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Summary
The role of vasa vasorum (VV) in atherosclerosis is hotly de-
bated, and new experimental techniques have recently opened
an opportunity to take a fresh look at this important topic.Al-
though the proliferation ofVV due to atherogenic stimuli is con-
troversial, experimental and clinical evidence strongly suggest
the potential ofVV in vascular proliferative disorders. In the past,
paradigms of atherosclerosis and restenosis have excluded the
adventitia andVV in the artery wall due, in part, to a lack of i) ap-
propriate animal models featuring adventitialVV neovasculariz-
ation, ii) imaging technologies to quantitate adventitial VV and
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plaque neovascularization and iii) its consequences, concerning
information on detectable plaque substrate in vulnerable
lesions. VV proliferation is associated with increasing plaque
burden and is linked to cellular processes which are critical dur-
ing the development of atherosclerotic plaques such as inflam-
mation, plaque perfusion and concomitant intraplaque hem-
orrhage – but the regulation and induction ofVV based on path-
ological settings are poorly understood.This review discusses
the current scientific status and its controversies and identifies
open research questions.

Thromb Haemost 2007; 97: 873–879

Review Article

Vasa vasorum
Various studies in different species demonstrated development
of vasa vasorum (VV) in the first weeks of gestation and during
growth (1–3). In these studies it has been reported that the in-
creasing volume of VV match the increasing needs of the grow-
ing vessel wall. With advancing age, the VV tree structure ex-
pands and covers a larger volume of vessel wall instead of only
deployingmore branches in the same volume of the vesselwall.
Wolinsky and Glagov (4) reported that the extent and the dis-

tribution of vascularization of the vessel by VV depends on the
vessel wall thickness. In blood vessels larger than 0.5 mm in di-
ameter nourishment of the media is supplemented by VV.
Three different types of VV have been described by Schoe-

nenberger and Mueller (5): the vasa vasorum externae (VVE),
the vasa vasorum internae (VVI) and the venous vasa vasorum
(VVV) (Fig. 1). Schoenenberger and Mueller defined the VVE
as originated from major branches and the VVI as originated
from the main lumen of the aorta (5). TheVVV drain the arterial
wall in concomitant veins. These findings were supported by
Gossl et al. (6) where VV in porcine coronary arteries were

studied. In this study, it was found that the volume of vessel wall
tissue perfused or drained by theVV tree correlated well with the
cross-sectional area of the root segment of the VV tree.
VV have been described as a network or plexus of microves-

sels in the wall of arteries by several investigators (7–11). A net-
work or plexus of vessels is defined as a connection of arteries to
other vessels’ perfusion territories, both antegrade or retrograde
perfused with each other. Using microembolization techniques,
Gossl et al. (12) demonstrated for the first time thatVV are func-
tional endarteries.

Stimuli of vasa vasorum neovascularization
Vascular endothelial growth factor (VEGF) is a potent angio-
genic factor in physiological and pathophysiological conditions.
However, little is known regarding the changes in adventitialVV
and themechanism of the formation in hypertensive arteries. Re-
cently, it has been shown that hypertension not only induced
medial and adventitial thickening but also significantly in-
creased adventitial VV. Furthermore, concomitant expression of
VEGF and a hypoxia-inducible transcription factor was ob-
served in the outer layers of medial smooth muscle (13). Using
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recombinant human VEGF, Celletti et al. (14) demonstrated an
increase in the rate and degree of atherosclerotic plaque
formation in the thoracic aorta in a cholesterol-fed rabbit model.
Moreover, VEGF significantly increased macrophage levels in
bone marrow and peripheral blood and increased atherosclerotic
plaque area significantly compared with controls (15).
In many developing tissues, local angiogenesis may be regu-

lated by tissue oxygen levels (16). Consequently, diffusion
length increase due to atherosclerotic lesions may produce a
relatively hypoxic state which in turn triggers VV formation by
the production of angiogenic factors. Moreover, it has been re-
ported that acute vessel wall hypoxia increased the conductance
ofVV in arteries and veins in dogs (17). In hypoxia-induced pul-
monary artery hypertension, adventitial VV neovascularisation
was reported in rats (18).

