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Abstract

Objectives—To assess the role of coronary vasa vasorum (VV) spatial distribution in 

determining the location of early atherosclerotic lesion development.

Methods and Results—Six, 3-month old, female, crossbred swine were fed 2% high-

cholesterol (HC) diet for 3 months prior to euthanasia. Six other pigs were fed normal diet (N) for 

the entire 6 months. Right coronary arteries were harvested and scanned intact with micro-CT 

(20μm cubic-voxel-size). After scanning, randomly selected cross-sectional histological sections 

were stained for nuclear-factor kappaB (NF-κB), hypoxia-inducible factor-1alpha (HIF-1α), 

macrophages, von-Willebrand-factor, dihydroethidium (DHE), tumor necrosis factor-alpha (TNF-

α) and interleukin-6 (IL-6). The number of positive stained cells, as well as intima-to-media ratio, 

were compared with VV density (#/mm2) obtained from micro-CT images (which closely matched 

the location of the histological sections) in each of four equal quadrants of the coronary vessel 

wall. In normal, as well as HC pigs, the number of NF-κB (r=0.73 and 0.70), HIF-1α (r=0.74 and 

0.77), TNF-α (r=0.58 and 0.72) and IL-6 (r=0.70 and 0.72) positive cells as well as the expression 

of DHE (Kendall tau coefficient −0.64 and −0.63) inversely correlated with VV density. In HC the 

VV density also inversely correlated with intima/media ratios (r=0.65).
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Conclusions—Our data suggest that low-VV-density-territories within the coronary vessel wall 

are susceptible to hypoxia, oxidative stress and microinflammation and may therefore be starting 

points of early atherogenesis.
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The findings of various experimental studies suggest that there is an association between 

vasa vasorum and atherosclerotic plaque formation. As occlusion of vasa vasorum correlates 

well with neointima formation1 but inhibition of adventitial neovascularization correlates 

with reduced plaque growth2, 3 a causative role of vasa vasorum in atherosclerosis is not yet 

clear.

We showed recently that the distribution of coronary vasa vasorum perfusion territories 

throughout the coronary artery vessel wall is heterogeneous with a patchy distribution of low 

vasa-vasorum-density territories4. Since atherogenesis also occurs in a patchy pattern5 we 

hypothesized that low densities of vasa vasorum may play a role in the localization of early 

atherogenesis. Pivotal mechanisms of early atherogenesis in areas with a low vasa vasorum 

density may be the induction of microinflammation caused by hypoxia6, 7 and oxidative 

stress8, 9 because of decreased supply to, and decreased drainage from, the coronary vessel 

wall.

Using 3D micro-CT scanning techniques, in conjunction with co-registered histology and 

immunohistochemistry, we are able to obtain accurate quantification of vasa vasorum 

densities and correlate this information spatially with histological intima/media ratios and 

the expression of proatherogenic factors such as hypoxia-inducible factor-1alpha (HIF-1α), 

the nuclear transcription factor-kappaB (NF-kB), tumor necrosis factor-alpha (TNF-α), 

interleukin-6 (IL-6) and in situ production of superoxide anion in the same arteries.

Hence, the current study was designed to test the hypothesis that areas of low vasa vasorum 

density within the coronary vessel wall show decreased oxygenation (i.e., increased 

expression of HIF-1α) and increased oxidative stress (i.e., increased superoxide production) 

which may initiate the cascade of microinflammation (increased expression of NF-kB, TNF-

α and IL-6) and subintimal proliferation, key steps in early development of coronary 

atherosclerosis.

METHODS

Animal Experiments and Specimen Acquisition

All animal studies were approved by the Mayo Foundation’s Institutional Animal Care and 

Use Committee. A control group (N) of six female domestic crossbred swine were fed 

normal laboratory chow for six months. Six other female pigs were fed a high cholesterol 

diet (15% lard, 2% Cholesterol; TD 93296, Harlan Teklad, Madison, WI) for three months 

(group HC) prior to the study. All harvested hearts were prepared for micro-CT scanning as 

described previously4, 10, 11. This involved injection of radio-paque Microfil® polymer into 

the coronary arteries prior to dissecting out five to ten cm long, intact, right coronary artery 
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segments (RCA). In addition, 2-cm long segments of coronaries were flash frozen in liquid 

nitrogen and preserved at −80°C.

