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Two bundred ninety-nine buman coronary artery
paraffin-embedded tissue blocks were examined
JSor intimal microvessel invasion by probing for
Jactor VIII-associated antigen with indirect im-
munofluorescence and bigh resolution confocal
microscopy. The results obtained confirm that in-
timal microvessels originate in the adventitia and
show that the richness of intimal microvessels is
strongly positively correlated with intimal thick-
ness and negatively correlated with relative lu-
men size. A number of plasma constituents were
examined in serial sections. Comparison of im-
munofluorescence distribution patterns of these
components with intimal microvessel distribution
Datterns reveals that intimal microvessels leak
plasma albumin into artery walls, exude fibrin-
ogen, and are associated with the build-up of
plasma cells within atberosclerotic lesions.
Therefore, intimal microvessels are demon-
strated to play important roles in the development
of atherosclerosis. (Am J Pathol 1993, 143:164—
172)

Coronary arteries, as is the rule for most muscular
arteries,’ normally have no vessels in their intima or
media. Intimal vascularization of human arteries was
first noticed and linked with atherosclerosis, and in-
timal thickening in general, by Koester? in 1876. This
observation has been confirmed by a large number
of observers®® and has been beautifully demon-
strated by perfusion of India ink” and most recently of
silicone polymer into the walls of cleared coronary
arteries with accompanying cinematography.®

The microvessel invasion of plaques has been em-
phasized as being crucial in the pathogenesis of
atherosclerosis.®>-'" Osborn,® after the analysis of
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over 1000 hearts, concluded that nobody with ab-
normal vascularization of the coronary artery wall was
free from the risk of death from coronary artery dis-
ease. However, some workers consider that vessels
invading the coronary intima are of no signifi-
cance'213 and are a function of intimal thickness and
not of atherosclerosis.'*

Those who emphasize the importance of intimal
vascularization propose that the microvessels may
play two roles: one, of providing blood components to
“nourish” the growing plaques,'°:'5 and the other, of
causing intimal hemorrhages by rupturing. Repeated
intimal hemorrhages may eventually lead to coronary
artery thrombosis.'! As to the first hypothesis, no di-
rect evidence of plasma components leaking from in-
timal microvessels to nourish atherosclerotic plaques
has yet been obtained but newly formed vessels are
known to be highly permeable.'® In addition, newly
formed small vessels are deficient in supporting con-
nective tissue and basement membrane and are frag-
ile.®17 The hemorrhage hypothesis generally pos-
tulates that the ruptured microvessels arise directly
from the arterial lumen.'" This is not in agreement with
Barger's observations'® that intimal capillaries origi-
nate more frequently from the adventitia than the lu-
men. The origin of intimal capillaries and their role in
intimal hemorrhage are, therefore, still uncertain.

The endothelial cells of these thin-walled microves-
sels contain factor Vlll-associated antigen (Vlil.a.-
a.).'® Applying anti-factor Vlll.a.a. antibody to coro-
nary arteries will, therefore, reveal any microvessels
present in their walls. The present work examines the
intramural microvascular distribution patterns using
the sensitive indirect immunofluorescence technique
with anti-factor Vlll.a.a. as the first antibody in con-
junction with high resolution confocal microscopy.
Through analysis of the microvascular patterns, the
origin of intimal microvessels and their relation to the
development of atherosclerosis can be examined.
Comparison of microvessel distributions with those of
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plasma components such as albumin, fibrinogen, im-
munoglobulin vy (I9G), a (IgA), and u (IgM) in serial
sections, will establish whether blood components
are entering the atherosclerotic plaques from the in-
timal microvessels. Furthermore, the significance of
intimal neovascularization in the development of cor-
onary atherosclerosis will be analysed through relat-
ing its presence and richness to intimal thickness and
arterial stenosis.

Materials and Methods

Tissue Procurement, Fixation, and
Embedding

Hearts were obtained at autopsy from the Pathology
Department of Royal Canberra Hospital and from
the School of Pathology, University of New South
Wales, Sydney. The coronary arteries were cannu-
lated and perfused at 100 mm Hg pressure with
warm heparinized saline followed by 10% neutral
buffered formalin (NBF) and then barium gelatin.2°
The coronary arteries were clamped and fixation
continued by immersing the heart in NBF for at least
24 hours. They were then dissected free from the
surface of the heart and made transparent by pro-
longed soaking in two or three changes of glycer-
ine. The arteries were examined minutely under the
dissecting microscope and numerous blocks were
taken for histology of normal and diseased seg-
ments. Sixty-eight cases were selected from sub-
jects dying of acute myocardial infarction, other car-
diovascular diseases, infections, neoplasms,
alcoholism, and suicide-accident.