Other pro-atherogenic stimuli, i.e. hypertension, have been
demonstrated to induceVV growth in rats (19). Controversial data
exist about the influence of hypercholesterolemia and VV. Re-
cently, Gossl et al. (20) demonstrated in coronary arteries no in-
crease ofVV total luminal surface area due to high plasma choles-
terol in pigs. This is in contrast to previous findings reporting an
increase in VV density in hypercholesterolemic coronary arteries
(7, 21). Additionally, hypercholesterolemia does not alter the de-
livery of oxygen to the artery wall prior to the formation of athero-
sclerotic lesions (22). Several studies (23–25) concerning diet-in-
duced hypercholesterolemia in pigs and its impact onVV reported
an increased VV neovascularization in the adventitia layer before
the development of vascular lesions. Arterial remodelling due to
hypercholesterolemia causes thickening of the vascular wall in
C57/BL mice (26) at an age of 24 weeks, and resembles the struc-
tural changes present in the early phase of atherosclerotic devel-
opment. However, C57/BL mice do not develop VV in the aorta.
Consequently, it raises the questionwhether hypercholesterolemia
per se is the factor stimulating angiogenesis of VV.

Vasa vasorum and their contribution to inflammation
Recent studies have emphasized the involvement of VV in in-
flammation and atherosclerosis. Although the proliferation of
VV due to atherogenic stimuli is controversial, experimental and
clinical evidence strongly suggest the potential ofVV in vascular
proliferative disorders.
VV may be suitable therapeutic targets, because they may

contribute to plaque development in several different ways:
through (1) alterations of arterial blood, oxygen, and nutrient
supply to the plaque; (2) changes in venous drainage of venous
VV; (3) their role as a conduit for inflammatory cells; and (4) via
their influence on plaque stability and instability. However, in
addition to inflammation, a key process involves angiogenesis
and proliferation of VV. In normal arteries adventitial inflam-
mation is absent, but once atherogenesis occurs, adventitial in-
flammation increases with plaque development (27, 28). Sup-
porting these findings, Moos et al. (29) reported that the lamina
adventitia is themajor site of immune cell accumulation in apoli-
poprotein E (apoE)-/--deficient mice thereby exceeding those of
the neo-intima by 85-fold in animals at the age of 78 weeks.
Inflammatory reactions due to vasculitis, i.e. Takayasu arte-

riitis, appear to begin in the adventitia where inflammatory cells
are located close to the VV (30, 31). The inflammatory process
within the vascular wall comprises a complex pathophysiologi-
cal interplay between endothelial cells, circulating blood cells
and humoral mediator systems and involves the activation of en-
dothelial cells and leukocytes followed by the expression of ad-
hesion molecules, enhanced endothelial-leukocyte-interaction,
release of cytokines and subsequent activation of the coagulation
and fibrinolytic system and the complement cascade. From its
own nutritive vascular system, the vessel wall is infiltrated by in-
flammatory cells which destroy medial and intimal structures
(32, 33). Furthermore, the inflammatory process within the VV
may lead to the stasis of blood flow, loss of endothelial barrier
function, increased vascular permeability and subsequent ex-
travasation of fluid and proteins. Consequently, ischemia and fi-
brinoid necrosis of the “macrovessel” wall occur. On the one
hand, the progression of the inflammatory process may lead to
the formation of aneurysms causing rupture or dissection of the
vessel wall. On the other, endothelial and intimal structures of
the “macrovessels” are involved, leading to intimal thickening
and endothelial activation with subsequent luminal narrowing
and thrombus formation (34). However, intimal and medial
changes due to “vasa vasoritis” resemble inflammatory reactions
within the vascular wall due to atherosclerosis.
The exact function of VV in inflammation due to athero-

