequent cytoplasmic extensions (CE) into the lumen (L). There is little
cellular overlap between adjacent endothelial cells. The subendothelial space (SES) is greatly
thickened and edematous, with more elastica (EL) and collagen (C) than is present in white
areas (compare with Figure 1). Intimal cells (/C) are numerous, elongate and frequently
contain lysosomes (arrows). The internal elastic lamina is not visible at this magnification.
(Lead citrate and uranyl acetate, X 3200)






Figure 3—Electron micrograph of endothelium (E) from an area of dye uptake. Complex
cytoplasmic processes (arrows) extend into lumen (L) at a junctional region (J), and adjacent
cytoplasm is vacuolated (V). (Lead citrate and uranyl acetate, X 20,500)

Figure 4—Electron micrograph of endothelial cell cytoplasm from a blue area. Note segmental
dilatation or vacuolation of junction and adjacent cytoplasm (arrows). Mitochondria (M) are
present, as are numerous pinocytotic vesicles (Ve). Much of the cytoplasm is filled with free
ribosomes and short profiles of rough endoplasmic reticulum (ER). Lumen (L) is at top. (Lead
citrate and uranyl acetate, X 20,500)

Figure 5—As in Figure 4, but from a white area. Rough endoplasmic reticulum (ER) is not as
prominent as in blue areas, but Golgi complexes (G) are well-developed. Mitochondria (M),
vesicles (Ve), and numerous cytoplasmic filaments (F) are also visible. (Lead citrate and
uranyl acetate, X 50,500)
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Figure 6—Electron micrograph of intima from a blue area. Both endothelial cells (E) and intimal cells (/C) contain
numerous lysosome-like inclusions (arrows) of variable size and density. (Lead citrate and uranyl acetate, X
10,900) igure 7—Electron micrograph of endothelium (E) from a blue area stained with ruthenium red. Note
staining of glycocalyx layer (G) on surface of endothelium. Ruthenium red-stained material can be observed in some
vesicles (Ve), while other vesicles at a similar distance from the lumen (L) are unstained (Vu). Fusion of vesicles can be
observed (arrows). (Ruthenium red block-stained, X 20,200) Figure 8—Electron micrograph of complex inter-
digitating junction (J) typically found between endothelial cells (E) in a white area. Note also the prominent gFchocalyx
(G) and possible fusion of cytoplasmic vesicles (arrow). (Lead citrate and uranyl acetate, X 26,800) igure 9—
Electron micrograph of junction (J) typically seen in blue area endothelium. Endothelial cells (E) are cuboidal in shape,
forming a short end-to-end junction with only slight cellular overlap (arrows). A large vacuole (V) is associated with the
junction. Note absence of glycocalyx. (Ruthenium red block-stained, X 33,500)



Figure 10—Electron micrograph of intima from a white area. Intimal smooth muscle-derived cell (SM) containing
myofilaments (F) lies parallel and closely opposed to endothelium (E), forming a junctional region (J) into which
caveolae (C) from both cells open. (Lead citrate and uranyl acetate, X 78,200) Figure 11 —Endothelium (E) from a
white area stained with ruthenium red to demonstrate the glycocalyx (G), which consists of a dense inner lamina (La)
closely applied to the plasma membrane, and a superficial finely fibrillar meshwork (FM) extending into the lumen (L).
Compare with Figure 12. (Ruthenium red block-stained, X 51,000) Figure 12—Endothelium (E) from a blue area
stained with ruthenium red. Glycocalyx (G) is visibly thinner than that in white areas (compare with Figure 11 at same
magnification), both in terms of the dense inner lamina (La) and the fibrillar meshwork (FM). Vesicles (Ve) show
variable degrees of staining. (Ruthenium red block-stained, X 51,000)
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Figure 13—Display of energy dispersion analysis for ruthenium in ruthenium red-stained
glycocalyx from a section through a blue area (gray bars) and an adjacent white area (white
dots) from the same pig.

Figure 14—Injured endothelial cell (E) from a blue area. Cytoplasm is electron translucent and
contains scattered membrane fragments (arrows) and large vacuoles (V). Nucleus (N) is
dense and crenated. (Lead citrate and uranyl acetate, X 14,500)

Figure 15—Electron-dense degranulated cell (C) overlying gap between two normal endo-
thelial cells. Appearance suggests that it is either a portion of a degenerate endothelial cell or,
alternatively, an attenuated degranulated platelet. (Lead citrate and uranyl acetate, X 19,100)

Figure 16—Scanning electron micrograph of endothelial surface from a blue area showing
microthrombus consisting of platelets (P), fibrin strand (F), and adherent erythrocytes (RC)
overlying damaged endothelium (E), which appears to be lifting (arrows). (X 2800)
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Figure 17—Transmission electron micrograph of endothelium from a blue area showing uptake of
ruthenium red by an injured or dying endothelial cell (DC). Adjacent healthy endothelial cells (E) do
not take up stain._ (Ruthenium red block-stained, X 7600) Figure 18—Light micrograph of silver-
nitrate-stained Hautchen preparation of endothelium from a blue area showing typical “pavement”
appearance. Normal endothelial cells (E) are demarcated by silver-stained borders (arrows)
Injured and dead cells show intense uptake of silver stain (DC). (X 4500)
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