Coronary Artery Sections

Two hundred ninety-nine paraffin-embedded blocks
of decalcified human coronary arteries from 68 pa-
tients were selected according to histological ap-
pearances without knowledge of cause of death,
sex, or age. The blocks were chosen to include a
range from normals through the different aspects of
coronary artery disease to provide examples of ma-
jor pathological features such as fibrosis, inflamma-
tory cell infiltration, intimal vascularization, plaque
hemorrhage, and lipid deposition. Ten 4-p-thick se-
rial sections were cut from each block for the inves-
tigation of various components present in the coro-
nary arteries and for comparison of their distribution
patterns. The sections were mounted on poly-L-
lysine coated slides and air-dried at 60 C for 1
hour.2?
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Control Tissue Sections

Human appendix (Woden Valley Hospital, Can-
berra), tonsil (Woden Valley Hospital, Canberra),
and selected human coronary sections were cho-
sen as positive controls for IgG, IgA, IgM, CRP, fi-
brinogen, albumin, and factor Vlll.a.a.

Antibodies

Rabbit anti-human polyclonal antibodies were used
as the primary antibodies in the indirect immunoflu-
orescence methods. Antibody specificity was
proved by absorption of the antibody with the corre-
sponding pure antigen (Sigma Chemical Co, St.
Louis, MO) at 4 C for 24 hours. After such absorp-
tion, the antibodies showed no immunoreactivity on
human coronary arteries. The second antibody
used was sheep anti-rabbit polyclonal antiserum
conjugated with fluorescein isothiocyanate (FITC)
(Silenus, Melbourne, Australia) diluted 1:100 with
phosphate-buffered saline (PBS) before use. Nor-
mal rabbit serum (Dakopatts, Glostrup, Denmark) at
the same dilution as that of the tested antibodies
was used as the negative control in the indirect im-
munofluorescence method. Normal sheep serum
was used to prevent nonspecific binding of the sec-
ondary antibody and was separated by centrifuga-
tion from the blood of normal sheep maintained at
the John Curtin School of Medical Research, Aus-
tralian National University.

Immunohistochemical Techniques

Paraffin sections were deparaffinized, rehydrated,
washed, and digested with 0.1% trypsin (Sigma)
solution in Tris buffer (pH 7.8) for 2 to 3 hours at 37
C in a humidified chamber. Sections were then
rinsed three times with distilled water and twice with
PBS for 5 minutes each. The final wash with PBS
contained 0.5% Tween 20 (TPBS) to reduce non-
specific staining. Sections were incubated for 20
minutes at room temperature with 10% normal
sheep serum to block nonspecific binding. The se-
rum was drawn off and the sections were then incu-
bated with the desired rabbit anti-human antibod-
ies. Adjacent sections were incubated with normal
rabbit serum for 30 minutes at room temperature in
the humidified chamber to serve as controls. After
three 5-minute washes with TPBS, sections were in-
cubated with the FITC-conjugated second antibody
for 30 minutes at room temperature in the humid
chamber. Sections were then rinsed three times with
TPBS and mounted in PBS and glycerol (1:9) at pH
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8.6 under glass coverslips. In general, the sections
were examined immediately but when this could not
be done, they were stored briefly in light-proof
packets at 4 C until used.

Fluorescent microscopy was performed using an
MRC-500 Confocal Image System (Bio-Rad Micro-
science Division, Hemel Hempstead, England) with
an argon ion laser operating at 488 nm wavelength.
The thinner parts of the artery walls were assem-
bled into a single frame buffer, but the wider parts
of the walls were stored separately as three or more
frames and then connected on the screen. Twenty
scans were averaged for each image to reduce
noise. Experimental images matched by their corre-
sponding control fields were recorded on floppy
disks.

Morphometric Techniques

A coronary section from each block was measured
with the MD 1 Microscope Digitizer system (Minne-
sota Datametrics, St. Paul, MN) and the following ar-
eas were derived.

Total cross-sectional area: To allow for distortion
during processing the total cross-sectional area (T)
was assumed to be a circle calculated from the
measured perimeter (P)?2: T = P?/47. Media area
(M): scanned and calculated by computer. Intima
area (I): scanned and calculated by computer. Wall
area (W): media area + intimal area. W = | + M.
Adjusted lumen area (L): Total cross-sectional area
(T) minus wall area. L = T - W. |/W: the ratio of in-
tima to wall area and reflects the size of plaques.
L/T: the ratio of lumen size to total cross-sectional
area and is a measure of stenosis.

