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Expression of VEGF family of proteins in atherosclerosis

Figure 1
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Immunohistology for vascular endothelial growth factor (VEGF) isoforms. (A-C) Sections of uterine artery. (A) Staining for vascular

endothelial growth factor A (VEGF-A): positive staining is localised predominantly to the adventitia, with 5[|:>oradic staining of the media (original
I

magnification, x400). (B) Staining for VEGF-B: positive stcinin? in smooth muscle cells (SMCs) within the co

agenous tissue in the extracellular matrix

(original magnification, x400). (C) Staining for VEGF-C: localisation of VEGF-C to fissues in the adventitia (original magnification, x200). (D-F)
Sections of abdominal aortic aneurysm (AAA) tissue. (D) Localisation of VEGF-A to a nerve bundle (NB) (surrounded by the perineural sheath) within
the adventitia (original magnification, x400). (E) Localisation of VEGF-B to SMCs around a vasa vasorum (VV) in the adventitia (oricl;]ina| magnification,

x400). (F) Localisation of VEGF-C to leucocytes within a vasa vasorum (original manificcﬂion, %1000) but no staining of endothe
Sections of carotid atheroma. (G) Localisation of VEGF-A to medial SMCs in diffuse

ium or SMCs. (G-)
y thickened intima excised from an atherosclerotic artery (original

magnification, x200). (H) Localisation of VEGF-B to a bundle of SMC in the media of a complicated atheroma (original magnification, x400). (I)
DiFF?Jse localisation of VEGF-C to the medial SMCs in an uncomplicated atheroma in a similar pattern to VEGF-A (original magnification, x200).

VEGF receptors

There was a significant difference in the staining for VEGFR-
1 in the three different tissues, with it being seen most
frequently in the venous tissue (93%) (table 2). Staining
for VEGFR-2 was also very different, with no staining
seen in venous tissue, and less staining in atherosclerotic
than normal arteries (p = 0.023). Staining for VEGFR-3
was consistent across the tissues. Within the arterial tissue,
both uterine and atherosclerosis arteries expressed more
VEGFR-3 than VEGFR-1 (p 0.001 and p = 0.009,
respectively).

VEGFR-1 staining in the uterine arteries was localised to
SMCs in the media, with no staining of luminal endothelium
(fig 2A). Faint staining was present in the adventitia, with
more intense staining localised to the SMCs of the vasa
vasorum. Six of the 15 atherosclerotic carotid artery tissues
were positive for VEGFR-1, and it was primarily detected in
nerve bundles and ECM in the adventitia, but not the
endothelium lining of the vasa vasorum (fig 2G). VEGFR-1
staining was seen in only two of the AAA samples
(p = 0.206 compared with carotid tissue), and where
present it was predominantly seen in bundles of SMCs in
the adventitia (fig 2D).

When present, staining for VEGFR-2 in uterine arteries
was localised mainly to the adventitial SMCs (fig 2B), with
poor medial staining, but the luminal endothelium was not
stained. Conversely, strong staining in uncomplicated carotid
atheroma was seen in the luminal endothelium (fig 2H) and
in the SMCs lining the vasa vasorum within AAA samples
(fig 2E).

VEGFR-3 staining in the uterine arteries was localised to
the endothelial lining of the vasa vasorum and nerve bundles
(fig 2C) in the adventitia/ECM. There was no positive
staining of the medial SMCs or luminal endothelium, and
very scarce staining of the smooth muscle layer of the vasa
vasorum, despite positive staining of the endothelial lining.
VEGFR-3 positivity in the atherosclerotic arteries was
localised to medial SMCs, with no luminal endothelial
staining (fig 2I), and to SMCs and nerve bundles within
the adventitia of the AAA samples (fig 2F). Notably, there
was staining of the SMCs and the endothelium of the vasa
vasorum and the lumen (fig 2F and I).

Costaining of VEGF isoforms and receptors
The most striking pattern in the uterine arteries was the non-
overlapping localisation of VEGF-A to the adventitia (fig 1A)
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Figure 2 Immunohistology for vascular endothelial growth factor receptors (VEGFRs). (A-C) Sections of uterine artery. (A, B) Localisation of VEGFR-1

and VEGFR-2 to medial smooth muscle cells (SMCs) in the arterial wall (ori
Localisation of VEGFR-3 to small nerve bundles (NB), SMCs, and extracellu

inal magpnification, x200) with no staining of luminal endothelium. (C)
ﬁ:r matrix (ECM) in the adventitia (original magnification, x200). (D-F)

