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ABSTRACT

Lymphatic vessels are important in reverse
cholesterol transport and play a crucial role
in regression of atherosclerotic plaque in
experimental animal models. Therefore, we
attempted to analyze adventitial microcircu-
lation including lymphatic vessels and
adventitial macrophages in large human
arteries in various stages of atherosclerosis.
Eighty-one arterial segments of large arteries
(iliac arteries and abdominal aortas) were
obtained from deceased organ donors.
Lymphatic vessels were identified using anti-
LYVE-1 and anti-D2-40/ podoplanin
immunohistochemical staining. Adventitial
blood vessels and macrophages were visualized
using anti-CD-31 and anti-CD-68. Intimal
thickness was measured under 100x
magnification with an Olympus BX 41 light
microscope using the visual mode analySIS
3.2 software. Lymphatic vessels were counted
in each cross section of the examined arteries,
and adventitial blood vessels (CD31+) were
counted using the “hot spot” method.
Statistical analysis was performed with
Statistica 9.1 PL software (StatSoft, Cracow,
Poland). Mann-Whitney, F-Cox, Chi-square,
and Spearman’s correlation tests were
performed and the differences were considered
significant at p<0.05. Lymphatic and blood
vessels in the adventitia of examined arteries
were identified and quantified. Significant
positive correlations were found between the
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number of adventitial lymphatics (LYVE-1 +)
and intimal thickness (r=0.37; p<0.05) as well
as with age of the subjects (r=0.3; p<0.05).
Thus, lymphatic vessels are present in the
adventitia of large arteries in humans and the
number of adventitial lymphatic vessels
increases with progression of atherosclerosis
as assessed by intimal thickness.
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Adventitia, the most external layer of
arterial wall, was for decades neglected by
researchers, and the idea of adventitia being
a player in atherogenesis, a process affecting
predominantly the arterial intima, was not
considered (1). However, within the last
several years, the adventitia was found to be
involved in atherogenesis even in its early
stages. In experimental atherosclerosis,
adventitial inflammation with neovasculari-
sation of the adventitia was observed (2-4).
In human studies, adventitial vasa vasorum
density corresponded with the degree of
atherosclerosis and was the origin of vasa
vasorum in atheromatous intima (5,6). On
the other hand, impairment in the adventitial
microcirculation has been linked to accele-
rated atherosclerosis (7-9).

Lymphatic vessels within the arterial wall
and adventitia were described many years
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ago (10). Adventitial lymphatics are crucial
for the reverse cholesterol transport from the
arterial wall as shown by Nordestgaard et al
in animal studies (11) and in analysis of
human peripheral lymph (12). Arterial wall
lymphostasis (13,14) has been linked to the
development of atherosclerosis and other
arteriopathies (15-18). In human coronary
vessels, hemangiogenesis and lymphangio-
gensis were observed in the arterial intima
(19) and increased microvascular density was
found to correspond with intimal thickness
(20). However, the presence of lymphatics in
the adventitia of coronary arteries in humans
is contested by some researchers (21).

The most direct evidence linking the
arterial lymphatic system and atherosclerosis
has come from animal studies. Llodra et al
described a model of atherosclerosis
regression in mice, documenting the role of
macrophages migrating to regional lymph
nodes in plaque clearance (22). Recently, the
importance of adventitial lymphatics for
arterial wall homeostasis has once again been
postulated (23).

We have previously described lymphatic
vasa vasorum in human carotid arteries (24).
Adventitial lymphatics are important for
transport of cholesterol and lipid laden
macrophages from the arterial wall and may
proliferate in response to hypercholes-
terolemia and other atherogenic risk factors
as a part of a defense mechanism as well as
a response to adventitial inflammation.

In our current study, we have attempted
to analyze adventitial microcirculation
including lymphatic vessels and adventitial
macrophages in large human arteries in
various stages of atherosclerosis.