Micro-Computed Tomography 3D Reconstruction

The RCA were scanned by a bench-top micro-CT system configured to generate 20μm cubic 

voxels12. To preserve the connectivity of vasa vasorum, the RCA were scanned in 

contiguous 2-cm increments along the entire coronary artery luminal axis without physically 

cutting the coronary artery into pieces. The resulting 3D images were displayed using image 

analysis software (Analyze® 6.0™; Biomedical Imaging Resource, Mayo Clinic, Rochester, 

MN). Computer-generated displays of these 3D images were generated to provide different 

angles of view.

In-Vitro Studies

After scanning, four contiguous histological cross-sections were obtained at three random 

locations along each RCA (in at least 1 cm intervals). These were stained with Lawson’s 

Elastic Van Gieson stain, NF-kB (activated subunit p65), HIF-1α, and CD68 (for 

macrophages), IL-6, TNF-α and von-Willebrand-factor (F VIII). In addition, 

Dihydroethidium (DHE) and von-Willebrand-factor (Factor VIII) staining was also 

performed on fresh frozen tissue.

Lawson’s Elastic Van Gieson—After micro-CT scanning, tissue sections were prepared 

and stained following standard protocols for Elastic van Gieson (EvG) staining10.

NF-κB, HIF-1alpha, Factor VIII (von Willebrand Factor), CD68 (PG-M1 clone), 
Interleukin-6 (IL-6) and Tumor necrosis factor-alpha (TNF-alpha)—After 

preparation13, sections were incubated in 1:500 NFκB (RB-9034-P, Lab Vision, Freemont, 

CA), 1:1000 Factor VIII (A0082, DAKO Cytomation, Carpenteria, CA), 1:250 HIF-1α (NB 

100-123, clone H1alpha67-sup, NOVUS Biologicals, Littleton, CO), and anti-α-SMA 

(1:500; Dako Cytomation for double immunostaining), respectively; detection was 

completed by use of a biotin-free polymer, Mouse MACH3 (Biocare Medicals, Walnut 

Creek, CA) for 10 minutes or 1:100 CD68 (M0876, DAKO Cytomation, Carpenteria, CA) 

for 30 minutes, respectively. Sections were rinsed with TBST wash buffer. Secondary 

incubation with the pEnVision+/HRP labeled polymer (K4002, DAKO Cytomation) was 

done for 15 minutes. The slides were rinsed with TBST wash buffer. Sections were 

incubated in 3,3′-diaminobenzidine (DAB+)(K3467, DAKO Cytomation) or Nova Red 

(SK-4800, Vector Laboratories, Burlingame, CA) 5 minutes, counterstained with modified 

Schmidts’ Hematoxylin 5 minutes followed by a 3 minute tap water rinse to blue sections, 

dehydration through graded alcohols, clearing in 3 changes of xylene, and mounting with a 

permanent mounting media.

Additional immunohistochemistry was performed using 1:500 anti-TNF-α (Serotec, 

MCA2360Z, Dako Cytomation for double staining with anti-Factor VIII) and 1:200 anti-

IL-6 (anti-pig Clone 77830.11, R&D systems, Dako Cytomation for double staining with 

anti-Factor VIII). Samples of human prostate cancer (NF-κB) and tonsils (CD68, HIF-1α, 

TNF-α, IL-6) served as positive controls.
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After air-drying and fixation with ice-cold acetone, fresh frozen sections were stained using 

the protocol as described above (anti-Factor VIII), only modified appropriately for fresh-

frozen tissue.