Sections of abdominal cortic aneurysm (AAA) tissue. (D) Staining for VEGFR-1 is localised to a bundle of SMCs within the adventitia (original
magnification, x400) and (E) localisation of VEGFR-2 to SMC surrounding the vasa vasorum in the adventitia, but no staining of the endothelium
(origina| mdgnificaﬁon, x400). (F) Staining for VEGFR-3 in AAA, red positive staining is localised to a nerve bundle in the adventitia but no staining of
the nearby vasa vasorum (original magnification, x400). (G-) Sections of carotid atheroma. (G) A section of atheroma from an atherosclerotic artery
and localisation of VEGFR-1 to a nerve bundle with some ECM staining but no staininﬁ of nearby vasa vasorum (original magnification, x400). (H, 1)

Sections of a carotid atheroma stained for VEGFR-2 and VEGFR-3, respectively. Hig

ly positive staining for VEGFR-2 is localised to the luminal

endothelial (ENDO) (original magnification, x400), whereas VEGFR-3 is localised o SMCs in the media and adventitia, with no luminal endothelial
staining (original magnigcqﬁon, x200). In dll figures, positive staining by antibodies is indicated by brown or red/pink. The haematoxylin counterstain

stains pale blue.

and VEGFR-1 to the media (fig 2A). Conversely, both VEGF-
C and VEGFR-3 stained the adventitia, but not medial tissues
(figs 1C and 2C). Staining of luminal or vasa vasorum
endothelium for any of the VEGF isoforms or receptors was
rare. Both types of atherosclerotic arteries were characterised
by diffuse staining for various VEGF isoforms and receptors
in the media or adventitia (for example, fig 1G and I, fig 21).
The only cells that were consistently positive for any of the
receptors were the luminal cells, which were always positive
for VEGFR-2 (fig 2H). Nerves bundles stained for both VEGF
isoforms (fig 1D) and receptors (fig 2F and G).

Western blotting studies

These studies verified the presence of VEGF-A, VEGF-B, and
VEGF-C protein in normal vascular tissue and demonstrated
variations in the amounts of cellular VEGF-A present,
compared with VEGF-B and VEGF-C (fig 3). The antibody
to VEGF-A recognised three bands at 45, 18, and 7 kDa. The
last two bands may be minor cleaved products. Overall,
amounts of VEGF-C protein were considerably lower than
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that seen for VEGF-A and VEGF-B. VEGF-B and VEGF-C
signals were much lower in the saphenous vein samples than
in the arterial samples. None of the VEGF receptors was
detected by western blotting in the normal or atherosclerotic
tissue. This is not because of a failure of the technique
because signal was detected in placental tissue (data not
shown).

DISCUSSION

Changes in staining for VEGF and its receptors in the tissues,
and changes in concentrations in the plasma, are clearly
present in atherosclerosis, but it is unclear whether or not
tissue changes are important in the pathophysiology of this
disease or are postmortem artefacts.”>> Our study provides
additional and confirmatory information about staining for
VEGFs and their receptors in normal and atherosclerotic
human vascular tissue. Broadly speaking, and using crude
quantitative terms, we were unable to find unequivocal
distinctions between the overall staining for the VEGF
isoforms in the different blood vessels, except the clear
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Figure 3 Western blotting for the vascular endothelial growth factor
(VEGF) isoforms. Lanes 1 and 2, complicated carotid atheroma and
abdominal aortic aneurysm, respectively; lane 3, uncomplicated carotid
atheroma; lane 4, saphenous vein; and K]ne 5, uterine artery. Aliquots of
200 pg/well of total protein from each tissue type were loaded.

absence of VEGF-B in saphenous veins. However, staining for
the receptors did show differences, with lower overall
staining for VEGFR-1 compared with VEGFR-3 in both
normal and atherosclerotic arteries. The only clear distinction
between normal and atherosclerotic arteries was the reduced
staining for VEGFR-2 by atherosclerotic arteries, and its
absence in veins.

VEGF-A was found on SMCs in all the samples examined
but VEGF-B was only detected in the arterial tissue. A more
specific function of VEGF-B, which shares a receptor with
VEGF-A, might be regulating the activity of VEGF-A by
competing for receptor binding. This may partly explain the
predominance of VEGF-B in uterine arteries and perhaps its
low concentrations in saphenous veins, which are unaffected
by atherosclerosis. VEGF-A was found only on endothelial
cells in uterine arteries, not on atherosclerotic endothelium:
antibodies to VEGE-B failed to stain endothelial cells in all
the tissues studied. VEGF-C was predominately detected on/
in the SMCs and endothelial lining of the vasa vasorum of
uterine arteries, with very little positive staining by cells of
the media. In contrast, VEGF-C stained leucocytes and SMCs
in the media and vasa vasorum in both types of athero-
sclerotic arteries, but there was no luminal or vasa vasorum
endothelial cell staining.