MATERIAL AND METHODS

Segments of large arteries (iliac arteries
and abdominal aortas) were obtained from
deceased organ donors by the surgeons from
the transplant team. The operations were
performed at the Department of Vascular,
General and Transplantation Surgery,
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Wroclaw Medical University. Eighty-one
arterial segments from 53 subjects were
analyzed. All of the arterial samples were
obtained from deceased donors at the time
of organ harvesting for the purpose of
transplantation. The main cause of death in
organ donors was intracranial hemorrhage
or stroke. Subject age varied from 17 years to
65 years (Table 1). The study was approved
by the Bioethical Committee of the Wroclaw
Medical University.

Tissue Preparation

All arterial wall samples were initially
fixed in 4% buffered formaldehyde solution.
Subsequently, arterial wall fragments were
embedded in paraffin and cut into 5 pm
sections. Paraffin sections from all 81 arteries
were stained with hematoxylin and eosin for
initial histological evaluation.

Immunohistochemistry

Immunohistochemical staining of
lymphatic vessels was performed using anti-
LYVE-1 and anti-D2-40/podoplanin
antibodies. Serial paraffin sections were cut
for both D2-40 and LYVE-1 staining.
Sections of arterial wall were deparaffinized,
dehydrated, and pre-treated with Target
Retrieval Solution (DakoCytomation) at
95°C for 20 min. The sections were washed in
Tris-buffered saline (TBS) and treated with
3% H,0, for 10 min, then washed in distilled
H,O0 (10 min) and PBS (5 min). Subsequently,
the sections were incubated with mouse
monoclonal antibodies against LYVE-1
(RELIATech GmbH, Germany) and
podoplanin (D2-40, DAKO, Denmark) (both
diluted 1:200) for 60 min. at room
temperature. Then, slides were washed in
TBS and treated with peroxidase-labeled
polymer conjugated to goat anti-rabbit or
anti-mouse immunoglobulins (Envision+Kkit;
Dako, Denmark) for 30 min at room
temperature. The immunostaining was
visualized with diaminobenzidine tetrahydro-
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TABLE 1
Origin of Arterial Samples Analyzed in the Study

Aortas Common Iliac Arteries Total Number of Samples
Number of
samples 15 66 81
Samples Organ Organ donors Organ donors  Total number of
origins donors [aortas and [iliac arteries] subjects

[aortas] iliac arteries]
Number of
subjects 9 6 38 53
Age (mean
+SD) years 51.8 +9.24 47.12 + 13.36 49.75 £12.9

chloride (DAB) and then counterstained

with hematoxylin. In each case the negative
control was included with Primary Negative
Control (Dako, Denmark). For immunohisto-
chemical staining of adventitial blood vessels
and macrophages, 4-pm-thick paraffin
sections were cut. Deparaffinization and
antigen retrieval were performed in Target
Retrieval Solution, pH 9 (97°C, 20 min)

and PT Link platform. Sections were than
washed in TBS and incubated with primary
antibodies (RT, 20 min) in Link48 Autostainer
(Dako, Denmark). The following primary
monoclonal antibodies were used in the
present study: anti-CD31 (RTU, JC70A) and
anti-CD68 (RTU, KP 1). EnVision FLEX
(Dako, Denmark) was used for visualization
of antibodies according to the manufacturer’s
instructions. All slides were counterstained
with Mayer’s haematoxylin (Dako, Denmark).

Immunofluorescense, Double Staining

For double immunostaining,
deparaffinized sections were rinsed in PBS
three times for 3 min. Subsequently, sections
were incubated with two mixed primary
antibodies: mouse monoclonal antibodies
against LYVE-1 (RELIATech GmbH,
Germany) or podoplanin (D2-40, DAKO,
Denmark) and rabbit polyclonal anti-human
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CD68 at a concentration of 1:50 (Santa Cruz
Biotechnology) at 4°C overnight. After
washing three times in PBS, sections were
incubated for 1h at room temperature in the
dark with mixed donkey anti-mouse
secondary antibody conjugated with FITC
and donkey-anti rabbit secondary antibody
conjugated with TRITC (Jackson Immuno
Research Laboratories, Inc), diluted 1:50

in antibody diluent (DAKO, Poland).