Dihydroethidium (DHE)—In situ production of superoxide anion was measured in 30-μm 

frozen sections using the oxidative fluorescent dye dihydroethidium (DHE). Cytosolic DHE 

exhibits blue fluorescence, but once oxidized by superoxide to ethidium bromide it 

intercalates within the cell’s DNA, staining its nucleus a fluorescent red13.

Western Blot—For NF-κB analysis fresh frozen samples (n=3 per group) of epicardial 

coronary artery were homogenized in lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 

1% Triton-X, 10% glycerol, 2 μg/ml aprotinin, 1 mM PMSF) using a tissue homogenizer14. 

For HIF-1α analysis, nuclear samples were isolated from fresh frozen tissue using a nuclear 

extraction kit (Chemicon®, Temecula, CA, n=3 per group). The lysate protein content was 

analyzed by Bradford assay (Bio-Rad, CA). Equal amounts of protein were diluted in 4x 

reducing loading buffer and boiled. Samples were then resolved in 8% SDS–polyacrylamide 

gels. Immunoblotting was performed using a monoclonal antibody anti HIF-1α (1:200; 

Affinity Bioreagents, Golden, CO) and a polyclonal anti-NF-κB p65 antibody (1:100, Santa 

Cruz Biotechnology Inc., Santa Cruz, CA) in a non-fat milk/Tris buffer; membranes were 

exposed to secondary antibodies, anti-mouse (1:2500, Amersham Pharmacia Biotech, 

Piscataway, NJ) or anti-rabbit (1:500; BD Biosciences, San Jose, CA) conjugated to 

horseradish peroxidase, as appropriate. After developing with chemiluminescence (Pierce, 

IL)14, membranes were exposed to X-ray film (Kodak, NY). Signals were evaluated for 

integrated density using ImageJ (National Institutes of Health). ß-Actin (1:5000, Sigma-

Aldrich, St. Louis, MO) was used as the loading control.

Data Analysis

Micro-CT—In each micro-CT cross-section, vessel wall area (defined by the abluminal 

border of the adventitia) was determined as described in detail before10 Vasa vasorum were 

manually identified and counted in this vessel wall area to calculate vasa vasorum density 

(i.e., vasa vasorum per mm2 vessel wall area)10. Branching points were excluded from 

analysis. By scanning through the 3D data set (1000 reconstructed, contiguous, cross-

sections per 2-cm of scanned coronary artery) we were able to differentiate vasa vasorum 

from other vessels that may have a comparable dimension but do not stay within the 

vascular wall (e.g., intra myocardial branches).

Analysis of Micro-CT images and their corresponding NF-κB, HIF-1α, TNF-α 
and IL-6 histology slides—Micro-CT cross-sectional images were identified that 

corresponded by anatomical landmarks to the histology sections taken from the same 

coronary (Figure 1, panels A-C). Then, ten, 21 μm thick, contiguous micro-CT tomographic 

images proximal and distal to the matching image were analyzed as follows: each 

tomographic and histological cross section was circumferentially subdivided into four equal 

quadrants4, and vasa vasorum density calculated by manually counting the number of vasa 

vasorum in each vessel wall quadrant divided by its area (#/mm2, Figure 1, panel D). This 

provided a 3D-map of vasa vasorum densities (Figure 1, E) in close proximity to the 
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histology sections for later correlation (Figure 1, panel E shows the heterogeneous 

distribution of vasa vasorum spatial densities along the coronary artery). In the 

corresponding histological cross-sections stained with Elastic van Gieson the intima/media 

ratio was measured as an indicator of neointimal formation15. In adjacent 

immunohistochemistry cross-section NF-κB, HIF-1α, TNF-α, IL-6 and CD68 positive cells 

were counted in three high power-fields per quadrant (Figure 2). Finally, histology and 

immunohistochemistry-derived data were correlated with the mean values of vasa vasorum 

density per vessel wall quadrant (i.e., four data points per cross-section).