Overall, all VEGF receptors were found on SMCs from all
tissues, with minor staining of nerve bundles and ECM.
However, the only consistent and strong endothelial cell
staining was for VEGFR-2 by the luminal cells of arteries
burdened by atheroma. The variation in the staining of
VEGFR-3 in the diseased arteries compared with normal
tissue suggests that the distribution and possibly function of
this receptor can be altered in pathological conditions.* It is
known that conditions such as hypoxia alter the expression
of certain VEGF species and VEGFR-2. Because only small
amounts of this receptor are found in resting endothelium,
upregulation results in increased receptor phosphorylation
and, hence, an increase in VEGF activity.” ** This may
account for the presence of VEGFR-2 on the arterial
endothelium of atherosclerotic vessels but not normal
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arteries and, possibly, increased SMC staining of VEGFR-3
by atherosclerotic arteries (compare fig 2C with 2I).
Interestingly, VEGF-C binds and activates both VEGFR-2
and VEGFR-3,”** so that pathological events that affect
receptor properties might also influence that of the receptor
ligand, justifying the co-localisation of VEGF-C and VEGFR-3
to SMCs rather than endothelium in atherosclerotic arterial
tissue. Because VEGFR-2 is believed to be a major participant
in VEGF induced endothelial cell proliferation,” detection of
this receptor on the luminal endothelial in diseased arteries is
in agreement with this hypothesis.

"The only clear distinction between normal and athero-
sclerotic arteries was the reduced staining for vascular
endothelial growth factor receptor type 2 by atherosclero-
tic arteries, and its absence in veins”

Very little is known about the roles of VEGF-C and VEGFR-
3 in adult tissue, although preliminary studies indicate that
binding of VEGFR-3 to VEGF-C initiates a paracrine
regulatory mechanism that may be important in angiogenesis
of the lymphatic vasculature.” "' * ** In the arterial tissue used
in our study, VEGF-C and VEGFR-3 were colocalised to the
endothelium in normal tissue, implying that the VEGF-C—
VEGFR-3 complex might be involved in more than the
coordination of lymphatic angiogenesis, as previously
thought.

A limitation of our work is the origin of the normal
(healthy) tissues, namely: uterine arteries from women
undergoing hysterectomy and saphenous veins removed
because of varicosation. It is almost impossible to obtain
normal tissues in in vivo studies (rather than postmortem
specimens, as in previous work®' **). Thus, despite the normal
anatomical appearance of these tissues, we remain cautious
in our interpretation. Nonetheless, clear differences in VEGF-
B and VEGFR-2 staining are unequivocal, as is the relatively
poor staining of endothelium, with the clear exception of
VEGFR-2 in atherosclerotic arteries. Notably, we found far
fewer sections staining positive for VEGF (up to 60%) than
did Couffinhal et al,** who reported 97% positive staining of
atherosclerotic coronary arteries. Some of this difference may
result from necrotic changes occurring after death. However,
like this group, and Nakagawa ef al,”> we also found SMCs to
be the predominant cell type staining for VEGF. We also did
not quantify neovascularisation within the atherosclerotic
plaque pattern of VEGF, or receptor staining in these newly
formed blood vessels and how this staining pattern may be
related to plaque rupture. Furthermore, we did not attempt to
correlate our findings with the severity of the plaque, and
indeed, it would be interesting to hypothesise that lesions
expressing less VEGFR-2 are more prone to rupture. These
limitations reflect working with tissue obtained from elective,
stable patients undergoing vascular surgery, rather than from
unstable ischaemic syndromes (where plaque rupture is more
likely). Indeed, although the atherosclerotic lesions were
graded for severity, the results of immunostaining were not
broken down by grades of severity, because this was not in
our original hypothesis and much larger numbers would have
been required. If the pattern of staining for VEGF and its
receptors is related to the pathophysiology of progression and
complications of atherosclerosis, one might expect a change
in pattern and intensity of staining in different degrees of
atherosclerosis.

Our present descriptive study offers direct evidence of the
presence of VEGF proteins and their receptors in human
physiology and pathology. Furthermore, we have shown
differences in the degree of cellular staining for these VEGF
proteins and variations in their cellular distribution in normal
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Take home messages

o Vascular endothelial growth factors (VEGFs) type A-C
and their receptors were found in normal arterial tissue
so that the Emctions of these factors may extend
beyond endothelial cell proliferation

® Both the amounts of VEGF proteins expressed and their
cellular distribution varied in normal arteries compared
with atherosclerotic arteries

® Reduced VEGF receptor type 2 staining in athero-
sclerotic arteries may have implications for the athero-
sclerosis process and the development of vascular
disease and its complications

arteries compared with atherosclerotic arteries. This discre-
pancy may have significant implications for the process of
atherosclerosis and the development of vascular disease and
its complications. Indeed, a greater understanding of the
differential expression of VEGF and its receptors in diseased
and normal arteries may allow targeted therapeutic
approaches to be developed.
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