After washes, sections were covered with
Vectashield mounting medium for
fluorescence with DAPI (Vector Laboratories,
Inc) and viewed and imaged with the BX51
fluorescence microscope (OLYMPUS).

Light Microscopy

The thickness of intima was measured
under 100x magnification with an Olympus
BX 41 light microscope using the visual mode
analySIS 3.2 software. Intimal thickness
served as a marker severity of atherosclerosis
(Fig. 1). For evaluation of lymphatic vessel
number, slides were scanned with the
Olympus BX 41 light microscope at 200x
and then at 400x magnification by two
independent researchers. The hallmarks for
lymphatic vessel identification were: positive
reaction with anti-LYVE-1 and anti-
podoplanin antibodies, a thin vessel wall with
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Fig. 3. Lymphatics in arterial adventitia stained with
D2-40/podoplanin.
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Fig. 5. Lymphatic capillary stained with D2-40
(center) and CD68+ macrophages (surrounding) in
arterial adventitia.
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Fig. 2. Lymphatics in arterial adventitia stained
with LYVE-1.
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Fig. 4. Blood capillaries in arterial adventitia stained
with anti-CD 31.

Fig. 6. Immunofluorescent staining demonstrating
lymphatic capillaries highlighted with LYVE-1
(center) with adjacent macrophages highlighted with
CD68 in arterial adventitia.
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TABLE 2

Spearman’s Correlation Coefficients for All Studied Samples N=81.
Significant Correlations (P<0.05) Are Marked with an Underlined Bold Font

All Advential Adventitial
Vessels Lymphatics Intimal Macrophages
(CD31+)  (LYVE-1+) Thickness (CD68+) Age
All Advential Vessels (CD31+) - 0.12 0.1 0.076 0.02
Adventitial Lymphatics (LYVE-1+) 0.12 - 037 -0.14 0.30
Intimal Thickness 0.10 0.37 - -0.06 0.70
Macrophages (CD68+ ) 0.076 -0.14 -0.06 - -0.21
Age 0.03 0.30 0.70 -0.05 -
Spearman's correlation coefficients for the subset of iliac arteries n=66
All Advential Vessels (CD31+) - 0.16 0.10 0.05 0.05
Adventitial Lymphatics (LYVE-1+) 0.16 - 0.33 -0.09 0.19
Intimal Thickness 0.10 0.33 -0.29 071
Macrophages (CD68+ ) 0.05 -0.09 -0.29 - -0.40
Age 0.05 0.19 0.71 -0.40 -
Spearman's correlation coefficients for the subset of aortas n=15
All Advential Vessels (CD31+) - 0.50 0.55 -0.04 0.00
Adventitial Lymphatics (LYVE-1+) 0.50 - 0.62 -0.03 0.39
Intimal Thickness 0.55 0.62 - 0.09 0.45
Macrophages (CD68+ ) -0.04 -0.03 0.09 - -0.17
Age 0.00 0.39 0.45 -0.17 -

irregular or collapsed lumen, no red blood
cells, and inward protruding nuclei.
Lymphatic vessels were counted in each cross
section of examined arteries.

Adventitial blood vessels (CD31 positive)
were counted using the “hot spot” method.
At 100x magnification, three spots with the
highest intensity of reaction (density of blood
vessels) were chosen and the blood vessels
were counted. Then the arithmetic mean was
calculated.

Statistical Analysis
Statistical analysis was performed with
Statistica 9.1 PL software (StatSoft, Cracow,

Poland). Mann-Whitney, F-Cox, Chi-square,
and Spearman’s correlation tests were
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performed. The differences were considered
significant at p<0.05.