Dihydroethidium—Coronary cross sections (1/animal) were examined using a computer-

aided image-analysis program (MetaMorph, Meta Imaging Series 4.6). In each 

representative slide, fluorescence was semiautomatically quantified in 15–20 fields by the 

computer program (intensity by area), and the results from all fields were averaged16, 17. In 

sequential fresh frozen sections, vasa vasorum positive for von-Willebrand-factor (vWF, 

Factor VIII), and their density was correlated with DHE fluorescence using an arbitrary 

DHE scale (1=weak, 2=moderate, 3=strong DHE fluorescence).

Statistical Analysis

Quantitative data are presented as mean±SD for all arteries. Data were analyzed using 

unpaired t-test and one-way ANOVA to establish differences among groups. Correlations 

among the continuous variables were analyzed using a linear regression model. The Kendall 

tau rank correlation coefficient was used to assess the correlation between DHE grading and 

VV density.

A value of P < 0.05 was considered significant in all analyses.

RESULTS

Hypercholesterolemic pigs had significantly higher total, LDL and HDL cholesterol levels, 

while triglycerides and blood pressure didn’t differ between the groups (Table).

Vasa vasorum density in normal and high-cholesterol coronary arteries

Vasa vasorum density (#/mm2) did not differ significantly between the two groups (N vs 

HC: 2.35±0.43 vs. 2.41±0.31; p=n.s.) nor did host vessel luminal radius and vessel wall area 

(1.52±0.23 vs. 1.44±0.15 mm and 8.15±1.89 vs. 7.89±0.82 mm2; p=n.s.).

Correlation between Vasa Vasorum Density, NF-κB, HIF-1α, TNF-α, IL-6 and Intima/Media 
Ratios

Figure 3 illustrates the strong inverse correlation between vasa vasorum density and the 

number of NF-κB and HIF-1α positive cells in normal (NF-κB: r=0.73, p<0.001, HIF-1α: 

r=0.74, p<0.001) and hypercholesterolemic (NF-κB: r=0.70, p<0.001, HIF-1α: r=0.77, 

p<0.001) coronary arteries. Hence, areas with a low number of vasa vasorum showed high 

numbers of NF-kB and HIF-1 α positive cells. At high magnification those cells were 

identified as mainly endothelial and smooth muscle cells, which was confirmed by double 

immunostaining (Figure 1, online suppl.). Compared to normal, high-cholesterol arteries 
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showed significantly greater numbers of NF-κB positive cells per cross section (N vs. HC: 

98±20 vs. 225±62; p<0.001) but not of HIF-1α positive cells (N vs. HC: 163±91 vs. 

121±64; p=n.s.). In hypercholesterolemic arteries there was subtle subintimal thickening 

(expressed by intima/media ratio) that did not reach statistical significance in comparison to 

control arteries (N vs. HC: 0.24±0.11 vs. 0.36±0.14; p=n.s.). However, the intima/media 

ratio was inversely correlated to vasa vasorum density in hypercholesterolemic arteries 

(Figure 2, online suppl., HC: r=0.65, p<0.001 vs. N: r=0.03, p=0.83). In HC but not in 

control RCAs intima/media ratios also correlated well with the number of NF-kB positive 

cells (Figure 2, online suppl., HC: r=0.64, p<0.001 vs. N: r=0.05, p=0.71). In addition, we 

found inverse correlations between vasa vasorum density and TNF-α and IL-6 positive cells 

in both, control and HC animals (Figures 3 and 4, online suppl.).

Staining for CD68 showed few macrophages in only some sections of HC animals, 

indicating the very early phase of atherogenesis in our porcine model. In several instances 

we observed that the endothelium of the main lumen but also that of vasa vasorum as well as 

adjacent cells within the vessel wall appeared to be involved in early inflammation (Figure 

5, online suppl.).