sclerosis is still subject of debate. In early atherosclerosis, VV
may contribute to lesion development through nutrient and
oxygen supply to the plaque and through their role as a conduit of
inflammatory cells (Fig. 2). Moreover, blocking plaque neov-
ascularization by angiostatin reduces progression of advanced
atherosclerosis in apoE-/--knockout mice (35). Moreover, this
study indicates that VV density correlates highly with the extent
of inflammatory cells, not the size of atheromas in apoE-defi-
cient mice. This effect was accompanied by reduced frequency
and density of VV in advanced atherosclerotic lesions.
In animal models of hypercholesterolemia-induced athero-

sclerosis (36) as well as in human atherosclerosis (37), advanced

Figure 1: Different types of vasa vasorum (VV).ArterialVV (VVI
andVVE) are branching into the arterial wall. The venousVV are draining
in the concomitant venous system (Reprinted with permission from
Wiley-Liss, Inc. a subsidiary of JohnWiley & Sons, Inc. from: Gössl M,
Rosol M, Malyar NM, et al. Functional and hemodynamic characteristics
of vasa vasorum in the walls of porcine coronary arteries. Anat Rec
2003; 272A: 526–37).

For personal or educational use only. No other uses without permission. All rights reserved.

Downloaded from www.thrombosis-online.com on 2012-06-19 | ID: 1000468627 | IP: 130.60.47.68



Langheinrich et al.Vasa vasorum and atherosclerosis

875

plaque vascularization may give rise to a substantial percentage
of the VV that contribute inflammation and lesion formation.

VV neovascularisation and its contribution to
aneurysm in different vascular beds
There is an increasing body of evidence that the vessel wall is in-
filtrated by inflammatory cells from its own nutritive vascular
system, destroyingmedial and intimal structures (32, 33).There-
fore, the progression of the inflammatory processmay lead to the
formation of aneurysms causing rupture or dissection of the
vessel wall (Fig. 3). Recent studies have shown that increases in
proteolytic activity are associated with abdominal aortic aneu-
rysm. Herron et al. (38) identified tissue inhibitor of metallopro-
teinase (TIMP) and gelatinase by immunoperoxidase staining in
human dilated aortic wall. Moreover, this connective tissue pro-
teinases and inhibitors were spatially localized to adventitialVV,
suggesting involvement of VV in the maintenance and possibly
the genesis of abdominal aortic aneurysm.
The pathogenesis of intracranial arterial aneurysms remains

unclear. It has been demonstrated that human intracranial ar-
teries in neonates, children and adults do not have VV (39). In
contrast, Connolly et al. (40) identified endothelial-lined chan-
nels in the proximal intracranial vessels in humans. These
vessels might represent intracranialVV, which in turnmight play
a role in intracranial dissection and aneurysms. Supporting this
study,VV have been found to be spatially and frequently associ-
ated with intrinsic atheromatous plaques and large thick-walled

aneurysms in human intracranial arteries (41). Adventitial in-
flammation leads to a weakening of the media from the ablumi-
nal part of the vessel wall due to the release of proinflammatory
factors that invade themedia, thereby degrading the extracellular
matrix, the elastic lamina of the vascular wall, and, finally, the in-
tegrity of the vessel lumen.This in turn results in a dilation of the
vessel and aneurysm formation. Indeed, this hypothesis and the
empirical use of anti-inflammatory drugs in giant intracranial
aneurysms have been confirmed by recent studies (42) reporting
that an enzyme involved in the inflammatory cascade (5-lip-
oxygenase or 5-LO) promotes the pathogenesis of specific aneu-
rysms in humans.