To help assess their roles in the pathogenesis of
atherosclerosis, intimal neovascularization and
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Figure 1. Frequency plot for the 299 data
points for L/T ratios used in Figure 10.

plasma components were graded on scales of 0 to
3 in terms of their specific immunofluorescence in-
tensities and distributions in the wall.

Statistical Methods

Correlation coefficients between factor Vill.a.a im-
munoreactivity grades and I/W or L/T were calcu-
lated with Macintosh computer software (Cricket
Graph). The frequency plot was analyzed for the
299 data points and showed a statistically normal
distribution pattern (Figure 1). The significance of
differences between average ratios for each grade
are calculated by two-tailed Student’s t-test, and P<
0.05 is recognized as significant difference occur-
ring between two groups. Rank correlation was
used to identify the correlation coefficients of immu-
noreactivity grades between pairs of different intra-
mural components.

Results

Factor Vlll.a.a. specific antibody reacted with the
endothelium lining the artery lumen, the vasa va-
sorum in the adventitia and the thin-walled mi-
crovessels in the intima and related media when
present (Figure 2). Compared with H&E staining, in-
direct immunofluorescence combined with high res-
olution confocal fluorescence microscopy was con-
siderably more sensitive in detecting microvessels
in the walls of human coronary arteries. There were
no microvessels detected in the intima or media of
normal coronary arteries. Microvessels first ap-
peared in intimas that were uniformly thickened
around the entire coronary circumferences and
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]
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Figure 2. Coronary section shows many fluorescing microvessels in
the intima. The endothelium lining the artery lumen (L) and the vasa
vasorum in the adventitia (A) also show strong immunoreactivity.
First antibody: rabbit anti-buman factor VIll.a.a. Second antibody:
FITC-conjugated sheep anti-rabbit Ig. Scale bar = 100 u. Confocal
microscopy.

which had no intra or extracellular lipid deposits de-
tectable. In these instances the microvessels were
always very small and sparse.

Microvessels were observed with a high degree
of consistency in arteries with early plagues, which
were identified by the appearance of asymmetrical
encroachment upon the lumen. New vessels invad-
ing such lesions were usually located in the shoul-
der regions (Figure 3) where transition from plaque
to normal intima occurs. With increasing plaque
size, the microvessels extended from the plaque
shoulders toward the plaque centers. As more lipid
appeared in the lesions, more new vessels were ob-
served. As the microvessels disappeared from the
degenerate lipid-rich centers they increased in
numbers in the surrounding areas of the plaques
(Figure 4). The bases of plaques were, in general,
the most richly vascularized areas of all. Often vasa
vasorum could be traced extending from the adven-
titia into the plaques via the media (Figure 5).

Some new vessels with endothelial multilayered
“onion skin” pattern were seen occasionally in inti-
mal lesions (Figure 6). Although some new vessels
were present very close to the arterial endothelium,
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Figure 3. Intimal microvessels present in a plaque shoulder region.
Note: wavy autofluorescent IEL (arrow). L: artery lumen. First anti-
body: rabbit anti-buman factor VIll.a.a. Second antibody: FITC-
conjugated sheep anti-rabbit Ig. Scale bar = 100 u. Confocal micros-

copy.

they were not actually identified arising directly from
the artery lumen in these experiments.

Intimal Microvessels and Distribution of
Plasma Components

Albumin distribution followed very closely the intimal
microvessel distribution. It was the best marker of
plasma leakage of the antigens tested in this study.
The microvessels themselves showed strong albu-
min immunoreactivity (Figure 7). Surrounding the
microvessel walls were zones of albumin immuno-
fluorescence decreasing in intensity with distance
and with the level of fluorescence being related to
the number of microvessels present. Rank correla-
tion analysis between albumin and factor Vlll.a.a.
distributions within intima and plaques produced a
coefficient of r = 0.99 (P < 0.001).

Fibrinogen, when present within atherosclerotic
regions, was always related to the presence of mi-
crovessels. In some neovascularized areas, how-
ever, there was no fibrinogen immunoreactivity
present, while in other regions levels of fibrinogen
immunoreactivity increased with the number of inti-
mal microvessels present. Fibrinogen was distrib-
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Figure 4. Brightly autofluorescent lipids within coronary intima re-
lated to a group of specifically fluorescing microvessels, which could
be readily distinguished by their different color. First antibody: rabbit
anti-buman factor VIll.a.a. Second antibody: FITC-conjugated sheep
anti-rabbit Ig. Scale bar = 50 p. Confocal microscopy.

uted in two forms, either as small discrete spots or
else spread diffusely over entire areas. The small
spots were often actually within individual intimal
microvessels and the smaller diffuse areas were lo-
calized around groups of new vessels present in the
intima (Figure 8). In such instances, there was al-
ways associated inflammation with cellular infiltra-
tion. The strongest diffuse fibrinogen staining was in
the necrotic lipid gruel in the centres of plaques
where, in addition to rich surrounding neovascular-
ization, associated heavy cellular infiltration was al-
ways identified.