Superoxide Production (DHE fluorescence) within the Coronary Vessel Wall

Figure 4 (A-D) shows that in the vessel wall of HC coronary arteries, superoxide production 

(as indicated by increased DHE fluorescence) was significantly higher than in control 

animals (38.5±11.5 vs. 5.6±4.8 % threshold area, p<0.001). Figure 4 (E and F) also shows 

that areas with lower vasa vasorum density (endothelial cell staining by factor VIII) showed 

increased superoxide production. Using an arbitrary scale for DHE fluorescence intensity we 

found a significant inverse correlation between vasa vasorum density and DHE fluorescence 

in normal and HC pigs (Kendall tau rank correlation coefficient −0.64 and −0.63, 

respectively).

NF-κB and HIF-1alpha protein expression (Western Blotting)

Western Blot analysis confirmed the expression of NF-κB and HIF-1α in coronary arteries 

of both groups. Coronaries of the HC group showed significantly higher expression of both 

proteins compared to control coronaries (Figure 6, online suppl.).

DISCUSSION

This study demonstrates that in control and high cholesterol animals coronary vessel wall 

regions with low vasa vasorum spatial densities show increased hypoxia, oxidative stress, 

microinflammation and early subintimal thickening.

Direct correlation of histology/immunohistochemistry data with the vasa vasorum density 

derived from corresponding micro-CT cross-sections revealed significant, inverse 

correlations between vasa vasorum density, NF-κB, HIF-1α, TNF-α and IL-6 positive cells. 

In addition, in hypercholesterolemic pigs, which showed subtle subintimal thickening, 

intima/media ratios also were inversely correlated to vasa vasorum density. This new 

information indicates that the inherently heterogeneous, patchy distribution of vasa vasorum 

spatial densities within the coronary vessel wall, which can already be observed in coronary 
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arteries of 1-month-old piglets18, may be a morpho-anatomical factor determining the 

location of atherogenesis4. Groszek and Grundy speculated 1980 that atherogenesis occurs 

in vessel wall areas with a relative paucity of vasa vasorum due to a decreased efflux of 

lipoproteins from the artery wall19. The current study demonstrates that vessel wall areas 

with a low number of vasa vasorum show impaired oxygenation, demonstrated by the 

increased number of HIF-1α positive cells. In addition, these areas also showed increased 

levels of oxidative stress (DHE staining) and signs of microinflammation (NF-κB, TNF-α, 

IL-6 staining). The activation of NF-κB in this early phase may be stimulated by local 

hypoxia and accumulation of oxidized metabolites leading to increased oxidative stress. This 

results in the translocation of NF-κB to the nucleus, binding of DNA and activation of the 

transcription of specific genes which others suggest finally leads to the expression of 

cytokines, adhesion molecules and enzymes, which have an important role in inflammation 

and proliferation20-22. Based on these observations we hypothesize that the increased 

activation of NF-κB in vessel wall areas with low vasa vasorum densities, leads to an 

accentuated attraction of further pro-atherogenic factors into these vessel wall areas. This 

hypothesis is supported by our finding that in hypercholesterolemic RCAs the number of 

NF-κB positive cells correlated with early subintimal proliferation. The normal, 

heterogeneous distribution of vasa vasorum spatial densities that we find in all porcine 

coronary arteries4, even in 1-month-old piglets18, may, therefore, greatly influence the 

subsequent heterogeneous distribution of atherosclerosis. Fewer coronary artery vasa 

vasorum (both venous and arterial4) means less supply to, and drainage from, that specific 

region of the coronary vessel wall. Conceivably, during exposure to cardiovascular risk 

factors, pro-atherosclerotic substances, like oxLDL, can accumulate here due to decreased 

venous draining and induce microinflammation and finally neointima formation23. The 

decreased oxygen/nutrient supply due to fewer arterial vasa vasorum potentiates this process 

further, as previously alluded to in experiments performed by Barker and coworkers1. In 

those experiments the selective occlusion of arterial vasa vasorum of porcine femoral 

arteries was associated with intimal hyperplasia.

In the more advanced atherosclerotic process, when the atherosclerotic lesion progresses, 

angiogenic factors are released, and eventually lead to vasa vasorum neovascularization24. 