VV neovascularisation and its contribution to
atherosclerosis in different vascular beds
The arterial vasculature presents substantial variation in its sus-
ceptibility for development of atherosclerotic lesions. The dis-
tribution and location of plaques throughout different vascular
beds exhibits different clinical presentations, the most severe
consequences being myocardial infarction, stroke and claudi-
cation. A significant difference also exists in the prevalence and
severity of atherosclerotic lesions in coronary, cerebrovascular
and peripheral circulation based on clinical (43–45), autopsy
(46, 47), and animal studies (23, 48). Although a variety of dif-
ferent effects may contribute to lesion formation in different vas-
cular beds, the underlying mechanism(s) of this heterogeneous
response is not yet defined.
More than three decades ago, the heterogeneity of VV dis-

tribution of the human aortic wall was demonstrated (10), but
this was not correlated to the regional propensity for plaque

Figure 2: Adventitial Inflammation andVV in apoE-/-/LDL-/-
double knockout mice.A) Intimal macrophage/foam cell plaque con-
taining mononuclear inflammatory cells, mild fibrosis of the media and
marked mononuclear infiltrating cells within the adventitia accompanied
by some polymorphonuclear leukocytes (HE, original magnification x40).
B) Same area as in panel A showing transmural inflammatory-type dis-
ruption of elastic lamellae and intimal, medial and adventitial fibrosis (HE
& Elastica, original magnification, x40). C) Contrast-enhancedVV are
continuously present at the border to the external elastic layer (C, black
arrows) surrounded by CD11b-positive cells. D) Media atrophy and
degradation of elastic laminae (2) with dense adventitial inflammation
and adventitialVV (3) (black arrows) as well as contrast enhanced micro-
vessel in the media (red arrow) (HE, original magnification x20). Note,
the inner elastic layer is intact indicating an “outside-to-inside” inflam-
mation.

Figure 3: Intraplaque hemorrhage in the descending aorta in
apoE-/-/LDL-/- double knockout mice at the age of 80 weeks. Ser-
ial sectioning (A, E, glycophorin A; B, F, Movat Penatchrome, C, G, H&E,
D, H, MassonTrichrome; magnification x40). A) Intense staining for gly-
cophorin A together with cholesterol clefts and severe adventitial inflam-
mation with monocytic cells correlates with the prevalence of adventitial
VV.VV are continuously present at the border to the external elastic
layer (B, black arrows). C, D) Media atrophy and degradation of all
elastic laminae (black arrows) with dense adventitial inflammation (with
permission from Ref. [72]).
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formation. Recently, the distribution of VV in different vascular
beds has been shown (23), with the limitation that those vessels
did not show any atherosclerotic lesions. However, those studies
did not address the issue of local variations in the transmural
pressure gradient among different vascular beds. A wall that is
not supported at its abluminal surface would have a large press-
ure gradient which would drive diffusion into the wall via
Darcy’s law (49) as well as compress some of the arterial and ve-
nous VV. The latter effect is conceivably the most important, as
the compression of the venousVV might prevent removal of so-
lute that entered the wall at a rate equal to the influx from the ar-
terial lumen. As illustrated schematically in Figure 4, an impor-
tant consequence of the anatomic location and branching archi-
tecture of theVV, which enter the arterial wall via the adventitia,
is that flow through theVVcannot proceed far into themedia due
to the compressive force within the arterial wall as described by
Lamé’s law.
However, arteries that are completely surrounded by an in-

compressible tissue, such as intra-cerebral arteries (which are
surrounded by solid tissue which is constrained within the liquid
shell), would also have reduced transmural pressure gradients.
This reduced transmural pressure gradient would diminish so-
lute transport into the wall. Similarly, arteries that are supported
by surrounding muscle, such as intramyocardial vessels, could
also have reduced transmural pressure gradient so that solute
transport into the wall could also be reduced. Inmice, vessels be-
come intramyocardial within the first 120 µm in average of their
origin from the sinus. It has been reported that apoE-deficient
mice develop atherosclerotic lesions in the epicardial coronary
arteries and within the myocardial branches, but do not develop
myocardial infarctions (50). In contrast, intramural branches of
the human coronary arteries do normally not show atheromatous
lesions (51). Moreover, in human coronary arteries, several in-
vestigations confirmed that plaque microvessels originate from
adventitial VV and are strongly positively correlated with inti-
mal thickness and negatively correlated with relative lumen size,