No diffuse zones of I1gG, IgA, or IgM were ob-
served surrounding coronary intimal microvessels.
IgG, IgA, and IgM containing plasma cells were,
however, found related to microvessels and the
numbers of such cells increased with the richness
of neovascularization.

Diffuse immunoglobulin staining regions were
present in advanced plaques which were richly vas-
cularized, these immunoglobulins appeared to have
been produced locally by plasma cells or to have
been extravasated in hemorrhages from ruptured
microvessels.

Figure 5. Microvessels extend from coronary adventitia (A) through
the media (M) and ramify within the intima (l). The region of the
intimal-medial border is indicated by a dotted line. First antibody:
rabbit anti-buman factor VIll.a.a. Second antibody: FITC-conjugated
sheep anti-rabbit Ig. Scale bar = 100 . Confocal microscopy.

Intimal Microvessels Related to Intimal
Thickness

All the artery sites are plotted for intimal factor VIII.
a.a. immunoreactivity grades versus their /W (Fig-
ure 9). The avascular artery walls showed the wid-
est range of relative intimal thickness (I/W), but
almost all factor Vlll.a.a. positive ones had I/W ra-
tios over 0.54 (of 163 positive sections only 2 had
I/W less than 0.5). As factor Vlli-a.a. immunoreactiv-
ity grades increased, there was a proportionate in-
crease in relative intimal thickness (I/W) (Figure 9).
The correlation coefficient is positive and strong,
r = 0.663. The increase of I/W ratios for microvessel
grades from O to 1, 1to 2, and 2 to 3 are all signifi-
cant (P < 0.001, Student’s t-test).

Intimal Microvessels Related to Lumen
Size

In Figure 10 all the arterial sites are plotted for fac-
tor Vlll.a.a. immunoreactivity grades versus their
(L/T) ratios. As factor Vlll.a.a. grades increase,
there is a definite decrease in L/T ratios. The corre-
lation coefficient ris 0.721. The decreases in L/T ra-



Figure 6. Microvessels with marked endothelial reduplication in a
coronary plaque. First antibody: rabbit anti-buman factor Vill.a.a.
Second antibody: FITC-conjugated sheep anti-rabbit Ig. Scale bar =
25 p. Confocal microscopy.

tios from 0-1, 1-2, 2-3 are all significant (P < 0.005,
student’s t-test) and indicate progressive stenosis.

Discussion

The current work has unequivocally confirmed the
existence of microvessels in thickened intima and
atherosclerotic plaques.?57-®8 However, taking ad-
vantage of highly specific immunofluorescence
techniques and high resolution confocal micros-
copy examination, the present investigation has
found that the presence of intimal microvessels is
not limited to atherosclerotic lesions. The earliest in-
vasion by new vessels was in thickened intimas with
no atherosclerotic features.

A statistically normal distribution pattern of 299
data plots was established to allow use of classical
statistical methods. The earliest stage of intimal
neovascularization was closely related to the intimal
thickness. Of the sections, 73 of 75 (97%) with |/W
ratios <0.54 had no intimal factor Vill.a.a. immu-
noreactivity and 134/136 of the positive sections
(98%) had I/W ratios greater than 0.54. This result
supports the conclusion that intimal vascularization
is a function of intimal thickness, and that intimal
vascularization may be a response to the inade-
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Figure 7. Group of microvessels present in plaque shoulder region of
coronary artery. Strong albumin-specific immunofluorescence sur-
rounds their walls and diffuse albumin staining is related to the
neovascularized area (particularly to right of figure). L. lumen. First
antibody: rabbit anti-buman albumin. Second antibody: FITC-
conjugated sheep anti-rabbit Ig. Scale bar = 100 yu. Confocal micros-
copy.

quate nutrition of the thickened intima.' Our study
showed that only when the intima accounts for 50%
or more of the wall thickness will it become vascu-
larized and so is different from Geiringer's' abso-
lute value of 0.35 mm. However, even arteries with
extremely thick intimas may be free of new vessel
ingrowth. This indicates that the fibrovascular reac-
tion in the intima can go through phases of waxing
and waning activity.5-2® The fibrosis and build up of
extravascular materials are virtually permanent,
whilst microvessels appear and disappear.®