In this situation, higher densities of vasa vasorum may actually aggravate the atherosclerotic 

process as suggested by the histology-based results of Moulton et al.2, 3. In those 

experiments the inhibition of angiogenesis reduced plaque growth in hypercholesterolemic 

apoE −/− mice supporting a role of vasa vasorum as entry ports for proatherosclerotic 

cellular and non-cellular blood components. Indeed, we also occasionally observed 

histological evidence of early inflammation in the close proximity of the vasa vasorum in 

hypercholesterolemia (Figure 5, online suppl.).

In the current study, however, we evaluated specifically atherogenesis at a very early stage, 

which is also indicated by the non-significant increase in intima-media ratio.

There are only limited data in the literature analyzing the immediate spatial relationship of 

vasa vasorum and atherosclerosis, let alone early atherogenesis. Schuette et al.25 found no 

relationship between the distribution of vasa vasorum in the aortic wall and the predilected 

areas of atherosclerotic plaques in the human aorta using India ink injections. However, they 
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used human aortae obtained from autopsy where atherosclerotic plaques had already 

developed. It is likely that these data did not fully reflect the early process of plaque 

development as more recent work has documented that atherosclerotic plaques lead to vasa 

vasorum neovascularization3, 24.

The current study shows that pro-atherogenic oxidative stress and microinflammation are 

heterogeneously distributed within the coronary vessel wall and spatially related to the 

heterogeneous distribution of vasa vasorum spatial densities. Moreover, we could 

demonstrate that these processes already start in the normal coronary artery wall and are 

further enhanced by atherosclerotic risk factors like hypercholesterolemia even before the 

development of significant intima-media remodeling. Nevertheless, early subintimal 

proliferation was also inversely related to vasa vasorum density and accompanying vessel 

wall microinflammation.

We obtained a 3D-map of vasa vasorum densities from a stack of contiguous micro-CT 

cross-sections surrounding the location of the corresponding histology/immunohisto-

chemistry sections. Thus, the derived vasa vasorum densities (from non-distorted, vessel-

continuity-preserving micro-CT data) reflect vasa vasorum 3D spatial anatomy. The 

thereby-obtained density data are more accurate and reliable than data from single, non-

contiguous, sections from conventional histology, in that the absence of vasa vasorum in 3D 

micro-CT images is more likely to be representative of the local situation than absence of 

vasa vasorum in a few separated histology sections.

In contrast to micro-CT data derived from the LAD microcirculation in younger female pigs, 

with higher cholesterol levels26, we did not see vasa vasorum neovascularization in high-

cholesterol RCAs (LADs from the pigs of our current study were used for additional 

experiments including Western Blotting which excluded an appropriate Microfil preparation 

for Micro-CT scanning). Another possible explanation for this delay in vasa vasorum 

neovascularization is also the different hemodynamic environment the RCA is subjected to. 

In contrast to the left coronary bed, the RCA’s ratio of systolic to diastolic flow at rest is 

substantially greater27. Nevertheless, the absence of RCA vasa vasorum neovascularization 

observed in the current study (but may have developed at a later time) offered the 

opportunity to assess the described vessel wall processes dissociated from neo-angiogenesis 

and, hence, in the very early phase of atherogenesis. Based on our current and earlier micro-

CT studies in control pigs (newborn piglets18 and pigs of up to 6 months of age) 

demonstrating an inherently patchy, non-uniform, spatial distribution of low vasa vasorum 

density territories in all coronary arteries it is very unlikely that these low vasa vasorum 

densities are the result of atherosclerosis, especially since our animal model is a model of 

early atherosclerosis. Further studies have to show if there is a differential reaction to 

angiogenic stimuli between different coronary vascular beds possibly based on additional 

anatomical and functional differences (shear stress, flow patterns, mechanical forces, intra-

myocardial compression27), age28 and maturation18.