indicating that intimal microvessels may play an important role
in the development of atherosclerosis (52–54).
The cause for the absence of lesions in the intramyocardial

vasculature is still under debate, but it has been hypothesized that
freedom from atherosclerosis of the intramyocardial coronary
arteries is due to the lack of transmural stress, i.e. the lower or ab-
sent transmural pressure gradient (55). Previously, it has been
demonstrated that the intracerebral aswell as the intra- and extra-
myocardial arteries did not developVV, although the myocardial
vessels (but not cerebral arteries) showed atherosclerotic lesions
(56). The observed variability of VV neovascularization in dif-
ferent vascular beds supports the hypothesis that i) local vessel
lesion heterogeneity relates to vessel lumenal diameter, and ii)
only advanced atherosclerotic lesions are related to VV neov-
ascularization. The different distribution ofVV may play a criti-
cal role in the progression of atherosclerotic lesions and may
therefore contribute to the patchy manifestation of this systemic
disease in different sized vessels.
Consistent with these data, Moghadasian et al. (57) confirm-

ed the lack of atherosclerotic lesions in cerebral arteries. No
pathological changeswere observed in the brain from apoE-defi-
cient and wild-type mice. This finding is of particular interest,
because it is consistent with the hypothesis thatVV neovascular-
ization is not necessarily obligatory for each stages of lesion
formation. Recently, Okuyama et al. (58) showed anatomical dif-
ferences between human andmouse cerebral arteries which have
different hemodynamic and pathophysiological implications in
addition to the differences in their evolutionary development.
The authors hypothesized that several possible variations in
vessel anatomy may cause differences in flow and pressure
gradients in different cerebral arteries, because the circle ofWil-
lis in the mouse does not complete a loop of cerebral arteries. On
the contrary, one can argue that intracerebral arteries do not de-
velop atherosclerotic lesions; the forming of a complete loop of
the cerebral arteries during ontogenesis has no survival value.

Figure 4: Analytic model of mechanical and
fluid dynamic forces affecting arterial wall
perfusion by vasa vasorum (VV). Pω is intra
mural pressure at distance R from the center of
the coronary artery lumen, Pε is the pressure in
the coronary artery lumen, PL is pressure in
lumen ofVV at distance L from the origin of the
VV. ‘a' is radius of coronary artery lumen, ‘b’ is the
radius of the outer adventitia, R is the radial dis-
tance of a point within the coronary arterial wall,
fε and fvv are the fluxes of solutes form the cor-
onary arterial lumen and into the vasa vasorum
respectively, as determined by Darcy’s Law. ‘ri’ is
the radius of the ‘proximal’ vasa vasorum lumen.
Area ε is the coronary arterial endothelial surface
area across which solute flux occurs andAreaw
being the area of the vasa endothelial surface
within the wall at distance R within the wall (with
permission from Dr. E. L. Ritman, Mayo Clinic
College of Medicine, Rochester, MN, USA; figure
reprint from Current Cardiology ReviewsVol. 3,
No. 2, 2007; in press).

For personal or educational use only. No other uses without permission. All rights reserved.

Downloaded from www.thrombosis-online.com on 2012-06-19 | ID: 1000468627 | IP: 130.60.47.68



Langheinrich et al.Vasa vasorum and atherosclerosis

877

Data, published by Sollberg (59) andWeber (47) indicate that
atherosclerosis affects different vascular beds to a different ex-
tent. The aorta and proximal coronary arteries frequently have
atherosclerotic changes. Vink et al. (60) showed severity of
atherosclerosis to be highest in the coronary and lowest in the
brain-supplying arteries.
The different patterns of VV neovascularization in different

vascular beds may be useful for testing other hypotheses believ-
ed to explain the different plaque distribution in various vascular
beds, such as systemic inflammatory factors.