When microvessels had developed in the intima,
their distribution patterns were associated with sim-
ilar distribution patterns of plasma albumin and of Ig
containing plasma cells. The richness of neovascu-
larization increased with increasing plague size and
decreasing relative lumen size. The hypothesis that
intimal ~ microvessels  “nourish” the growing
plaques? 1915 was strongly supported by this study.
Visible evidence of albumin diffusing from the mi-
crovessels and the strong rank correlation coeffi-
cient (0.99) between albumin grading and mi-
crovessel grading provide the best evidence. This
is perhaps due to albumin being a relatively low
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Figure 8. Strong intimal fibrinogen-specific immunofluorescence re-
lated to microvessels (V). First antibody: rabbit anti-buman fibrino-
gen. Second antibody: FITC-conjugated sheep anti-rabbit Ig. Scale
bar = 100 u. Ploem fluorescence.

y = 0.53830 + 0.12321x r=0.663
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Figure 9. Factor VIIl.a.a. reactivity grade versus relative thickness of
intima (YW).

molecular weight protein, with a high plasma con-
centration and a stable chemical character. Albumin
is unlikely to cause pathological reactions like either

1.0~ y=0.58763-0.11999x r=0.721

0.9
s T

0.8 O T average
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Figure 10. Factor VIil.a.a. reactivity grade versus relative lumen size
(L/T).

fibrinogen* or 1gs.2® Its filtration from small vessels
will also contribute significantly to plaque growth by
causing edema of the artery wall. Other plasma
components not tested for are also likely to be dif-
fusing out in the same way as albumin® and to be
playing roles in atherogenesis.

Fibrinogen leakage can be an expression of the
increased permeability of new vessel walls.'® When
the intimal microvessels were uninflamed there was
no fibrinogen leakage. When the coronary mi-
crovessels were involved in inflammation, with ac-
companying migration of cells, then fibrinogen
started to appear within the intima as focal depos-
its. In the necrotic areas of advanced plaques,
strong diffuse staining for fibrinogen was present.
This implies that intimal vessels were directly in-
volved in the production of the surrounding inflam-
matory infiltrate. Additionally, fibrinogen present in
the necrotic plaque cores could also have been de-
rived from microvessels during their terminal inflam-
matory and necrobiotic stages with increased per-
meability and hemorrhages adding to the deposits,
supporting the concept that hemorrhage derived
from intimal microvessels is a significant factor in
atherogenesis.5”

Although diffuse Igs were not observed around
intimal microvessels, 1gG, IgA, and IgM containing
plasma cells were identified surrounding microves-
sels and the numbers of these cells could be re-
lated to the degree of neovascularization. It is in-
tended to present these findings more fully and



quantitatively in a subsequent paper. However, to
summarize it would appear that intimal microves-
sels are involved in immune responses during
atherogenesis by supplying precursors of plasma
cells within the plaques. With regard to the diffuse
1gG, IgA, and IgM deposits in the lipid cores, these
could possibly be due to bleeds from broken smali
vessels in the atheromatous plaques™® as well as to
release from local plasma cells. Endothelial cell pro-
liferation has been found in homografts of renal
transplants.?7-28 Qur study showed similar multilay-
ered endothelial cells in some of the new vessels of
coronary atherosclerotic lesions. This could be inter-
preted as additional evidence of an immune re-
sponse being involved in atherogenesis. It has
been suggested that endothelial cells may prolifer-
ate and differentiate to provide tissue cells during
the formation of intimal plaques.2°-3°

It can be seen, then, that coronary intimal
neovascularization plays a role in the growth of
plagues. The microvessels definitely supply plasma
components, such as albumin and fibrinogen and
thus nourish the thickened wall. They participate in
immune reactions by supplying and maintaining in-
flammatory cells and plasma cells. Hence, they can
contribute to the rapid growth and complications of
plagues through oedema, inflammation, small ves-
sel rupture, hemorrhage, thrombosis, and necrosis.®
In contrast to Geiringer's conclusion that intimal
vascularization was not a function of atherosclero-
sis, intimal neovascularization has been demon-
strated to be a significant contributor to atheroscle-
rosis.

When the intimal new vessels could be traced to
their origins, they always appeared to connect to
the adventitial vasa vasorum. The origin of intimal
microvessels from the lumen, therefore, must be rel-
atively rare. Nevertheless, intimal vessels still might
on occasions arise directly from the artery lumen.!’
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