The conclusions presented here are limited to our observations in 12 pigs. Studies with a 

larger number of pigs and/or animal models may be necessary to confirm our results.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Methods
Panel A is a computer-generated surface display of a coronary artery lumen and its branches 

scanned with micro-CT. The upper-left panel B is a micro-CT cross-sectional image of that 

coronary and panel C is the corresponding Lawson’s Elastic van Gieson stained histology 

cross-section (the close match is appreciable by corresponding anatomical landmarks in both 

images [red arrow heads]). Vasa vasorum (black arrows) are differentiated from myocardial 

branches (*) by manually tracing the origin and destination of the vessels in hundreds of 

consecutive micro-CT images of the coronary. Next, vasa vasorum densities (vasa/mm2) are 

calculated in all four vessel wall quadrants (panel D; EPI-L stands for epicardial left 

quadrant) in ten, consecutive micro-CT cross sections (indicated by white lines in panel A) 

that are adjacent to the cross-section from panel B. Panel E: Calculated vasa vasorum 

densities (0 to 10 vasa vasorum per quadrant as indicated by the color-coded legend) are 

then displayed in a 3D map of vasa vasorum densities referenced to the endothelial 

surface 4. The patchy spatial distribution of high and low vasa vasorum densities is 

reminiscent of the patchy distribution of atherosclerotic plaques. Finally, vasa vasorum 

densities and quantitative histology data (intima-media ratios and the number NF-κB and 

HIF-1α positive cells from three high-power fields per vessel wall quadrant) are correlated.
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Figure 2. 
Representative examples of corresponding micro-CT, Elastic van Gieson (EVG), NF-κB, 

and HIF-1α slides. Anatomical landmarks (*) helped to find corresponding slides. Two 

areas (white boxes, 1 and 2) from two different vessel wall quadrants are indicated in the 

micro-CT image and can be followed in the corresponding histological sections (sections 

stained for NF-κB and HIF-1α correspond to the upper micro CT and EVG sections; EVG, 

NF-κB and HIF-1α sections are adjacent to each other). (1) represents an area with a higher 

vasa vasorum density and shows less NF-κB and HIF-1α positive cells than (2) which 

represents an area with a lower vasa vasorum density. Vasa vasorum are shown as small 

black dots in the micro-CT cross-section because they are filled with contrast, the white 

arrowheads point at vasa vasorum; see also Figure 1. Magnifications, ×2, ×40, and ×125.
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Figure 3. 
Correlation between vasa vasorum spatial densities and NF-κB and HIF-1α in control and 

high-cholesterol RCAs. The graph shows that in both control and high-cholesterol animals 

there is a strong inverse correlation between NF-κB and HIF-1α positive cells and vasa 

vasorum spatial density.
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Figure 4. 
Dihydroethidium (DHE, orange/red) quantification in normal (A and B) and high cholesterol 

coronary arteries (C and D) shows significantly increased oxidative stress (increased 

expression of DHE) in hypercholesterolemic coronaries (mid panel, * p<0.001). E, F: 

Representative examples showing that within one cross-section DHE expression was higher 

(panel E, marked by *) in vessel wall areas with low vasa vasorum densities (marked by * in 

panel F; vasa vasorum are indicated by the black arrow head and stained with factor VIII in 
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a corresponding section). In contrast, areas with higher vasa vasorum densities showed less 

DHE expression (white arrowhead in panel E). Magnification, ×20 and ×100.
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TABLE

Group N (n=6) Group HC (n=6)

Heart Weight (g) 374±28 360±31

Total Cholesterol (mg/dl) 72±12 288±94*

Low Density Lipoprotein (LDL) 36±9 171±68#

High Density Lipoprotein (HDL) 33±4 118±36*

Triglycerides 27±9 17±13

Blood pressure syst. (mmHg) 127±16 121±18

Blood pressure diast. 97±12 93±12

Heart rate (bpm) 79±17 72±14

Body and heart weights, lipid levels, and hemodynamic characteristics of normal (N) and hypercholesterolemic (HC) pigs.

*
P<0.001

#
P<0.01.
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