VV and their contribution to intraplaque hemorrhage
Intraplaque hemorrhage represents an event in the induction and/
or as a consequence of instability of advanced atherosclerotic
lesions. Intraplaque hemorrhage is believed to arise from the dis-
ruption of thin-walled microvessels that are lined by a discon-
tinuous endothelium without supporting smooth-muscle cells
(61). Iron should accumulate in a lesion after hemorrhage (62),
as part of each erythrocyte, whether isolated or within macro-
phage-derived cells that have phagocytosed the red blood cells
(63). Supporting this idea, Lee et al. (64) suggested that hemo-
globin/haeme released from the phagocytosed erythrocytes may
contribute to at least part of iron deposition in atherosclerotic
lesions in apoE-deficient mice.
Recently, neoangiogenesis as a source of intraplaque hemor-

rhage has been reported in carotid arteries in apoE-deficient
mice (65). In this study, CD31 (PECAM-1) staining did reveal
colocalization of plaque microvessels and sites of extravasated
and degraded erythrocytes, consistent with intimal neo-angio-
genesis as a feasible source for intraplaque hemorrhage.
These data are consistent with the findings of Kolodgie et al.

(62) who showed that the degree of reactivity of glycophorin A
and that the magnitude of iron accumulation corresponded to the
size of the necrotic core. The increase in these variables paral-
leled the increase in the density of macrophages, raising the
possibility that the hemorrhage itself serves as an inflammatory
stimulus (Fig. 3).
Capillary-like microvessels were shown in very early athero-

sclerotic lesions (type II) in human carotid artery samples, as-
sociated with accumulations of macrophages, mast cells, and T
cells, indicative of local inflammatory reactions (66). Evidence
of local microvascular damage with subsequent intraplaque
hemorrhage within the shoulder regions in human carotid ar-
teries are demonstrated by extravascular red blood cells, macro-
phages containing haemosiderin, and perivascular fibrin deposi-
tion (67). Such findings indicate that plaque neovascularization
is an important feature of plaque development and may provide
an important source of intraplaque hemorrhage (68).
Moreno et al. (69) demonstrated the correlation of the pres-

ence of VV and inflammatory cells in human aortas. Lesions
with intraplaque hemorrhage also had increased numbers of in-
traplaque microvessels, i.e. microvessel density was low in
lesions with mild plaque inflammation and increasingly higher
in lesions with moderate or severe inflammation.
It has been reported that patients with symptomatic athero-

sclerosis had a denser network of VV than patients with asymp-
tomatic disease, and that this denser network of VV was accom-
panied by a strong inflammatory reaction within the vascular

wall (37). These findings are supported by several investigations
showing that the inflammatory response in the adventitia (in-
creased expression of interleukin-6, tumor necrosis factor-alpha,
monocyte chemoattractant protein-1, vascular cell adhesion
molecule-1) could also alter atherogenesis (70, 71).
Supporting the link of VV proliferation and inflammation is

the observation thatVV density correlates highly with the extent
of inflammatory cells within the plaque, not the size of athero-
mas in apoE-deficient mice (35). Previously, it has been demon-
strated that adventitial VV density and adventitial inflammation
correlates in different advanced atherosclerotic lesions (72) and
in different vascular beds (56) in apoE-/-/LDL-/- mice. In this
study, it was reported that the spatial location and magnitude of
VV density and adventitial inflammation were strongly cor-
related in advanced atherosclerotic lesions and identified as an
independent correlate to different categories of advanced lesion

Figure 5: Distribution ofVV in apoE-/-/LDL-/- double knockout
mice at the age of 80 weeks.A)Volume rendered high-resolution
synchrotron-based Micro-CT image of the descending aorta in apoE-/-/
LDL-/- mice demonstratingVV (2 µm voxel size). B) The 3D relationship
of the arterial (red) and venous (blue)VV perfusion territories is demon-
strated.
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