RESULTS

The results are presented in Table 2.
We were able to identify and quantify
lymphatic and blood vessels in the adventitial
layer of examined arteries (Figs. 2-4). We
used intimal thickness to quantify the degree
of atherosclerosis and counted CD68
macrophages in the adventitia. We found a
significant positive correlation between the
number of adventitial lymphatics (LYVE-1 +)
and intimal thickness (r=0.37; p<0.05)
(Table 2; Graph 1) as well as with the age of
the subjects (r=0.3; p<0.05) (Table 2). A
significant correlation between intimal
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Graph 1. Spearman’s correlation between LYVE-1 positive lymphatics and intimal thickness in studied arteries

(n=81, r=0.37; p<0.05).

thickness and the age of the subjects was also
detected (r=0.7; p< 0.05) (Graph 2).

We have previously reported a strong
positive correlation between intimal thickness
and the number of CD68 macrophages in
carotid artery samples (24). No such correla-
tion was found in this study; however, in a
subset of iliac arteries (n = 66) a negative
correlation was observed (r= -0.4; p<0.05)
(Table 2; Figs. 5,6).

In the subgroup aortic samples (n=15), a
strong positive correlation was found between
intimal thickness, the number of lymphatics,
(r=0.62; p<0.05) and the total number of
vessels in adventitia (r=0.55, p<0.05).

DISCUSSION

Our study subjects represent a unique
population of deceased organ donors with an
age span from 17 to 65 years without known
serious cardiovascular disease or diabetes
(because of donor exclusion criteria). Having
such a study population, we were able to
compare arteries in various stages of athero-
sclerosis — from early to moderate, but
without severe, late atherosclerotic lesions.
In such a population, we have unequivocally
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confirmed the presence of lymphatic vessels
in the adventitia of large arteries in humans.
Lymphatic vessels were present in the
adventitia of the aorta and iliac arteries. We
were able to document a positive correlation
of lymphatic density with intimal thickness
(as a marker of atherosclerosis progression)
as well as with age of the subjects. The total
number of adventitial blood vessels (CD31+)
increased with subject age; however, signifi-
cant positive correlation was observed only
in samples of aorta (n=15) but not in iliac
arteries (n=66). An increase in total number
of adventitial blood vessel was accompanied
by an increase in intimal thickness. An
increased number of adventitial blood vessels
in aortas of atherosclerotic monkeys has been
reported by Heisted et al (25) but not
confirmed in monkey coronary arteries (26).
An increase, however, has been observed in
human coronary arteries (19).

Adventitial inflammation with infiltration
of macrophages has been reported both in
experimental atherosclerosis (27) and in
human atherosclerotic aortas (28). In our
study, we did not observe a rise in adventitial
CD68+ cells with age, intimal thickness,
or with increased number of adventitial
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Graph 2. Spearman’s correlation between the subject’s age and the intimal thickness in studied arteries (n=81,

r=0.71; p<0.05).

lymphatics or blood vessels. We can speculate
that adventitial accumulation of macrophages
accompanies mainly advanced and disrupted
plaques (28) but not the earlier stages
examined in our study.

Increased number of adventitial lymphatic
vessels may reflect lymphatic proliferation
accompanying progression of atherosclerosis
as measured by intimal thick-ness as well
as progression with age. Thus, adventitial
lymphatics are likely important both in
health and disease in regard to proper arterial
wall metabolism. Adventitial lymphatics
play a role in reverse cholesterol transport
(12), and their number seems to increase in
the presence of hypercholesterolemia and
progression of atherosclerosis. Inflammatory
lymphangiogenesis may also be involved, and
adventitial inflammation has been observed
in atherosclerosis as a factor promoting
lymphangiogenesis (29,30).

CONCLUSIONS

Lymphatic vessels are present in the
adventitia of large human arteries and the
number of adventitial lymphatic vessels
increases with progression of atherosclerosis
as determined by arterial intimal thickness.
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